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Preface

Following the Stanford Encyclopedia of Philosophy,

“the term temporal logic has been broadly used to cover all approaches to the
representation of temporal information within a logical framework”.

Applications of temporal logic include philosophical issues about time, the semantics
of tenses in natural languages, and its use as a formal framework for the treatment of
behavioural aspects of computerized systems.

In a more narrow sense, temporal logic is understood as a modal-logic type of
approach: temporal relationships between different assertions are expressed by ap-
plying particular temporal logic operators to them. This book focuses on this type
of temporal logic and we will study computer science applications to what we call
state systems: systems which involve “states” and exhibit “behaviours” by “running”
through sequences of such states.

One of the most challenging problems facing today’s software engineers and
computer scientists is to find ways and establish techniques to reduce the number of
errors in the systems they build. It is widely acknowledged that formal methods may
contribute to solving this challenge with significant success. In particular, temporal
logic is a well-established and successfully used formal tool for the specification
and verification of state systems. Its formulas are interpreted over “runs” of such
systems and can thus express their behavioural properties. The means induced by
the (semantical and deductive) logical apparatus provide methods to formally prove
such properties.

This monograph is written in the tradition of the first author’s textbook [83]

Temporal Logic of Programs
and the two volumes

The Temporal Logic of Reactive and Concurrent Systems — Specification and
The Temporal Logic of Reactive and Concurrent Systems — Safety

of Manna and Pnueli [102, 104]. This means that we will present the “mathemat-
ics” of temporal logic in considerable detail and we will then systematically study
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specification and verification methods, which will be illustrated by fully elaborated
examples.

Compared with those books, however, the topics and their presentation are re-
arranged and we have included significant new material and approaches. In partic-
ular, branching time logics, expressiveness issues of temporal logic, aspects related
to Lamport’s Temporal Logic of Actions (TLA), and model checking methods are
additionally presented.

There is a wealth of relevant and interesting material in the field. The “main text”
of this book presents topics that — in our opinion — constitute a “canonical” exposition
of the field. In additional Second Reading paragraphs we have occasionally inserted
short “excursions” that expand on related or advanced themes or that present inter-
esting complements. These paragraphs can be skipped without loss of continuity in
the main presentation.

The first chapter of this book gives a short overview of basic concepts and no-
tions of (mathematical) logic. This is not only to introduce the reader not familiar
with logic into that world, it also defines basic terminology and notation that we use
throughout the remaining text.

Chapters 2-5 and 10 form the purely logical part of the book. Even when re-
stricted to the modal-logic type as mentioned above, there are many different ver-
sions and variants of temporal logic. We start in Chap. 2 with the basic propositional
linear temporal logic and study in Chap. 3 some important propositional extensions.
It should be mentioned that even the borderline between temporal logic(s) and modal
logics is not really well defined. Some relationships concerning this are briefly dis-
cussed in Second Reading paragraphs.

Chapter 4 is devoted to the expressiveness of propositional linear temporal logics.
In particular, the logics are compared with other description formalisms: classical
predicate logic and w-automata.

Chapter 5 introduces first-order linear temporal logic together with some addi-
tional useful extensions. Chapter 10 discusses some other temporal logics and, par-
ticularly, introduces branching time logics.

The remaining Chaps. 6-9 and 11 deal with applications of temporal logics to
state systems. Various versions of transition systems — as formal representations of
such systems — are introduced in Chap. 6, and Chap. 7 gives a general systematic
presentation of (deductive) temporal logic verification methods for them. Chapter 8
applies the methods to the special (“classical”) case of the verification of concurrent
programs.

Chapter 9 addresses aspects that arise when system specifications are “‘struc-
tured”. Particularly, the refinement of specifications is considered and we study how
this can be described in the logic TLA.

The “semantical” model checking approach to system verification offers an alter-
native to deductive methods. It has attracted much interest, largely because it can be
fully automated in a way that scales to systems of interesting complexity. Chapter 11
presents the essential concepts and techniques underlying this approach.
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Every chapter ends with some bibliographical notes referring to the relevant liter-
ature. After the last chapter we include an extensive list of formal laws of the various
temporal logics studied in this book.

We have used drafts of this book as supports for courses at the advanced un-
dergraduate and the graduate level. Different selections of the material are possible,
depending on the audience and the orientation of the course. The book is also in-
tended as an introduction and reference for scientists and practicing software engi-
neers who want to familiarize themselves with the field. We have aimed to make the
presentation as self-contained as possible.

We are indebted to P. Fontaine, M. Hammer, A. Knapp, and H. Storrle for helpful
remarks during the preparation of this text.

Finally, we thank Springer-Verlag for the interest in publishing this book and the
overall support during its completion.

Munich and Nancy, Fred Kroger
January 2008 Stephan Merz
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1

Basic Concepts and Notions of Logics

In this book various temporal logics will be studied. In preparation, we first introduce
some basic concepts, notions, and terminology of logics in general by means of a
short overview of classical logic. Particularly, items are addressed which will be of
relevance in subsequent considerations. This includes some well-known results from
classical logic which we list here without any proofs.

1.1 Logical Languages, Semantics, and Formal Systems

A logic formalizes the reasoning about “statements” within some area of application.
For this purpose, it provides formal languages containing formulas for the representa-
tion of the statements in question and formal concepts of reasoning like consequence
and derivability relations between formulas.

Classical (mathematical) logic applies to mathematical systems: number systems
such as the natural or real numbers, algebraic systems such as groups or vector
spaces, etc. In a separable “nucleus” of this logic, called propositional logic PL, the
effect of building formulas with boolean operators like and, or, implies, etc. is stud-
ied, while the atomic building blocks of such formulas are viewed as “black boxes”
without any further internal structure.

Generally, a logical language is given by an alphabet of different symbols and the
definition of the set of formulas which are strings over the alphabet. Given a set V
whose elements are called propositional constants, a language Lp, (V') (also shortly:
LpL) of propositional logic can be defined as follows.

Alphabet

e All propositional constants of V,
e the symbols false | — | (| ).

(The stroke | is not a symbol but only used for separating the symbols in the list.)
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Formulas

1. Every propositional constant of V is a formula.
2. false is a formula.
3. If A and B are formulas then (A — B) is a formula.

The clauses 1-3 (also called formation rules) constitute an inductive definition which
may be understood to work like a set of production rules of a formal grammar: a
string over the alphabet is a formula if and only if it can be “produced” by finitely
many applications of the rules 1-3.

The set V is a parameter in this definition. For concrete applications, V has to
be fixed yielding some particular language tailored for the “universe of discourse” in
question. There are no assumptions on how many elements V may have. This most
general setting may sometimes cause some technical complications. In applications
studied in this book we do not need the full generality, so we actually may restrict V
to be finite or “at most” denumerable.

In general, a logical language is called countable if its alphabet is finite or denu-
merable. We will tacitly assume that all the languages still to be defined subsequently
will be countable in this sense.

The symbol — is a (binary) logical operator, called implication; false is a special
formula. Further logical operators and another distinguished formula true can be
introduced to abbreviate particular formulas.

Abbreviations

-A = A — false,

AV DB = -A— B,

AANB = (A — —B),

A~ B = (A— B)AN(B — A),
true = —false.

(We have omitted surrounding parentheses and will do so also in the following. By
= we denote equality of strings.) The operators —, V, A, and « are called negation,
disjunction, conjunction, and equivalence, respectively.

The symbols A and B in such definitions are not formulas (of some Lp; ) them-
selves but syntactic variables ranging over the set of formulas. Accordingly, a string
like = A — B is not a formula either. It yields a formula by substituting proper formu-
las for A and B. Nevertheless, we freely use wordings like “formula A” or “formula
—-A — B” to avoid more precise but complicated formulations like “formula of the
form -4 — B where A and B stand for formulas”. Moreover, we speak of formulas
“of PL” since the concrete language Lp is not relevant in this notation. In all the
other logics developed subsequently, we will adopt these conventions accordingly.

The language definition of a logic constitutes its syntax. Its semantics is based on
formal interpretations J of the syntactical elements together with a notion of validity
in (or satisfaction by) J.

In the case of PL, interpretations are provided by (boolean) valuations. Given
two distinct truth values, denoted by ff (“false”) and tt (“true”), a valuation B for a
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set 'V of propositional constants is a mapping
B:V — {fftt}.
Every such B can be inductively extended to the set of all formulas of Lp (V):

1. B(v) for v € V is given.
2. B(false) = ff.
3. B(A— B)=tt < B(A)=ff or B(B) =tt.

(We use < as an abbreviation for “if and only if”; later we will also use = for
“if...then...”.) This also defines B for the formula abbreviations above:

B(-4)=tt & B(4)=ff.
B(AVB)=1t & B(A)=ttor B(B)=tt.
B(AANB) =1t < B(A)=tt and B(B) = t.
B(A«— B)=tt < B(4)=B(B).
B(true) = tt.
A formula A of Lpy is called valid in B (or B satisfies A), denoted by 'TBA’ if
B(A) = tt.
Based on this notion, the consequence relation and (universal) validity in PL are
defined. Let A be a formula, F a set of formulas of Lpy.

PNk

o A is called a consequence of F if IEA holds for every valuation B with £B for
all B € F.

e A is called (universally) valid or a tautology if it is a consequence of the empty
set of formulas, i.e., if )EA holds for every B.

The pattern of this definition will occur analogously for all other subsequent
logics with other interpretations. For any logic,

F EA, alsowritten By,...,B, FAifF={By,...,B,},n>1
will denote that A is a consequence of F, and
FA

will denote that A is valid.

With these definitions there are two possible formal statements (in PL) of what
informally is expressed by a phrase like “B follows from A”. The first one is asserted
by implication within the language:

A — B.
The second one is given by the consequence relation:
A EB.

A fundamental fact of classical (propositional) logic is that these notions are equiva-
lent:
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AEB & FA—B
or more generally (F being an arbitrary set of formulas):
FU{A}EB & FEA—B
which can be “unfolded” for finite F to
Ay,...,A,EB & FA - (As—...— (4, — B)...)
or, equivalently, to the more readable
Ay,...,A,EB & E(AiAN...NA,) — B.

Note that we write (41 A ... A A,,) without inner parentheses, which is syntactically
not correct but justified as a shortcut by the fact that the real bracketing is of no
relevance (more formally: the operator A is associative). The analogous notation will
be used for disjunctions.

Validity and consequence are key notions of any logic. Besides their semanti-
cal definitions they can (usually) be described in a proof-theoretical way by formal
systems. A formal system X' for a logical language consists of

e aset of formulas of the language, called axioms,
e aset of (derivation) rules of the form A;,..., A, B (n>1).

The formulas Ay, ..., A, are called the premises, the formula B is the conclusion
of the rule. To distinguish it from other existing forms, a formal system of this kind
is called Hilbert-like. Throughout this book we will use only this form.

The derivability (in formal system X') of a formula A from a set F of formulas
(assumptions), denoted by F IEA or F = A when X is understood from the context,
is defined inductively:

1. F F A for every axiom.
2. FAforevery A € F.
3. If F A for all premises A of a rule then F - B for the conclusion of this rule.

A formula A is called derivable, denoted by FE AorFA,if 0 FA. If A is derivable
from some Aq,..., A, then the “relation” Aq,..., A, F A can itself be used as a
derived rule in other derivations.

For languages of PL there are many possible formal systems. One of them, de-
noted by Xp, is the following.

Axioms

e A— (B— A,
e A= (B—=0)—((A=B)—(4—=C0)),
((A — false) — false) — A.
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Rule
e A A— BF B (modusponens).

We remark once more that the strings written down are not formulas. So, for example,
A — (B — A) is not one axiom but an axiom scheme which yields infinitely many
axioms when formulas are substituted for A and B. Actually, Xp is written in a
form which is independent of the concrete language of PL. So we may call Xpy, a
formal system “for PL”. In the same sense we will subsequently give formal systems
for other logics. A formal system for a logic is also called its axiomatization.

Like the semantical consequence relation =, derivability is related to implication
in the following sense:

FU{A}FB & F+A—B.

The only if part of this fact is called the Deduction Theorem (of PL).

An indispensable requirement of any reasonable formal system is its soundness
with respect to the semantical notions of the logic. Xp is in fact sound, which means
that

F L A = FEA
PL
holds for every F and A. Moreover, it can also be shown that
FEA = F K A
PL
which states the completeness of YXp. As a special case both facts imply

EPLA & FA

for every formula A.

A formal system allows for “producing” formulas by applying rules in a “me-
chanical” way. So, a particular effect of the latter relationship is that the set of valid
formulas of (any language of) PL can be “mechanically generated” (in technical
terms: it is recursively enumerable). Moreover, this set is decidable (shortly: PL is
decidable), i.e., there is an algorithmic procedure to decide for any formula whether
it is valid.

We illustrate the main concepts and notions of this section by an example. A
simple logical principle of reasoning is informally expressed by

“If B follows from A and C follows from B then C follows from A”.

This chaining rule can formally be stated and verified in several ways: we can estab-
lish the formula

F=(A—-B)AB—-C)—(A— ()

as valid, i.e., F F' (speaking semantically), or as derivable, i.e., - F' (speaking proof-
theoretically), or we can express it by
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A—-B,B—-CFA—-C (or A-B,B—CHFA—-CQC).

The proofs for the semantical formulations are straightforward from the definitions.
As an example of a formal derivation within the formal system Yp;, and in order to
introduce our standard format of such proofs we derive A — C from A — B and
B — C,ie.,weshowthat A — B,B— C A — C-:

() A—B assumption

2 B—C assumption

3 B—C)—(A—=(B—20)) axiom

4 A—(B—C0) modus ponens,(2),(3)
6 A—-(B—-C)—({(A—-B)—(4—-0)) axiom

6) (A—-B)—(A—C) modus ponens,(4),(5)
(7 A—-C modus ponens,(1),(6)

In each of the numbered steps (lines) we list some derivable formula and indicate
on the right-hand side if it is an axiom or an assumption or by what rule applied to
previous lines it is found.

We add a selection of some more valid formulas. These and other tautologies will
(very often implicitly) be used in the subsequent chapters.

AV —A,

——A A,

(AN(BV C)) < (AANB)V (AN CQ)),
-(AAB) < (mAV-B),
(AAB)— C) = (A— (B— C)),
(A — B) o (=B — —A),

(A Atrue) < A,

(A vV false) — A,

(A= C)—= ((ANB)— C),
((AVB)— C)— (A— C).

® 6 ¢ 6 o o o o o o

As mentioned at the beginning, PL formalizes (a part of) reasoning about state-
ments in mathematical systems. Its semantics formalizes the natural basic point of
view of “usual” mathematics that a statement is something which is either “false” or
“true”. We still remark that, for specific applications or propagated by philosophical
considerations, there are other “non-standard” semantical concepts as well. Exam-
ples are three-valued logic (a statement can have three different truth values which
may be understood as “false”, “possible”, or “true”), probabilistic logic (truth is
given with a certain probability), or intuitionistic logic (statements are interpreted
constructively which, e.g., means that the tertium non datur formula A V = A is no
longer valid since it might be that neither the truth nor the falsity of A can be found
in a constructive way).
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1.2 Classical First-Order Logic

Mathematical statements and argumentations usually need more means than can be
represented in propositional logic. These are provided by extending PL to predicate
logic which investigates a more detailed structure of formulas dealing with objects,
functions, and predicates, and includes the concept of quantification with operators
like for some and for all.

The standard form of predicate logic is first-order logic FOL which we describe
in its many-sorted version as follows.

A signature SIG = (S, F,P) is given by

a set S of sorts,
F = FeS*,s€S FG&5) where F&:5) for every § € S* and s € S, is a set of
Sfunction symbols (also called individual constants in the case of 5 = ¢),

o P =g P where PO, for every § € S*, is a set of predicate symbols
(also called propositional constants in the case of § = ¢).

(S* denotes the set of finite strings over S; € is the empty string.) For f € F we will
often write f(**) to indicate that f belongs to F(**) and analogously for p € P.

Given a signature SIG = (S,F,P), a first-order language Lrop(SIG) (also
shortly: Lgrop) is given by the following syntax.

Alphabet

e All symbols of F and P,

e forevery s € S denumerably many (individual) variables,
e the equality symbol =,

e the symbols false | — | 3|, | (]|).

We will denote the set of variables for s € S by X and define X = J s€S Xs.
Strictly speaking, Lror(SIG) does not only depend on the given signature SIG but
also on the choice of (the notations for) all these variables. We do not display this
dependence since X could also be fixed for all languages. Note that requesting each
X, to be denumerable is only for having “enough” variables available.

Terms and their sorts (inductively defined):

1. Every variable of X is a term of sort s.
2. If f € F(s1-50:5) §g a function symbol and ¢; are terms of sorts s; for 1 <7 < n
then f(t1,...,t,) is a term of sort s.

An atomic formula is a string of the form

e p(ty,...,t,), where p € P(s1--51) s a predicate symbol and t; are terms of sorts
s;forl < i <mn,or
e 1 = to, where #; and ¢, are terms of the same sort.

Formulas (inductively defined):

1. Every atomic formula is a formula.
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2. false is a formula, and if A and B are formulas then (A — B) is a formula.
3. If Ais aformula and z is a variable then 3zA is a formula.

We reuse the abbreviations from Lp;. and introduce two more:

VzA = —dz—A,
hh#Ft = 2ty = to.

Furthermore, we will write f instead of f() for individual constants f € F(**) and
p instead of p() for propositional constants p € P(®); z, y and the like will be used
to denote variables.

A variable x (more precisely: an occurrence of z) in a formula A is called bound
if it appears in some part JzB of A; otherwise it is called free. If ¢ is a term of
the same sort as z then A, (t) denotes the result of substituting ¢ for every free
occurrence of z in A. When writing A, (t) we always assume implicitly that ¢ does
not contain variables which occur bound in A. (This can always be achieved by
replacing the bound variables of A by others.) A formula without any free variables
is called closed. If A is a formula that contains no free occurrences of variables other
than z1, . . ., z,, then the (closed) formula Vz; . . .Vz, A is called the universal closure
of A.

As an example of a first-order language consider the signature

SIG, = ({GR}, {NEL® ) o(CRCR.CGR) [Ny (GR.GR)Y )

The terms of Lror (SIGy,) are the variables z € Xgr = A of the language, the
individual constant NEL, and expressions of the form o(#;, t2) or INV (¢) with terms
t, t1, ta. All terms are of the sole sort GR. Since SIG,, contains no predicate symbols
the only atomic formulas are “equalities” ¢, = t» with terms ¢, to. The string

Ve o(NEL,z) = x

is an example of a formula.

For the semantics of FOL, interpretations are given by structures which gen-
eralize the valuations of PL to the new situation. A structure S for a signature
SIG = (S,F,P) consists of

o [S| =,csS|s where |S\é is a non-empty set (called domain) for every s € S,
e mappings f° : [S|s, X...x|S|s, — |S|s for all function symbols f € F(51--5n:5),
e mappings p° : |S|s, x...x|S|,, — {ff, tt} for all predicate symbols p € P(*1- 5").

Note that for individual constants f € F(*) we obtain f5 € |S|,. For p € P(®) we
have p° € {ff, tt} which justifies these p again being called propositional constants.

A variable valuation § (with respect to S) assigns some £(z) € |S|s to every
variable z € X (for all s € S). A structure together with a variable valuation &
defines inductively a value S () € |S| for every term ¢:

1. S©(z) =¢(z) forz € X.
2. SO(f(tr,. o 1) = [3(SO(1),..., SO ().



1.2 Classical First-Order Logic 9

Furthermore, we can define S(¢)(A) € {ff, tt} for every atomic formula:

1 SO (p(tr, ..., 1)) = p5(SE(t1),...,SE(t,))
2. SOt =) =tt < SE() and S (ty) are equal values in |S|,
(where s is the sort of ¢, and t»).

Analogously to the valuations B in PL, S can be inductively extended to all for-
mulas of Lgop. Defining the relation ~, for z € X between variable valuations
by

E~p 8 & E(y) =E(y) forall y € X other than z,

the inductive clauses are:

1. S(€)(A) for atomic formulas is already defined.

2. S (false) = ff.

3. SO(A - B)=tt & SEOA)=1ff or SE(B) =tt

4. S (IzA) =tt < thereisa &’ such that & ~, & and S (A4) = tt.

The truth values for formulas like —=A, A V B, etc. result from these definitions as in
PL, and for VzA we obtain:

5. 5OWzA) =tt & SE)(A) = ttforall & with & ~, £’

The value S()(A4) depends only on the valuation of variables that have free occur-
rences in A. In particular, S¢)(A) does not depend on the variable valuation & when
A is a closed formula. This observation justifies our convention that bound variables
are suitably renamed before a substitution A, () is performed.

A formula A of Lgoy is called valid in S (or S satisfies A), denoted by A, if
5(5)(/1) = {t for every variable valuation £. Following the general pattern from
Sect. 1.1, A is called a consequence of a set F of formulas (F F A) if IEA holds
for every S with %B for all B € F. A is called (universally) valid (FA) if () E A.

Continuing the example considered above, a structure Z for the signature SIG,,
could be given by

|Z| =|Z|gr = 7Z (the set of integers),
NEL* =0 € Z, o*(k,1) =k + 1, INVZ(k) = —k (fork,l € Z).

The formula Vz o (NEL, z) = x is valid in Z but not universally valid: consider the
structure S that differs from Z by defining NEL®> = 1. An example of a valid formula
is

o(z,y) = INV(y) — INV(y) = o(z,y).
More generally,
tl = t2 — t2 = tl

is a valid formula (“‘scheme”) for arbitrary terms ¢, t> (of the same sort), and this
formulation is in fact independent of the concrete signature SIG in the sense that it
is valid in every Lgop (SIG) for terms ¢y, t» that can be built within STG.
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The fundamental relationship
FU{A}EB & FEA—-B

between implication and consequence stated in Sect. 1.1 for PL has to be modified
slightly in FOL. It holds if A does not contain free variables.

In contrast to PL, FOL is not decidable (for arbitrary first-order languages), but
there exist again sound and complete axiomatizations of FOL. An example is given
by the following formal system Ypor, (Which uses  and y to denote variables).

Axioms

e All axioms of Xpp,
e I =21,

Rules

e A A— BB,
e A— B F3JdxzA — B if there is no free occurrence of z in B
(particularization).

According to the remark above, the Deduction Theorem for FOL must be formu-
lated with somewhat more care than in PL. A possible formulation is:

FU{d} B = F+F A— B ifthederivation of B from F U {A} con-
tains no application of the particulariza-
tion rule involving a variable that occurs
free in A.

Note in particular that the condition for the applicability of this rule is trivially ful-
filled if A is a closed formula.

The converse connection holds without any restrictions (as in PL).

Again we list some valid formulas (now of FOL) in order to give an impression
what kinds of such predicate logical facts may be used subsequently.

th =1y < ta = 1y,
tlztg/\tgztg—>t1=t3,

VA — Ax(1),

Ve(A — B) — (VzA — VzB),

Jz(AV B) « (FzA Vv JaB),

dz(A — B) < (VzA — B), z notfreein B,
JaVyA — VyIzA.

e ¢ ¢ o o o o

Finally we note a derivable rule, called generalization, which is “dual” to the
above particularization rule:

e A— BFA—VzB if there is no free occurrence of z in A.
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1.3 Theories and Models

Languages of predicate logic provide a general linguistic framework for the descrip-
tion of mathematical systems. This framework is instantiated to specific systems by
fixing an according signature. For example, the language Lror, (SIG,,-) with

SIGgT _ ({GR}, {NEL(87GR), O(GR GR,GR), INV(GR’GR)}, @),

mentioned in the previous section, is an appropriate language for formalizing groups:
GR represents the underlying set of the group, NEL should be interpreted as the
neutral element, o as the group product, and INV as the inverse operation. This
interpretation is formally performed by a structure, and in fact, the sample structure
Z for SIG, of Sect. 1.2 is a group.

Valid formulas hold in all structures. Structures that “fit” the mathematical sys-
tem in question can be distinguished by a set of formulas that are valid in those
structures, though not necessarily universally valid. Formalizing this concept, a (first-
order) theory Th = (LroL(SIG),.A) is given by a language Lror(SIG) and a set
A of formulas of Lrop. (SIG), called the non-logical axioms of Th. A structure S for
SIG satistying all formulas of A is called a model of the theory Th. Given a class
C of structures for a signature SIG, a C-theory is a theory Th = (LroL(SIG), Ac)
such that all structures of C are models of Th. A formula F' of Lror(SIG) is valid
in all structures of C if

Acly, F

FOL

since Ypor is sound and therefore A¢ 'EFOLF implies Ac F F.
With these definitions, the theory Group = (LroL(SIGy,), G) with G consisting
of the formulas

(21 0 19) 0 23 = 21 0 (w2 0 13),
NELox =1,
INV(z)oxz = NEL

— where we write ; o x» instead of o(xzy, 22) — is a (first-order) group theory. More
precisely, Group is a C,4-theory where Cg, is the class of all structures G for SIGy,
such that the set |G| = |G| g together with the interpretations NEL®, o¢, and INV©
form a group. The non-logical axioms of G are just well-known group axioms. For-
mulas F' valid in groups can be obtained within the logical framework by derivations

Gk F.

2FoL
The axioms of G contain free variables. Sometimes it might be convenient to write
such axioms in “closed form” by taking their universal closures, e.g.,

Vaanngg((xl @) 562) 0ZT3 =T 0 (.Tg o mg))

instead of the first axiom above. The definition of validity in a structure implies that
any structure satisfies a formula A if and only if it satisfies the universal closure of
A; therefore the two versions of how to write the axioms are in fact equivalent.
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We give some more examples of theories: let

SIGy, = ({ORD},0, {<(ORD ORD)}),
LinOrd = (LroL(SIG1,), O)

with O consisting of the axioms (in non-closed form)

-z <z,
(Z1-<£C2/\£C2-<CL'3)—>ZE1-<£C3,
T F 1 — (11 <22V < 3).

(As for o in Lror(SIGy), we mostly use infix notation — here and in the fol-
lowing — for “binary” function and predicate symbols.) Every structure O where
|O| = |O|orp is a non-empty set and <© is a (strict) linear order on |O| is a model
of LinOrd which, hence, may be called a linear order theory.

A natural number theory Nat is based on a signature

SIGNat = ({NAT}, F,0)
with

F— {O(E,NAT) SUCCNAT.NAT) | (NAT NAT,NAT) ,(NAT NAT,NAT)}.
In the intended structure N for SIG i, [N| = [N|yar is the set N of natural num-
bers (including zero), ON is the number zero, SUCCN is the successor function
on natural numbers, and +N and *N are addition and multiplication, respectively.

Nat = (LroL(SIGnat), N) is an {N}-theory if we let A/ contain the following ax-
ioms:

SUCC(z) # 0,

SUCC(z) =SUCC(y) — z =y,
r+0=uz,

z+ SUCC(y) = SUCC(z + y),
zx0=0,

zx SUCC(y) = (z * y) + z,
(Az(0) AVz(A — A,(SUCC(x)))) — VzA.

The notion of C-theories is not very sharp. If Th = (Lpor,.A) is a C-theory
then, by definition, so is every (Lgor,.A’) where A’ C A. Hence, in general, a
C-theory does not really “characterize” the class C of structures. The reason is that in
the definition we only required that all structures of C satisfy the non-logical axioms,
but not that these structures be the only models of the theory.

The theories Group and LinOrd actually satisfy this stronger requirement:
somewhat roughly speaking, a structure is a model of Group or LinOrd if and only
if it is a group or a linearly ordered set, respectively. The theories characterize these
mathematical systems and we may call them theory of groups and theory of linear
orders (instead of “C-theories”).
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In the case of Nat, however, the situation is fundamentally different. The struc-
ture N cannot be characterized in this way: every first-order theory which has N as a
model has also other (even “essentially” different) models. This is a consequence of
the famous (First) Godel Incompleteness Theorem which (particularly) says that N
cannot be completely axiomatized in first-order logic. More precisely: for any first-
order {N}-theory whose non-logical axiom set .4 is decidable there are formulas F'
of SIG N4 such that E\IF but F' is not derivable from A in Xror.

In the presence of different models for natural number theories, N is usu-
ally called the standard model. This model, together with its underlying signature
SIG nat, Will frequently occur in subsequent sections. If necessary, we will feel free
to assume (without explicitly mentioning) that the signature may also be enriched by
more symbols than shown above (e.g., symbols for other individual constants like
1,2, ..., for subtraction, division, order relations, etc.) together with their standard
interpretations in N. Furthermore, we will overload notation by denoting the inter-
pretations of syntactic symbols by these same symbols (e.g., +N, N, 1N 2N will
be denoted by +,%,1,2,...).

Besides formalizing mathematical systems such as groups and linear orders, the
concept of logical theories also finds applications in computer science. For exam-
ple, the theory Nat (perhaps presented with some extra “syntactic sugar’”) would
typically be called an algebraic specification of the natural numbers. In general, an
algebraic specification of an abstract data type (in a functional setting) is just the
same as a theory.

A further example is given by the signature

SIGs; = ({OBJ,STACK },F, )
with

F = {EMPTy(E,STACK) PUSH(STACK OBJ,STACK)
POP(STACK,STACK) (P (STACK,0BJ)

and the theory (or algebraic specification)
Stack = (EFOL(SIGSt), S)

with S consisting of the axioms

PUSH (z,y) # EMPTY
POP(PUSH (z,y)) = =,
TOP(PUSH (z,y)) =y

(where z € Xsrack,y € Xopy). Clearly, Stack is a theory of stacks: the domain
|S|sTack of its (standard) models consists of stacks of objects from |S|op, and
EMPTYS, PUSHS, POPS, and TOPS are functions implementing the usual stack
operations.

Note that the semantical definitions in the previous section obviously assume
that the mappings which interpret function and predicate symbols are total since
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otherwise the evaluation S() would not always be defined. In this example, on the
other hand, pop and top are usually understood to be partial (not defined on the
empty stack). To solve this technical problem in a trivial way, we assume that pop
and top deliver some arbitrary values when applied to the empty stack and, hence,
are total. In subsequent similar situations we will always tacitly make corresponding
assumptions.

In some computer science texts, specifications like Nat or Stack additionally
contain (or “use”) an explicit specification of a data type Boolean containing the
boolean values and the usual boolean operators. Because Boolean is implicitly con-
tained in the propositional fragment of first-order logic, it does not have to be an
explicit part of a first-order theory.

We have introduced the concept of theories in the framework of classical first-
order logic. Of course, it can be defined in the same way for any other logic as well.
For example, a theory could also be based on propositional logic. Such propositional
theories are of minor interest in mathematics. In computer science, however, this
changes, particularly because of the decidability of PL. A typical situation arises by
first-order theories of structures with finite domains. These can be encoded as propo-
sitional theories (essentially by expressing a quantification 3zA by a disjunction of
all instantiations of A with the finitely many possible values £(z) of ) and can then
be accessible to appropriate algorithmic treatments. We will investigate this aspect
in the context of temporal logic in Chap. 11 and content ourselves here with a toy
example of the kind which typically serves as a measure for automatic proof systems.
Consider the following criminal story:

Lady Agatha was found dead in her home where she lived together with her butler
and with uncle Charles. After some investigations of the detective, the following
facts are assured:

1. Agatha was killed by one of the inhabitants.

Nobody kills somebody without hating him or her.

The perpetrator is never richer than the victim.

Charles hates nobody whom Agatha was hating.

Agatha hated all inhabitants except perhaps the butler.

The butler hates everybody not richer than Agatha or hated by Agatha.
No inhabitant hates (or hated) all inhabitants.

Who killed Agatha?

Nk wD

In order to fix a language of propositional logic we have to determine the set V of
propositional constants. For our story we represent the persons Agatha, the butler,
and Charles by a, b, and ¢, respectively, and let P = {a, b, ¢} and

Viurder = {killij, hateij, TiChE?”ij | 1,] € P}

The elements of V., represent the propositions “s killed 57, “4 hates (or hated)
77, and “¢ is (was) richer than j” for ¢, j € P, respectively. With this in mind we get a
propositional theory (Lpr.(V murder ), M) by collecting in M the following formulas
which formally express the above facts:
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killyo V killpg, V killeg,

klllq — hateij for all Z,] S ]P,

Kill;j — —richery;  foralli,j € PP,

hate,; — —hate.; forallj € P,

hategq N hatege,

(—richerjq V hatey;) — hatey;  forallj € P,
—hate;, V —hatey, V —hate;. forall i € P.

NNk RN =

The case can be solved semantically by showing that for any model M of the theory,
which in this propositional situation is just a valuation M : V40 — {ff, tt},
M(kill,,) = tt must hold whereas M(killy,) = M(kill.,) = ff, or proof-theoretically
by showing that

Mg, Killaa N —killye A —Filleq -

Anyway, the conclusion is that Agatha committed suicide. One should also convince
oneself by exhibiting a model M for M that the assumed facts are not contradictory:
otherwise, the conclusion would hold trivially.

1.4 Extensions of Logics

The logic FOL extends PL in the sense that every formula of (any language Lp (V)
of) PL is also a formula of (some language containing the elements of V as propo-
sitional constants of) FOL. Furthermore, PL is a sublogic of FOL: all consequence
relationships and, hence, universal validities in PL hold in FOL as well. The logics
to be defined in the next chapters will be extensions of PL or even FOL in the same
way.

Staying within the classical logic framework, we still want to mention another
extension of FOL which allows for addressing the non-characterizability of the stan-
dard model of natural numbers in FOL as pointed out in the previous section. The
reason for this deficiency is that FOL is too weak to formalize the fundamental Peano
Postulate of natural induction which states that for every set M of natural numbers,

if 0 € M and if for every n € N, n + 1 € M can be concluded from the
assumption that n € M, then M = N.

This is only incompletely covered by the induction axiom
(A4 (0) AV (A — A, (SUCC(x)))) — Vad

of the theory Nat. In our assumed framework of countable languages (cf. Sect. 1.1)
this fact is evident since A (which “represents” a set M) then ranges only over denu-
merably many formulas whereas the number of sets of natural numbers is uncount-
able. But even in general, the Peano Postulate cannot be completely described in
FOL.
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An extension of FOL in which the Peano Postulate can be described adequately is
(classical) second-order logic SOL. Given a signature SIG = (S, F,P), a second-
order language Lsor,(SIG) (again shortly: Lsor) is defined like a first-order lan-
guage with the following additions: the alphabet is enriched by

e denumerably many predicate variables for every s € S*.

Let the set of predicate variables for 5 € S* be denoted by Rz and R = (J;.g- Rs.
These new symbols allow for building additional atomic formulas of the form

o r(ty,...,t,), Where r € Ry, s, is a predicate variable and ¢; are terms of sorts
s; forl <1 <n,

and the inductive definition of formulas in FOL is extended by the clause

e If Aisaformula and r is a predicate variable then 374 is a formula.

VrA abbreviates -3r—A.

The semantics of a language Lsor(SIG) is again based on the concept of a
structure S for SIG. Variable valuations are redefined to assign for all s € S and
$1...8, € S*

e some {(x) € |S|, to every individual variable © € X (as in FOL),
e some mapping &(r) : [S|s, X ... x |S|s, — {ff,tt} to every predicate variable
7€ Ry.sne

The definition of S(¢)(A) is extended to the new kind of formulas by

o SEO(r(ty,... 1) =E(r)(SO(t),...,SO (1)), )
e SO(3rd)=tt < thereisa¢’ suchthat{ ~, ¢ and S(€)(A) = tt

where 7 € Rand £ ~,. & & £(7) =& (T) forall 7 € R other than r. Finally the
notions of validity and consequence from FOL are transferred verbatim to SOL.

A second-order theory (LsoL, A) consists of a second-order language Lsor. and a
set A of non-logical axioms (formulas of Lgor). Models of such theories are defined
as in FOL. Any first-order theory can be viewed as a second-order theory as well.
E.g., the theory LinOrd of the previous section can be made into a second-order
theory of linear orders just by replacing Lror (SIGy,) by Lsor(SIGy,).

A proper second-order theory for the natural numbers takes the signature STG ¢
and the first six axioms of the first-order theory Nat together with the new induction
axiom

Vr(r(0) AVz(r(z) — r(SUCC(z))) — Yz r(z))

where 7 € Ryar is a predicate variable. The standard model N is a model of this
theory and in fact it is the only one (up to “isomorphism”; this relation will be made
more precise in Sect. 5.3). So this theory really characterizes the natural numbers.
But the background of Godel’s Incompleteness Theorem is some inherent in-
completeness of Peano arithmetic and this now becomes manifest at another place:
in contrast to FOL, SOL cannot be completely axiomatized, i.e., there is no sound



Bibliographical Notes 17

and complete formal system for SOL, not even in the simple sense that every valid
formula should be derivable.

This statement has to be taken with some care, however. If we took all valid
formulas of SOL as axioms of a formal system then this would be trivially sound
and complete in that sense. But this is, of course, not what is intended by a formal
system: to allow for “mechanical” generation of formulas. This intention implicitly
supposes that in a formal system the set of axioms is decidable and for any finite
sequence Aq,...,A,, B of formulas it is decidable whether A,..., 4, - Bisa
rule. Since SOL (like FOL) is undecidable, the above trivial approach does not meet
this requirement.

To sum up, a logic LOG with a consequence relation F is called incomplete if
there is no formal system X' for LOG in this sense such that

hA@liA

for every formula A of (any language of) LOG. According to this definition, SOL is
incomplete.

We finally note that the above considerations are not restricted to SOL. In fact, the
incompleteness result of Godel may be extended to the following general principle:

Godel Incompleteness Principle. Let LOG be a logic with a consequence relation F
and L1 oG a language of LOG such that every formula of Lror(SIG Nat) is a formula
of Lrog- If there is a decidable set F of formulas of L1 oG such that

FEA & KA
holds for every closed formula A of LroL(SIGNat) then LOG is incomplete.

(As before, SIGn,: = ({NAT},{0,SUCC,+,x},0) and N is the standard model
of natural numbers.) This shows the fundamental “trade-off”” between logical com-
pleteness and characterizability of the natural numbers.

Bibliographical Notes

Logic is a discipline with a long history of more than 2,000 years. Mathematical
logic as we understand it nowadays — investigating mathematical reasoning and it-
self grounded in rigorous mathematical methods — began at the end of the nineteenth
century with Frege’s Begriffsschrift [50], the Principia Mathematica [158] by White-
head and Russell, and other pioneering work. For some time, logicians then had the
“vision” that it should be possible to “mechanize” mathematics by completely for-
malizing it within logic. Godel’s work, particularly his famous incompleteness re-
sult [57], showed that there are fundamental bounds to this idea.

In the present-day literature, there is a huge number of textbooks on mathematical
logic. The selection of contents and the usage of notions and terminology is not
uniform in all these texts. In our presentation we mainly refer to the books [43, 60,
105, 137].



2

Basic Propositional Linear Temporal Logic

We now begin to present temporal logics. Being the focus of our attention, the origi-
nal and perhaps best elaborated linear (time) temporal logic will be studied at great
length in the subsequent chapters. Other frameworks for modeling time will be con-
sidered in Chap. 10.

There are many versions of linear temporal logic. In order to provide a systematic
presentation we choose a “modular” way: we start in this chapter with the basic
“building block™. Various extensions will be studied in later chapters.

Temporal logic is a branch of modal logic. In a Second Reading paragraph in
Sect. 2.3 we will give some short explanations of this relationship.

2.1 The Basic Language and Its Normal Semantics

Classical logic formalizes mathematical systems — (functional) data types in the
wording of computer science — that consist of domains of objects and functions and
predicates over these objects. The canonical application area of temporal logic is
the formalization of state systems. Roughly speaking (precise formalizations will
be given in Chap. 6), a state system generates (temporal) “runs” or “sequences” of
“states”. Consider the following well-known toy example of the Towers of Hanoi
puzzle:

A number of stones of pairwise different size are piled one on another with de-
creasing size from the bottom to the top. This tower, which is initially standing
on some place, is to be transferred to another place by a sequence of moves, pos-
sibly using one more auxiliary place. In each move only the top stone of a tower
on one of the three places may be taken and put on a free place or on another
tower whose topmost stone is bigger than the added stone.

This puzzle may be viewed as a state system: the states are given by the different
configurations of which stones are on which places, and moves produce sequences
of states.
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In order to formalize and argue about the “behaviour” of this system we would
like to express and reason about statements of the kind

“if the topmost stone £s on some place is bigger than the topmost stone on another
place then in the next state ¢s cannot be the topmost stone on this latter place”

or

“in all states, on each of the three places the stones will be piled up with decreas-
ing size”,

and the like. The structure of these statements is of the form

if A then in the next state B,
in all states C,

respectively, where the parts A, B, and C can easily be formulated in classical (first-
order) logic. The phrases in the next state, in all states (and the like) are the focus
of the temporal logic approach. They allow for building new statements from other
ones. More formally, they are (propositional) logical operators for formulating new
statements about the truth or falsity of other statements in states (or “points in time”)
which are related to the present state (“point in time”) in particular ways.

In a first-order language, state sequences (the “flow of time”) could be formal-
ized using a distinguished sort and appropriate predicate symbols; cf. also Sect. 4.2.
Instead, temporal logic adds such operators at the propositional level. Among several
different approaches to this, linear temporal logic follows the idea of state runs as
above. More formally, it adopts the paradigm of linearly ordered, discrete time.

Let V be a set of propositional constants. The alphabet of a basic language
L1.(V) (also shortly: Ly11) of propositional linear temporal logic LTL is given by

e all propositional constants of V,
e the symbols false | — | O | O | (|).

Inductive Definition of formulas (of Ly1.(V)).

1. Every propositional constant of V is a formula.

2. false is a formula.

3. If A and B are formulas then (A — B) is a formula.
4. If A is a formula then OA and OA are formulas.

Further operators can be introduced as abbreviations:

-, V, A, <=, true as in classical logic,
CA = —-0-A.

The temporal operators O, O, and < are called nexttime, always (or henceforth), and
sometime (or eventuality) operators, respectively. Formulas OA, OA, and ¢ A are
typically read “next A”, “always A”, and “sometime A”.
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For notational simplicity we establish a priority order of the operators:

V, A have higher priority than — and <+,
—  has higher priority than < .

(Note that —, O, O, and < are binding stronger than V, A, —, and < by definition.)
Accordingly, we will omit superfluous parentheses, including the outermost.

Example. Instead of the fully parenthesized formula
((OAL A Az) — A3) < (O(CA4V —45) A Ag))
we write
OA; AN Ay — Az «— O(OAL4V —45) A Ag. A

Semantical interpretations in classical propositional logic are given by boolean
valuations. For LTL we have to extend this concept according to our informal idea
that formulas are evaluated over sequences of states (“time scales”).

Let V be a set of propositional constants. A temporal (or Kripke) structure for
V is an infinite sequence K = (19, 71,72, - - .) of mappings

n; 'V — {ff it}

called states. nq is called initial state of K. Observe that states are just valuations in
the classical logic sense. For K and i € N we define K;(F') € {ff,tt} (informally
meaning the “truth value of F in the ith state of K”) for every formula F' inductively
as follows:

Ki(v) =n;(v) forve V.

K, (false) = ff.

Ki(A— B) =tt < K;(A4)=ff or Ki(B) =tt.
Ki(OA) = Kit1(A).

Ki(OA) =1t < K;(A) =tt forevery j > i.

NS

Obviously, the formula false and the operator — behave classically in each state. The
definitions for O and O make these operators formalize the phrases in the next state
and in all states mentioned above. More precisely now, a formula OA informally
means “A holds in all forthcoming states including the present one”.

The definitions induce the following truth values for the formula abbreviations:

K;(true) = tt.
Ki(CA) =tt & K;(A) =tt for some j > i.

oYX

—_
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The clauses 6-10 are as in classical propositional logic. They particularly imply that
V and A are associative in the sense that

Ki((AvB)VvV C)=K;(AV(BVC(C))

and analogously for A. The syntactic bracketing of such formulas is therefore unim-
portant, and we will use (as in Chap. 1) notation like

Al\/AQ\/...\/An and Al/\AQ/\.../\An

also abbreviated by

\/ Az and /\ A'L

i=1 i=1
(or similarly displaying the index range).
The clause 11 in the above list (saying that & A informally means that “A will
hold sometime in the present or a forthcoming state”) can easily be proved:
Ki(CA)=tt & K-(ﬂDﬂA) =t
K;(O-A) = ff
K;(—A) = ff for some j > ¢
K, (A) = ttfor some j > i.

Example. Let A = O—v; A Ov; — Owvy where vy, 12 € V, and let K be given as
indicated by the following matrix:

‘?70 mn2n3ng .-
ff ff tt tt ff ... (arbitrary)...
tt tt ff tt tt ... (it forever)...

The entries define the values of ng, 771, . . . for v; and v,. The values for other v € V
are of no relevance. We can compute:
Ko(Ouy) =ff = Ko(O—vy AOuy) =ff = Ko(4) =
Ki(C=w1) = Ky (Owy) = tt, Ky (Owy) = ff = Kl(A)
Ko (Omwp) = Ko(Ouy) = tt, Ky (Owg) =ff = Ka(A) =
Kg(Ov) = Ky(Owg) = ... =1t = K3(A) =Ky(4) =... =1t A

Definition. A formula A of Ly (V) is called valid in the temporal structure K for
V (or K satisfies A), denoted by k A, if K;(A) = tt for every © € N. A is called a
consequence of a set F of formulas (F £ A) if k A holds for every K such that k. B
for all B € F. Ais called (universally) valid (= A)if § = A.

These definitions are a natural extension of the classical validity and consequence
concepts. We remark, however, that often another version (called initial or anchored)
of these notions is used. This semantics will be discussed in Sect. 2.6. For distinction,
we call the present approach normal or floating semantics.
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As we will see subsequently, many interesting valid formulas will be of the syn-
tactical form A < B. We distinguish this case with a particular notion.

Definition. Two formulas A and B of Ly are called logically equivalent (denoted
by A = B) if the formula A < B is valid.

Example. The formula -OA < O-A4 is valid, i.e., “OA and O—A are logically
equivalent. To prove this we have to show that K;(—~OA4) = K;(O—4) for every K
and © € N:

K;(mOA) =tt & K;(OA) =ff
& Kip1(A) =ff
< Kip1(mA) =1t
& Ki(0-4) =tt. A

We now collect some facts about the semantical notions.

Lemma 2.1.1. Let K = (09, n1,72, - . .) be some temporal structure and i € N. If
Ki(A) = tt and K;(A — B) =tt then K;(B) = tt.

Proof. K;(A — B) means K;(A4) = ffor K;(B) = tt, and together with the assump-
tion K;(A4) = tt it must be the case that K;(B) = tt. A

Theorem 2.1.2. If F F A and F F A — B then F F B.

Proof. Let K be some temporal structure such that £C' for every C' € F, and ¢ € N.
Then K;(A) = K;(A — B) = tt, implying K;(B) = tt by Lemma 2.1.1. This means
that F F B. A

Theorem 2.1.3. If F F A then F F OA and F E OA. In particular: AE OA and
AEDOA

Proof. Let K be some temporal structure such that £ C' forevery ' € F,and ¢ € N.
Then K;(A) = tt for every j € N; in particular K;1(A4) = tt and K;(4) = tt for
every j > 4. This means that 7 F OA and F F OA. A

Theorem 2.14. I[f FF A — B and FE A — OA then FEA — OB.

Proof. Let K be some temporal structure such that £C' for every ¢' € 7, and 7 € N.
We must show that K; (A — OB) = tt. This holds trivially if K;(A) = ff, so assume
that K;(A4) = tt. Inductively, we show that K; (A) = tt holds for all j > 4. The base
case (where ; = 1) holds by assumption. For the induction step, fix some j > i
and assume that K;(A4) = tt. Now, the assumption F F A — OA implies that
K;(A — OA) = tt, and therefore K; (OA) = tt by Lemma 2.1.1, i.e., K;11(4) = tt.

The assumption F = A — B implies K;(A — B) = ttforall j € N, and in
particular K; (A — B) = ttfor all j > 4. But since K;(A) = tt forall j > ¢ it
follows, again by Lemma 2.1.1, that K;(B) = tt for all j > 4, i.e., K;(OB) = tt.
Altogether, we obtain K;(A — OB) = tt, which completes the proof. A



24 2 Basic Propositional Linear Temporal Logic

For any temporal structure K = (19,71,72,...) (for some V) and i € N,
let K' = (n),m},75,...) be defined by 7] = n;y; for every j € N, ie,
K® = (1i,Mix1,Mit2, - - ). K is also a temporal structure for V.

Lemma 2.1.5. Let K be a temporal structure, i € N. Then Ki(A) = K,y ;(A) for
every j € N and every formula A.

Proof. The proof runs by structural induction (i.e., induction on the syntactical struc-
ture according to the inductive definition of formulas) on A, simultaneously for all
7 € N. We will indicate the application of the respective induction hypothesis by

“ind.hyp.”. Let K = (10, 11,72, - - -) and K" = (nf,n},m5, . .).
I A=wve ViKi(v) =nj(v) = nirj(v) = Kig;(v).
2. A = false: K (false) = ff = K, ,; (false).
3. A=B — C:
Ki(B — C)=tt & KI(B) =ff or Ki{(C) =1t
= KH_]‘(B) = ff or KH_J‘(C) =tt (mdhyp)
4. A=0B:
Ki(OB) = K, ,(B)
= Kitj+1(B) (ind.hyp)
Kit; (OB).

5. A=0B:
K;(DB) =tt & Ki(B) =ttforalll >j
< Ky (B) =ttforalll > 5 (ind.hyp.)
< K,;4;(0OB) =tt. A

Theorem 2.1.6. F U {A} E B ifand only if F F OA — B.

Proof. For the “only if” part, assume that 7 U {A} F B and let K = (19, 71,72, - . )
be some temporal structure such that k- C' for every ¢’ € F, and ¢ € N. Then
K;(C) = ttforevery C' € F and every j € N. We must show K,;(0A4 — B) = tt.
If K;(OA) = ff this holds trivially, so assume that K;(OA) = tt, i.e., K;(A) = tt for
every j > i. Now let K* be the temporal structure defined as above. By Lemma 2.1.5
we get K!(A) = K!(C) = ttfor every j € N and every C' € F, and by assumption
it follows that i, B. In particular, K¢ (B) = tt, which again by Lemma 2.1.5 implies
that K;(B) = tt.

The converse direction is shown as follows: assume that 7 F OA — B and let
K be a temporal structure such that Fz C for every C' € F U {A}, and i € N. Then
K;(OA — B) = K;(A4) = ttfor every j € N, so particularly K;(DA — B) = tt
and K;(A) = tt for every j > i, ie., K;(OA) = tt. By Lemma 2.1.1 we obtain
Ki(B) = tt. This means k. B, and so we have 7 U {A} F B. YAN
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Theorem 2.1.6 is the temporal logic analogy of the classical
FU{A}EB & FEA—B.

It should be noted that the latter does no longer hold in LTL. A simple counterexam-
ple (with F = ) is given by A = OA which holds according to Theorem 2.1.3, but
A — OA is clearly not valid. It is the only if part of the equivalence which fails; the
other direction still holds:

Theorem 2.1.7. If F E A — B then F U{A} E B.

Proof. If F E A — B thenalso F U {A} F A — B. Furthermore, F U {A} F 4,
and hence F U {A} E B by Theorem 2.1.2. A

Theorem 2.1.8. If F F A and E B for every B € F then F A.

Proof. Let K be a temporal structure. Then )T<B for every B € F and hence ||:<A.
This holds for every K, so we have FA. AN

We define still another semantical notion which will be needed in Sect. 2.4.

Definition. A formula A is called (locally) satisfiable if there is a temporal structure
Kand ¢ € N such that K;(4) = tt.

Example. Consider the formulas A = O-v; A =v5 — Ov; and B = O—wy A Ouy
where vy, 12 € V. For a temporal structure K with K;(v;) = ff for all ¢ € N and
Ko(v2) = tt we obtain Ky(A) = tt, which shows that A is satisfiable. The formula
B, however, is not satisfiable since, for any K and i € N, K;(B) = tt would imply
Kit1(v) = ffas well as K; 11 (v1) = tt which is impossible. YAN

Validity and satisfiability are “dual” notions in the following sense:

Theorem 2.1.9. F A if and only if = A is not satisfiable.

Proof. E A if and only if K;(A) = tt and hence K;(—A) = ff for every temporal
structure K and every ¢ € N. This just holds if and only if =4 is not satisfiable. A

We conclude this section by listing some (forms of) temporal logic formulas that
typically occur in applications together with their informal meanings.

A — OB: “If A then B in the next state”,

A — OB: “If A then (now and) henceforth B”,

A— OB: “If A then sometime (now or in the future) B”,

O(A — B): “Whenever (now or) henceforth A then B in that state”,

OO A: “For all following states, A will hold in some later state”, i.e.,
“A holds infinitely often from now on”,

OOA: “Sometime A will hold permanently”, i.e.,

“A is false only finitely often from now on” or
“A is almost always true from now on”.
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2.2 Temporal Logical Laws

In any logic, the valid formulas and consequence relationships express “logical
laws”. An example from classical logic is the tautology

(A=B)A(B—C)— (A— C)

mentioned in Sect. 1.1. According to the semantical definitions in the previous sec-
tion we should expect that such tautologies remain valid in temporal logic where we
may substitute formulas of Ly for A and B, e.g.,

(OC - 0OD)A(OD — OF) — (OC — OF).

Let us confirm this expectation formally:

Definition. A formula of Ly is called tautologically valid if it results from a tautol-
ogy A of Lp by consistently replacing the propositional constants of A by formulas
of ELTL~

Theorem 2.2.1. Every tautologically valid formula is valid.

Proof. Let V' = {uy,...,v,} beasetof propositional constants, and let Ay, ..., A,
be formulas of Lyy. For any formula A of Lp (V'), let A* denote the formula of
Ly which results from A by replacing every occurrence of a propositional constant
v; € V'in Aby A;. Let K be a temporal structure (for the propositional constants
of Lir) and ¢ € N. We define a (classical) valuation B for V' by B(v;) = K;(4,)
for 7 = 1,..., n and claim that

which proves the theorem. Indeed, if B is tautologically valid, and therefore B = A*
for some classical tautology A, then K;(B) = B(A) = tt. The proof of the claim runs
by structural induction on A.
1. A=w; € V': Then A* = Aj; hence B(4) = B(v;) = K;(4;) = K;(4%).
2. A = false: Then A* = false and B(A) = ff = K, (A4*).
3. A= B — (: Then A* = B* — (", and with the induction hypothesis we get
B(A)=tt & B(B) =ff or B(C) =1t
& Ki(B* — C*) = K;(A*) = tt. A
Clearly, the transfer of classical logical laws to LTL can be extended to the re-
lation F. Suppose a formula B is a consequence of some set F of formulas in PL.

Again, if we (consistently) substitute formulas of LTL in the formulas of F and B,
we should not destroy the logical relationship. For example,

OC —0D,0D — OF £ OC — OF
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should hold because of the classical
A—B,B—(C FA—C.
For a simple formulation of this fact (restricted to finite sets F) we remember that
Ay,...,A,EB & FA - (A3 —...— (4, — B)...)

in PL, and so we may define:

Definition. Let Ay,..., A,, B (where n > 1) be formulas of L. B is called a
tautological consequence of Ay, ..., A, if Ay — (A2 — ... = (4, — B)...)is
tautologically valid.

Theorem 2.2.2. Ay,..., A, E B whenever B is a tautological consequence of
Ai, .o Ay

Proof. Let B be a tautological consequence of A1, ..., A,. Then, by Theorem 2.2.1,
EA — (43 — ... > (4, — B)...). Applying Theorem 2.1.7 n times (starting
with F = ()) we get Ay,..., A, F B. A

Example. As a simple application of theorems 2.2.1 and 2.2.2 we may show that
logical equivalence = of formulas of £y 1y is an equivalence relation (i.e., a reflexive,
symmetrical, and transitive relation): since A < A is tautologically valid we have
the reflexivity assertion A = A, i.e.,

FA— A

with Theorem 2.2.1. Second, A < B is a tautological consequence of B « A,
so we have A < B E B < A by Theorem 2.2.2, and this implies the symmetry
A2 B= B>~A,i.e.,

FA—B = EB« A
with Theorem 2.1.8. An analogous argument establishes
FA—oBandkFB~(C = FA<C
expressing the transitivity of ==. AN

With the Theorems 2.2.1 and 2.2.2 we know of logical laws in LTL coming from
the “classical basis” of the new logic. Let us now turn to proper temporal logical laws
concerning the temporal operators. We give quite an extensive list of valid formulas,
proving the validity only for a few examples. Many of these laws describe logical
equivalences.

Duality laws

(T1) —OA < O-A4,
(T2) —OA < OA,
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(T3) -OA «— O-A.

(T2) and (T3) express the duality of the operators O and <. (T1) asserts that O is
self-dual and was proved in the previous section.

Reflexivity laws

(T4) DA — A,
(TS) A — OA.

These formulas express the fact that “henceforth” and “sometime” include the
“present”.

Laws about the “strength” of the operators

(T6) DA — OA,
(T7) OA — OA,
(T8) OA— OA,
(T9) OOA — OOCA.

Proof of (T9). We have to show that, for arbitrary K and ¢ € N, K;(COA) =
implies K; (OCA) = tt:

Ki(CDA) =1t = K;(OA) =tt for some j > i
= Kj;(A) =tt for some j > iandevery k > j
= K (A) =tt for some k > j with arbitrary j > i
= K;(CA) =tt forevery j > ¢
= K;(O04) = A

Idempotency laws

(T10) OOA « OA,
(T11) OCA «— OA.

Proof of (T10). Here we have to show that K, (0O A) = K;(OA) for arbitrary K and
e N
Ki(OOA) =tt & K;(OA) =tt foreveryj > i
& Kg(A) =tt forevery j > i and every k > j
= Kk(A) tt forevery k > i
K;(DOA) = A
Commutativity laws

(T12) OOA « OOA,
(T13) ©OA < OOA.

These logical equivalences state the commutativity of O with O and <.
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Proof of (T12). For arbitrary K and 7 € N:
K;(OOA) =tt & K;(OA) =tt foreveryj > i
< Kj11(A) =tt forevery j > i
< K;(A) =tt foreveryj > i+1
~ Ki+1(DA) =1t
< K;(OOA) =tt. A
Distributivity laws

(T14) O(A — B) «» OA — OB,

(T15) O(AAB) « OANOB,
(T16) O(AV B) « OAV OB,
(T17) O(A « B) < (OA < OB),
(T18) O(AAB) < ODAAOB,

(T19) O(AVB) « OAV OB,
(T20) OO(AV B) « OCAVOOB,
(T21) ©O(AAB) « OOAAOOB.

(T14)—(T17) express the distributivity of O over all (binary) classical operators. Ac-
cording to (T18) and (T19), O is distributive over A and < is distributive over V.
Finally, (T20) and (T21) assert that “infinitely often distributes over V and “almost
always” distributes over A.

Proof of (T14). For arbitrary K and ¢ € N:

Ki(O(A— B))=tt & K;y1(A— B) =1t
< Kip1(4) =ff or Kip1(B) =1t
< K;(04) =ff or K;(OB) =1t
& K;(OA — OB) = tt. A

Weak distributivity laws

(T22) O(A— B) — (0A — OB),
(T23) OAvOB — O(AV B),
(T24) (©A— OB) — (A — B),
(T25) ©(AAB) — CAANOB,
(T26) OO(AAB) — OOCAAOOB,
(T27) ©OAVOOB — ©O(AV B).

These formulas state that at least “some direction’ of further distributivities of O, <,
0<, and <0 hold.

Proof of (T23). For arbitrary K and + € N:
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K;(OAVOB) =tt = K;(0A4) =tt or K;(OB) = tt

) =1t foreveryj > i or
) =tt foreveryj > i
)=

A) =tt or K;(B) =1t forevery j >
AV B) =1t foreveryj > i
= Ki( (AV B)) = tt. A

i
K;(A
K;(B
K;(
K;(

Fixpoint characterizations of O and <

(T28) DA < AAOOA,
(T29) OA < AV OOA.

(T28) is a recursive formulation of the informal characterization of 0 A as an “infinite
conjunction”:

O0A < ANOANOOAANOOOAAN...,

and (T29) is analogous for & A. These formulas are therefore also called recursive
characterizations. The relationship with “fixpoints” will be reconsidered in a more
general context in Sect. 3.2.

Proof of (T28). For arbitrary K and 7 € N:

Ki(AAODA) =1t < K;(A) =1t and K;(ODA) = tt

Ki(4) =1t and K;(A) =tt foreveryj > i+1
K;(A) =tt forevery j > i

Ki(B4) = A
Monotonicity laws

(T30) O(A— B) — (OA — OB),
(T31) O(A — B) — (04— OB).

It may be observed that this list of laws is (deliberately) redundant. For example,
(T30) can be established as a consequence of the laws (T6) and (T14). We now give
a direct proof.

Proof of (T30). For arbitrary K and ¢ € N:
Ki(O(A— B))=1tt = K,;(A— B) =tt forevery j > i
= K;(A) =ff or K;(B) =1t foreveryj > i
= K1+1(A) =ff or Kz+1(B) =1t
= K;(OA) =ff or K;(OB) =1t
= K;(OA — OB) =Ttt. A
Frame laws

(T32) OA — (OB — O(AAB)),
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(T33) OA — (OB — O(A A B)),
(T34) OA — (OB — O(A A B)).

These formulas mean that if A holds forever then it may be “added” (by conjunction)
under each temporal operator.

Proof of (T32). For arbitrary K and 7 € N:

= Ki—i—l(B) = ff
or

Ki+1(B) =1t and K2+1(A) =it
= K;(OB — O(AA B)) =tt. A

Temporal generalization and particularization laws

(T35) O(0DA — B) — (0DA — OB),
(T36) O(A — OB) — (CA — ©B).

Proof of (T35). For arbitrary K and 7 € N, assume that K;(O(OA — B)) =1t i.e.,
K;(OA — B) = tt for every j > i. To prove K;(0DA — OB) = tt, assume also
that K; (OA) = tt. This means K;(A) = tt for every k£ > i; hence Kj(4) = tt for
every k > j and every j > 4 and therefore K;(OA) = tt for every j > i. With
Lemma 2.1.1 we obtain K; (B) = tt for every j > 4, which means K;(OB) = tt and
proves the claim. AN

In Theorem 2.1.6 we stated the fundamental relationship between implication
and consequence in LTL. In the presence of this theorem, laws of the form

0A— B
can also be written as a consequence relationship in the form
AFEB,

for example:

(T22) A— B F 0OA— OB,
(T30) A— B F OA — OB,
(T32) A E OB — O(AAB),
(T35) 0OA— B F OA— OB,
(T36) A—CB F OCA— OB.

This notation also explains why (T30) and (T31) are called monotonicity laws: they
express a kind of monotonicity of O and < with respect to — (viewed as an order
relation). The same property of O is noted as a weak distributivity law in (T22) but
could also occur here.
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The reformulations of (T35) and (T36) show their correspondence to the general-
ization and particularization rules of classical first-order logic (cf. Sect. 1.2) accord-
ing to the informal meaning of O and < as a kind of “for all”” and “for some” relating
these temporal operators to the classical quantifiers ¥V and 3, respectively. According
to this relationship we call — following the notion of universal closure — a formula
OA the temporal closure of A.

We end this section with some examples of how to use this collection of temporal
logical laws. Firstly, assume that two formulas A and B are logically equivalent.
Then so are OA and OB, in symbols:

A2 B = OA=O0B.

The detailed arguments for this fact could be as follows: assume F A < B. Both
A — B and B — A are tautological consequences of A < B, and so we obtain
both F A — B and F B — A by the Theorems 2.2.2 and 2.1.8. Applying (T30)
and again Theorem 2.1.8, we conclude = OA — OB and F OB — OA. Finally, the
formula OA «— OB is a tautological consequence of OA4 — OB and OB — OA,
and another application of Theorems 2.2.2 and 2.1.8 yields F OA < OB.

In analogous ways we could use (T22) and (T31) to show

A2 B = 0DAX=0OB
and
A2 B = OCA=OB

which altogether mean a kind of substitutivity of logically equivalent formulas under
the temporal operators O, O, and <.

As another application of the logical laws we finally show a remarkable conse-
quence and generalization of the idempotency laws (T10) and (T11). These seem to
imply that, e.g., the formula

00goooCA
is logically equivalent to
OonOe A,

informally: the O-O-prefix OOOOOOA can be reduced to the shorter OGO, In
fact, we will show that the formula is actually logically equivalent to

OCA.

and, more generally, any O-C-prefix is reducible to one of the four cases O, <, $O,
or 0. In preparation, we state two more laws of temporal logic.

Absorption laws

(T37) OOCA < OCA,
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(T38) OODA o OOA.

These laws assert that in a series of three alternating operators O and <, the first is
“absorbed” by the remaining two operators.

Proof. First, F OO A — OOO A s just an instance of (T5). On the other hand, (T9)
yields F OOO0A — OOOA, and FOOCA — OO A then follows from (T11) and
the substitutivity principle mentioned above. Taken together, we obtain (T37).

For the proof of (T38) we observe the following chain of logical equivalences:

OC0A = 0-0-04 (by definition of <)
~ o004 (by substitutivity from (T2) and (T3))
~ O0-A4 (by substitutivity from (T37))
~ o0A (by substitutivity from (T2) and (T3)). A

Theorem 2.2.3. Let A =X, K, ...X,, B, n > 1, be a formula of Ly 11 where every
X;, 1 <1 < n,iseither Oor <. Then

A = pref B
where pref is one of the four O--prefixes O, O, OO, or OO,

Proof. The theorem is proved by induction on n. The case n = 1 is trivial since then
A=0Bor A=<B.If n > 1 then we have by induction hypothesis that

&1 . |X’n_1 |ZnB = pref’ |ZnB

with pref’ being as described. If pref’ is O or < then pref’ X, B = pref B, for
some O-O-prefix pref of admissible form, can be established with the help of (T10)
and (T11). Otherwise, we distinguish four different combinations of pref’, which
can be <O or O, and X,,, which can be O or <. Any of these combinations can be
reduced to an admissible prefix with the help of (T10), (T11), (T37), and (T38), and
the substitutivity principle. A

2.3 Axiomatization

We now give a formal system X rp for the formal derivation of consequence rela-
tionships between formulas:

Axioms

(taut) All tautologically valid formulas,
(1t11) —0A4 « O—-A4,

(1t12) O(A — B) — (OA — OB),
(1t13) 04 — ANOOA.
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Rules

(mp) A,A— B F B,
(nex) A FOA,
(ind) A— B,A—OAFA— OB.

The “axiom” (taut) may seem somewhat strange. We could instead have taken some
axioms for classical propositional logic such as those shown in Sect. 1.1. We are,
however, not interested here in how tautologically valid formulas can be derived
(which would proceed completely within the “classical part” of the formal system).
In order to abbreviate derivations we simply take all such formulas (the set of which
is decidable) as axioms. In fact, we will use (taut) extensively without really verifying
the tautological validity of the formula in question explicitly. In the axioms (It12)
and (1t13) one should notice that these are only implications and not equivalences
although the latter are also valid according to the laws (T14) and (T28) proven in the
previous section. The rule (ind) is the proof-theoretical counterpart to Theorem 2.1.4;
it is an induction rule informally stating:

“If A (always) implies B and A is invariant from any state to the next then A4
implies B forever”.

Let us now show the soundness of Y ;. with respect to the semantics of LTL.

Theorem 2.3.1 (Soundness Theorem for Xy 1y). Let A be a formula and F a set of
Sformulas. If F = A then F E A. In particular: if = A then F A.

Proof. The proof runs by induction on the assumed derivation of A from F which is
inductively defined as explained in Sect. 1.1.

1. Ais an axiom of Xy : All axioms (taut), (Itl1), (1t12), (1t13) are valid according
to Theorem 2.2.1 and the laws (T1), (T14), and (T28) which were proved in
Sect. 2.2. Of course, then also F E A.

2. A € F:1Inthis case F F A holds trivially.

3. The rule applied last is (mp) with premises B and B — A: This means that
F B aswell as F = B — A. By the induction hypothesis we get F E B and
FE B — A and hence F F A by Theorem 2.1.2.

4. The rule applied last is (nex) with premise B: Therefore, A = OB such that
F F B. By the induction hypothesis we get F = B, and F F OB then follows
by Theorem 2.1.3.

5. The rule applied last is (ind) with premises B — C' and B — OB: Therefore,
A=B — 0OC,andwehave F -+ B — C and F + B — OB. By the induction
hypothesis we get 7 B — (' and F B — OB, and hence ¥ F B — 0OC;,
so F E A follows by Theorem 2.1.4. AN

We argued above that in derivations within X ; we do not want to bother with
how to derive tautologically valid formulas; we will simply use them as axioms.
Nevertheless, there will still occur purely classical derivation parts where only (taut)
and (mp) are used. We will abbreviate such parts by using — often again without
really proving the respective presupposition — the following derived rule:
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(prop)  Ay,...,A, F B if Bisatautological consequence of Ay,..., A,.

As an example we note again the chaining rule
A—-B,B—-CFA—-C

which we will apply from now on in derivations, together with many others, as a rule
of the kind (prop). This shortcut is justified by the following theorem.

Theorem 2.3.2. Ay,..., A, b B whenever B is a tautological consequence of
Ay, Ap.

Proof. We prove only the case n = 2. The general case is analogous. If B is a
tautological consequence of A; and A, then the formula A1 — (A — B) is tauto-
logically valid and we can give the following derivation of B from A; and As:

(1 A assumption

2) A, assumption

3) Ay — (42— B) (taut)

4 Ay— B (mp),(1),(3)

(5 B (mp),(2),(4) A

In the following we give some examples of derivations of proper temporal for-
mulas and rules. We begin with the “opposite directions” of the axioms (1tI2) and
(1t13):

(12)  (OA — OB) — O(A — B),
(13°)  AAOOA — OA.

Derivation of (1t12’).

() -(A—=B)— 4 (taut)

(2) O(~(A — B) — A) (nex),(1)

3) O(=(A— B)— A) = (O—~(4 — B) — OA) (1t12)

4 O=(4—B)—0A (mp),(2),(3)

(5) —O(A — B) < O—~(A — B) (1t11)

(6) —-O(A— B)— 04 (prop),(4),(5)

() —-(A—B)—-B (taut)

8) —O(A— B)— O-B from (7) in the same
way as (6) from (1)

% O-B— 0B (prop),(1tl1)

(10) -O(A — B) — —OB (prop),(8),(9)

(11) =O(A — B) — —(0A — OB) (prop),(6),(10)

(12) (04 — OB) — O(A — B) (prop).(11) A

Derivation of (I1t13’).

(1) ANOOA— A (taut)
(2) OA— AAODA (113)
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O(DA — ANQOA)
OOA — O(A AOOA)
ANOCOA — O(ANODOA)
ANOOA — OA

(indl) A —OAF A — OA,
(ind A— B,B—OBFA—0OB.

Derivation of (ind1).

ey
@
3

A — OA
A— A
A— OA

Derivation of (ind2).

ey
@)
3)
“

(alw)
(som)

A— B
B — OB
B — OB
A— OB

A+ OA,
A—OBFA— OB.

Derivation of (alw).

ey
)
3
“
&)

A
oA
A— OA
A—OA
0OA

Derivation of (som).

ey
@
3
“
&)
(6)
@)
®)
€))

A — OB

0-B — =B ANOO-B

O0-B — OO-B

0-B — —-B

O(DﬁB — —B)

O(D—\B — =B) — (OCO-B — O—\B)
OoO0-B — O—=B

O0-B — O=B

-OB < O-B

(10) O-B — —OB
(11) OB — —0O-B
(12) A — OB

(nex),(2)
(mp),(1t12),(3)
(prop),(4)
(ind),(1),(5)

assumption
(taut)
(ind),(1),(2)

assumption
assumption
(ind1),(1)
(prop),(1),(3)

Next we show two rules the first of which is the analogy of (nex) for O:

assumption
(nex),(1)
(prop).(2)
(ind1),(3)
(mp),(1),(4)

assumption
(1t13)
(prop),(2)
(prop),(2)
(nex),(4)
(1t12)
(mp),(5),(6)
(prop),(3).(7)
(1tl1)
(prop),(8),(9)
(prop),(10)
(prop),(1),(11)

A

The following two rules are simple but useful variants of the induction rule (ind):
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We finish these exercises with a derivation of one direction of the law (T15)
which will be needed subsequently:

(T15°) OAAOB — O(4AA B).

Derivation of (T15”). We derive -(OA — —-OB) — O-(A — —B) which is
(T15) in its strict syntactical form:

(1) O(A — =B) — (OA — O-B) (1t12)

(2) O(A — —=B) — (OA — -OB) (prop),(1tl1),(1)

(3) (04— -0OB) — -O(4 — =B) (prop),(2)

4) —(0A — —OB) — O=(A — —=B) (prop),(l1),3) A

In Theorem 2.1.6 we observed a connection between implication and the conse-
quence relation. There is an analogous relationship between implication and deriv-
ability.

Theorem 2.3.3 (Deduction Theorem of LTL). Let A, B be formulas, F a set of
Sformulas. If FU{A} b B then F+0A — B.

Proof. The proof runs by induction on the assumed derivation of B from F U {4}.

1. Bisan axiom of Xy or B € F: Then F + B, and F - OA — B follows with
(prop).

2. B= A: Then F + 0OA — A AOOA by (1t13), and F - OA — A follows with
(prop).

3. B is a conclusion of (mp) with premises C' and C' — B: We then have both
FU{A} F Cand FU{A} F C — B. Applying the induction hypothesis, we
get F - 0OA — Cand F + OA — (C — B), from which ¥ - OA — B
follows with (prop).

4. B = OC is a conclusion of (nex) with premise C: Then F U {A} F C, and
therefore 7 = OA — C' by induction hypothesis. We continue the derivation of
0OA — (C toaderivation of OA — OC"

(1) OA—-C derivable

2) O(0A— C) (nex).(1)

3) O(0A — () — (COA4 — O0) (1t12)

4) OOA — OC (mp),(2),(3)
(5) 0A— ANODOA (1t13)

(6) OA—OOA (prop),(5)
(7) 04— OC (prop).(4).(6)

5. B = C — 0D is a conclusion of (ind) with premises C' — D and C' — OC"
As above we get with the induction hypothesis that 0A — (C' — D) and
0OA — (C — OC) are derivable from F, and their derivations can be continued
to derive 0A — (C' — OD) as follows (using (T15) derived above):

() 0A— (C— D) derivable
2) 0OA— (C—0C0) derivable



38 2 Basic Propositional Linear Temporal Logic

3) ODAAC —D (prop),(1)

(4 OAANC—OC (prop),(2)

(5) 04— 0OA (prop),(1tl3)

(6) OAAC —OOANOC (prop),(4).(5)

(7) OOAANOC — O(OAAC) (T15%)

8) OAAC —O(OAAC) (prop),(6),(7)

(9) OAAC —0OD (ind),(3),(8)

(10) OA — (C — OD) (prop),(9) A

The Deduction Theorem can be used to abbreviate derivations, as illustrated by
the following example: in order to derive the valid formula

(T22) O(A — B) — (0A — OB)

it suffices, according to the theorem (with F = (), to show A — B + OA — OB.
Applying the theorem once more, it suffices to prove A — B, A + OB, which is
very easy using the derived rule (alw):

(1) A—B assumption
2 A assumption
3) B (mp),(1),(2)
(4) OB (alw),(3)

According to the semantical considerations in Sect. 2.1 and the soundness of
2)rrL, the Deduction Theorem of classical propositional logic

If FU{A}+ B then FA — B

does not hold generally in LTL. The converse direction of this relationship, however,
holds trivially because it is nothing but an application of (mp), and the converse of
Theorem 2.3.3 can be shown in a similar way:

Theorem 2.3.4. Let A, B be formulas, and let F be a set of formulas. If F + 0A —
B then FU{A} F B.

Proof. If F + 0OA — B thenalso FU{A} - OA — B. With FU{A} - A we
get FU{A} F OA by (alw) and finally F U {A} b B by applying (mp). A

Second Reading

Temporal logic is a branch of modal logic. In its basic (propositional) form, modal logic
extends classical PL by one modal operator O which allows for building formulas of the
form OA and, as an abbreviation, & A = —0-A as in LTL. In modal logic these formulas
are read necessarily A and possibly A, respectively.

A Kripke structure & = ({n. }.cx, <) for a set V of propositional constants underlying
a modal logic language consists of

o asetK #0,
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e abinary accessibility relation <l on K,
e avaluationn, : V — {ff,tt} forevery . € K.

The 7, (or sometimes only the elements of the index set K') are called possible worlds in
this context, and truth values &, (F') can be defined for all formulas F' in an analogous way
to that in LTL. For the classical part the inductive formation rules are just the same:

1. 8(v)=n(v) forveV,
2. R, (false) = ff,
3. R(A— B)=tt & R,(A) =ff or R.(B) =tt,

and for formulas O A the definition reads:

4. R,(0A) =tt & R.(A) =tt forevery k with ¢ < k.
For $ A this clearly provides:

5. R(CA) =tt & R, (A) =tt for some x with ¢ < k.

A modal logic formula A is called valid in the Kripke structure K if £,(A) = tt for every
L € K. Consequence and (universal) validity are defined according to the usual pattern.

It is easy to see how LTL fits into this general modal framework. The language of LTL
contains two operators © and O (instead of one) with corresponding accessibility relations
<, and <. (In a more general setting of multimodal logic with n > 1 modal operators
Oi,...,04,, LTL would be a bimodal logic.) Temporal structures for LTL can be under-
stood as a special case of Kripke structures where K = N and, for 7,7 € N,

i<k, & i+1=j,

1<) & 1 <7
Taking these definitions in clause 4 above (with </, and <, respectively) we indeed get
back the LTL definitions for K;(0A) and K; (T A).

As long as no restrictions are put on the relation << C K x K, modal logic can be
axiomatized by a sound and complete formal system with the axioms

e all tautologically valid formulas (defined as in LTL),
e 0O(A— B)— (DA—0OB)

and the rules

e A,A—BFB,
A+ OA.

A large variety of modal logics is obtained by requiring particular properties of accessi-
bility. Many of these can be characterized by (additional) axioms. For example, reflexivity
of < can be described by adding

O0A— A
to the basic system, and transitivity of <1 is characterized by
0OA — OOA.

The modal logic with both additional axioms is usually denoted by S4. An extension of S4,
often denoted by S4.3Dum, is obtained by adding the Lemmon formula

0(0A — B)vO(OB — A)



40 2 Basic Propositional Linear Temporal Logic

and the Dummett formula
O(0(A —04) - A) — (©OOA — OA)

to the axioms of S4. These additional axioms force <1 to be linear and discrete, respectively.
This logic is “very close” to LTL: a formula A is derivable in the resulting formal system if
and only if A is valid in all Kripke structures ({7; }ien, <). However, formulas of S4.3Dum
do not contain the “nexttime” operator, and in particular it is impossible to formulate an
induction rule in that logic.

2.4 Completeness

We want to address now the question of whether the formal system X1y is complete.
This has to be treated quite carefully. Consider the infinite set

F={A— B,A—0OB,A— OOB,A — OOOB,...}
of formulas. It is easy to calculate that
FEA—DOB.

Within a (sound and) complete formal system, A — OB would then be derivable
from F. This, however, cannot be the case in general. Any derivation in such a system
can only use finitely many of the assumptions of F. So, assuming a derivation of
A — OB from F, the soundness of the system would imply that A — OB is a
consequence of a finite subset of F (the subset of assumptions from F used in the
derivation). Again it is easy to see that this is not the case. This consideration shows
that

FEA = FEA

does not hold for the formal system Xypp (for arbitrary F and A) and, moreover,
that no sound formal system can achieve this kind of completeness at all. The above
example shows in particular that in LTL, one may have F E A but not 7/ & A for
any finite subset 7' C F. In other words, the consequence relation of LTL is not
compact, unlike that of classical propositional or first-order logic.

The above incompleteness argument mainly relied on the set F being infinite.
This leads us to consider a weaker notion of completeness: we call a formal system
weakly complete if

FEA = FFA forfinite F.

In this section we will show that Xy is indeed weakly complete. Our proof will
roughly follow the proof idea in the classical logic case, often called the Henkin-
Hasenjiger method, modified in many details for the present situation. Because we
have already restricted ourselves to finite sets F of assumptions, Theorems 2.1.6
and 2.3.4 can be seen to imply that it suffices to consider the case where F = () and
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to prove that = A implies - A or, equivalently, that A is not valid whenever it is not
derivable. Since A = ——A, we may assume without loss of generality that A is
of the form =B, and we will show that A is satisfiable (by constructing a suitable
temporal structure) whenever —A cannot be derived in Xy .

Let us begin with introducing some notation. A positive-negative pair (shortly:
PNP) is a pair P = (F 1, F~) of two finite sets 7+ and F~ of formulas. We denote
the set 7+ UF~ by Fp. Furthermore, we will sometimes denote F* by pos(P) and
F~ by neg(P). Finally, the formula P will be the abbreviation

P = /\A/\ /\—|B

AeF+ BeF—

where empty conjunctions are identified with the formula true. PNPs will be used
to represent (possibly incomplete) information about the temporal structure under
construction; the intuition is that the formulas in F* should be true and those in F~
should be false at the current state. R

A PNP P is called inconsistent if -—7P. Otherwise, P is called consistent.

Lemma 2.4.1. Let P = (F*,F~) be a consistent PNP and A a formula.

a) F¥ and F~ are disjoint.
b) (FTU{A}, F~)or (F*,F~ U{A}) is a consistent PNP.

Proof. _a) Assume that F * and F~ are not disjoint and pick some A € F TNnF.
Then P is of the form .. .AAA...A=AA... which implies that =7 is tautologically
valid. So F —P, which means that P is inconsistent and a contradiction is reached.
Hence, F* and F~ must be disjoint.

b)If A € F"or A € F~ then we have (F© U {A},F~) = (F",F~) or
(FT,F~ U{A}) = (FT,F ), respectively, and the assertion follows by the as-
sumed consistency of (FT, F~). Otherwise, assuming both pairs under considera-
tion are inconsistent implies F—(P A A) and - —(P A —A). With (prop) we obtain
F ﬂ73, which again contradicts the consistency of P. Hence, (at least) one of the pairs
must be consistent. AN

Lemma 2.4.2. Let P = (F*,F~) be a consistent PNP and A and B formulas.

a) false ¢ F .
b)IfA,BJA—Bec FpthenA - BecFt < AcF orBeFt.
c)If FA— B, A€ F",B < Fpthen Bc F.

Proof. a) Assume false € F*. Then FP — false by (taut) which is just - ~P, and
a contradiction is reached. This proves false ¢ 7.

b) Assume that A — B € F"but A¢ F~ and B ¢ F*.Since A, B € Fp we
get A€ F"and B € F~. Then + P (A— B)ANAA-Band th1s yields P
with (prop) which is a contradiction. Hence A € F~ or B € FT. On the other hand,
assume that A € 7~ or B e FT. If A— B ¢ F* wemusthave A — B € F~,
and we get - P — —(A— B)A-Aor I P — —(A — B) A B. In both cases we
again obtain the contradiction —P;hence A — B € F+.
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¢) Assume that B ¢ F*. Then B € F~ because of B € Fp, and with A € F+
we get - P — A A —B, and furthermore —7 with - A — B and (prop). This is
in contradiction to the consistency of P; hence B € F. A

Let F' be a formula. With F' we associate a set 7(F') of formulas, inductively
defined as follows:

1. 7(v) ={v} forveV.

2. 7(false) = {false}.

3. (A — B)={A — B}U7r(A)UT(B).
4. 7(0OA) = {OA4}.

5. 7(0A) = {OA} UT(A).

Informally, 7(F) is the set of “subformulas” of F' where, however, formulas OA are
treated as “indivisible”. For a set F of formulas we let

T(F)={A|Aer(F),FeF}.

Obviously, 7(7(F)) = 7(F) and 7(Fp) is finite for every PNP P (since Fp is
finite). We call a PNP P complete if 7(Fp) = Fp.

Lemma 2.4.3. Let P be a consistent PNP. There is a consistent and complete PNP
P* with pos(P) C pos(P*) and neg(P) C neg(P*).

Proof. Starting from P, P* is constructed by successively adding A to pos(P) or to
neg(P) for every A € 7(Fp) depending on which of these extensions is consistent.
By Lemma 2.4.1Db) this is always possible and it evidently yields some consistent
and complete PNP P*. A

Given a consistent PNP P, we call any PNP P* that satisfies the conditions of
Lemma 2.4.3 a completion of P. In general, different completions of a given P are
possible, but obviously only finitely many.

Lemma 2.4.4. Let Py, ..., P} be all different completions of a consistent PNP P.
Then F P — Py V...V Pr
Proof. We first prove an auxiliary assertion: let 7 be some finite set of formulas and

let Qy,...,Q,, be all the different PNP Q with Fo = 7(F) and such that pos(Q)
and neg(Q) are disjoint. Because 7(Fg) = 7(7(F)) = 7(F) = Fg holds for any

such Q, all Q,...,Q,, are complete and we show by induction on the number of
formulas in 7(F) that
®  F\a.

If 7(F) = 0 thenm = 1, Q1 = (0,0), and 0, = true, so (*) holds by (taut).
Assume now that 7(F) = {Ay,..., Ay} for some & > 1. Clearly there must be
some j (where 1 < j < k) such that A; ¢ 7({A1,..., 41, 4;41,..., Ax}),
i.e., A; is a “most complex” formula in 7(F); let 7/ = 7(F) \ { A;}. In particular, it
follows that 7(F’) = F'. Let Q}, ..., Q] be all PNP constructed for 7’ as described.
Then m = 2[ and the PNP Q4, ..., Q,, are obtained from Qf, ..., Q; as follows:
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Q1 = (pos(Q1) U{4;}, neg(Q1)),

Q1 = (pos(Q)) U {A;}, neg(Q))).
Quir = (pos(Q), neg(Q}) U {4,}),

Qm = (pos(Q)), neg(Q) U {4;}).
By the induction hypothesis we have \/i:1 é\; which yields

l l

V(@A) v \(QA-4y),

i=1 i=1

i.e., (x) by (prop).

Let now P be a consistent PNP, and let P, ..., P, be all different PNP P’ with
Fpr = 7(Fp) and such that pos(P’) and neg(P’) are disjoint. The completions
Py, ..., Pk are just those P, which are consistent and for which pos(P) C pos(Py)
and neg(P) C neg(P!). Without loss of generality, we may suppose that these are
P1, ..., P, which means that for > n,

(1) P/ is inconsistent
or
(i) pos(P) L pos(P;) or neg(P) L neg(P;).

We obtain —7P; in case (i) and pos(P) N neg(PL) # 0 or neg(P) N pos(PL) # 0
and therefore H (77 A 73 /) by (taut) in case (ii). In either case, we may conclude
FP - —|79’ with (prop), and this holds for every ¢ > With (%) we obtain

FVis 73’ and with (prop) we then get - P — Vi, 73’ which is just the desired
assernon A

The informal meaning of a completion P* of a consistent PNP P is that those
subformulas of formulas appearing in Fp that should be true or false in some state
are collected in pos(P*) and neg(P*), respectively, ensuring that all formulas of
pos(’P) are true and all formulas of neg(P) false in that state. Let us illustrate this
idea with a little example. Suppose A = (v; — v2) — Ous, B = v3 — Owuy (with
v1, v, v3 € V), and P = ({A}, {B}). One possible completion of P is

P* = ({A’ v — ’U27D’U371)2a 1)3}’{B7’U17OU2})-

If all the (proper) parts of A and B in pos(P*) evaluate to tt and those in neg(P*)
to ff then A becomes tt and B becomes ff and, moreover, such a valuation is in
fact possible because of the consistency of P*. However, some of this information
focussed on one state may also have implications for other states. In our example,
Ows becomes true in a state only if vg is true in that state which is already noted by
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v3 belonging to pos(P*) and wvs is also true in every future state or, equivalently, Dus
is true in the next state. To make Ow, false requires v, to be false in the next state.
The “transfer” of such information from one state to the next is the purpose of our
next construction.

For a PNP P = (F*, F~) we define the following four sets of formulas

o1(P)={A|OA € Ft},
o2(P)={0A| DA e Ft},

o3(P) ={A|OCA € F~},
o4(P)={0A|0Ae€F and A € F}

and the PNP
o(P) = (61(P) Uoa(P),03(P) Uaa(P)).
For the example above we have

o(P*) = ({Ous}, {v2})

comprehending the information about what has to become true or false in the next
state to “fulfill” P* in the way described above.

Lemma 2.4.5. Let P be a PNP.

a) P — 0o (P).
b) If P is consistent then o (P) is consistent.

Proof. a) We show that - P — OC if C' € 0y (P) U 05(P) and that + P — O—-C
if C' € 03(P) U g4(P). The assertion a) then follows immediately with (prop) and
(T15’), which was formally derived in the previous section. We distinguish the four
casesof C' €o0y,0=1,...,4:

1. If C € 01(P) then OC € pos(P) and therefore - P — OC' by (prop).

2. If C = OA € 05(P) then DA € pos(P) and therefore - P — OA by (prop),
from which we get P — OOA with (1t13) and (prop).

3. If C € o3(P) then OC € neg(P) and therefore - P — =OC by (prop) from
which we get - P — O-C with (1t11) and (prop).

4. If C = OA € 04(P) then OA € neg(P) and A € pos(P) and therefore
P — AA-DA by (prop) from which we get P — —O0A with (1t13”) and
(prop) and finally - P — O—=0OA with (1tl1) and (prop).

b) Assume that o(P) is inconsistent, i.e., I ﬂa/(\P). Using (nex) it follows that
F O—-c(P); hence also - —Oc(P) with (Itl1) and (prop). Together with a) we infer
F =P by (prop), implying that P would be inconsistent. AN

According to our explanation of the proof idea above, in order to satisfy the
formulas of pos(P) and falsify those of neg(P) of a given consistent PNP P, re-
spectively, in a state, the infinite sequence
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P a(PY)",o(a(P)Y) -

should now carry the complete information about how the parts of those formulas
should evaluate in that state and all subsequent ones. There is, however, one remain-
ing problem: for some element P; of this sequence there could be OA € neg(P;)
which means that A should become false in the corresponding state or in a subse-
quent state. But, either forced by the consistency constraint or just by having chosen
a “bad” completion, A € pos(P;) could hold for all elements P;, j > i, of the se-
quence. In order to overcome this last difficulty we consider all possible completions
in every step “from one state to the next”.

Formally, let P be a consistent and complete PNP. We define an infinite tree Kp:

e The root of Cp is P.
e If Qis anode of ICp then the successor nodes of Q are all different completions

of 0(Q).
According to our remarks and results above, every node of Kp is a consistent and
complete PNP. If Q is a node then the subtree of Cp with root Q is just K.
Lemma 2.4.6. Let P be a consistent and complete PNP.

a) le has onlyﬁmtely many different nodes Q1, ..., Q,.
b)F \/ Q — O \/ Q..

Proof. a) From the definitions of the o and 7 operations it follows immediately that
all formulas that occur in some node of Kp are subformulas of the formulas con-
tained in Fp, of which there are only finitely many. This implies that there can be
only finitely many different nodes in [Cp.

b) Lemma 2.4.5 a) shows that we have F Qz — OU(Q ) foreveryi=1,...,n.
Let Q’zl, ..., Q; be all different completions of ¢(Q;); then Lemma 2.4.4 proves

- 0'( i) — VL, Q’ The definition of p implies Q; € {Q1,..., Qn}; hence
- Q’i] — \/k:1 Qk, for every j = 1,..., m. So we get m \/k 1 Qk

with (prop); furthermore +— O @ — O \/ bl Q , with (nex) and (I1t12) and hence
FQ; — OVjy_, Qxfori =1,...,n. From this, assertion b) follows with (prop).

A
A finite path (from P; to Py) in Kp is a sequence P4, . . ., Pi of nodes such that
‘Pi+1 is a successor node of P; forevery ¢ = 1,..., k— 1. An infinite path is defined

analogously.

Lemma 2.4.7. Let P be a consistent and complete PNP, Py, P1, Ps, ... an infinite
path in Kp, i € N, and A a formula.

a) If OA € Fp, then: OA € pos(P;) < A € pos(Pit1).

b) OA € pos(P;) = A € pos(Pj) foreveryj > i.
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Proof. a) Assume that OA € Fp,. If OA € pos(P;) then A € pos(o(P;)); hence
A € pos(Pis1). If OA ¢ pos(P;) then OA € neg(P;); hence A € neg(a(P;)), and
therefore A € neg(P;41) and A ¢ pos(P;;1) with Lemma 2.4.1 a).

b) Assume that OA € pos(P;). Then A € Fp, because of A € 7(0JA) and the
completeness of P;. We get A € pos(P;) with Lemma 2.4.2¢) and - OA4 — A,
which follows from (1t13). Moreover, DA € pos(c(P;)); hence OA € pos(P;i1).
By induction we may conclude that A € pos(P;) for every j > . AN

An infinite path in [Cp is just a sequence of PNPs as in our informal explanation
above. However, as explained there, we have to find such a path where every (‘“nega-
tive”) occurrence of some formula JA in some neg(P;) is eventually followed by a
negative occurrence of A. Formally, let us call an infinite path Py, Py, P2, ... in Kp
complete if Py = P and the following condition holds for every ¢ € N:

If OA € neg(P;) then A € neg(P;) for some j > i.

Lemma 2.4.7 and this definition will be seen to ensure the existence of a tempo-
ral structure satisfying P. It remains to guarantee that a complete path really exists
whenever P is consistent and complete.

Lemma 2.4.8. Let P be a consistent and complete PNP. There is a complete path in
Kp.

Proof. We first show:

(x) If Qis some node of p and A is some formula such that OA € neg(Q) then
there is a node Q' of K g such that A € neg(Q’).

Assume that 4 ¢ neg(Q') for every node Q' of Kg. Because of A € 7(0OA) we
then have 4 € pos(Q) and therefore DA € neg(Q’) for all successor nodes Q' of Q
according to the construction o. Continuing inductively, we find that A € neg(Q'),
A € pos(Q'), and hence + /Q\’ — A for every node Q' of Kg. Let Q},..., Q. be
all nodes of . Then + \/;I 1 é\’ — A. Furthermore, by Lemma 2.4.6b) we have
- \/Z 1 é\’ — O\/Z 1 Q;, so with (ind) we obtain \/Z 1 é\’ — OA. Because of
Qe {9],.. Q}wealsohavel—Q \/ZlQ’andsowegetl—QeDAby
(prop). Because of JA € neg(Q), i.e., - Q — —0A, this implies }—ﬁQ by (prop)
which means that Q is inconsistent. This is a contradiction; thus (x) is proved.

From Lemma 2.4.6a) we know that Kp contains only finitely many different
nodes. Since neg(Q) is a finite set of formulas for every node Q, there can only be
finitely many formulas A such that OA € neg(Q) for some node Q of Kp. Choose
some fixed enumeration Ay, ..., A,,_1 of all such formulas. In order to construct a
complete path in Kp we now define a succession g, 71, . . . of finite and non-empty
paths in KCp such that 7, is a proper prefix of m;41:

e Let my = P consist only of the root P of Kp.
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e Inductively, assume that m; = Qg, Q1,..., Qy has already been defined. We

distinguish two cases: if OA; mod m ¢ neg(Qk) or A; mod m € neg(Qy) then
;11 is obtained from ; by appending some successor node Q' of Qy, in Kp.
(Lemmas 2.4.5 and 2.4.3 imply that O, has at least one successor node.)
If OA; mod m € neg(Qy) and A; mod m ¢ neg(Qy) then, by (x), Ko, contains
some node Q' such that A; 04 m € neg(Q’). Choose such a Q' (which must
obviously be different from Qj), and let 7r; 1 be obtained by appending the path
from Q, to Q' to the path ;.

The succession g, 71, ... uniquely determines an infinite path 7 = Qp, Q1,...
with Qp = P in Kp. To see that 7 is complete, assume that OA € neg(Q;) for
some 4 but that A ¢ neg(Q,/) for all ' > 4. As in the proof of (x), it follows
that OA € neg(Q,+) for every i > i. The formula A occurs in the enumeration
of all formulas of this kind fixed above, say, as A;. Now choose j € N such that
Tjomt1 = Qo, ..., Qr where k& > i; in particular it follows that OA; € neg(Qx).
But the construction of m;4; ensures that 7,41, which is a finite prefix of 7, ends
with some node Q' such that A = A; € neg(Q'), and a contradiction is reached. We
have thus found a complete path 7 = Qq, Q1, ... in Kp. AN

Now we have in fact all means for proving a theorem which is a rather trivial
transcription of the desired completeness result.

TheoremA2.4.9 (Satisfiability Theorem for X'y ). For every consistent PNP P, the
Sformula P is satisfiable.

Proof. Let P be a consistent PNP, P* be a completion of P, and Py, P1, P2, ... a
complete path in p~ according to Lemma 2.4.8. We define a temporal structure

K= (n0,m1,m2,...) by:

ni(v) =tt < v € pos(P;) forevery v e V,ieN.
We will prove below that for every formula F' and every 7 € N:
(x) If F € Fp, then: K;(F) =1t & F € pos(P;).

Before we prove this, let us show that (x) implies the satisfiability of P: because of
pos(P) C pos(Py), neg(P) C neg(Py), and pos(Po) N neg(Py) = 0 we get

K0(73):K0< A A A /\ﬁB>:tt

Aepos(P) Beneg(P)

from (). In particular, 73 is satisfiable.
The proof of (x) runs by structural induction on the formula F'.

. F=veV: K;(v)=n(v) =tt & v € pos(P;) by definition.
2. F = false: We have K;(false) = ff and false ¢ pos(P;) by Lemma 2.4.2 a) and
this implies (x).
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3. F=A— B:If A— B € Fp, thenalso A € Fp, and B € Fp, because P; is
a complete PNP, and therefore:

Ki(Ad— B)=1tt & K;(4) =fforK;(B) =t
< A ¢ pos(P;)or B € pos(P;) (ind.hyp.)
< A€ neg(P;) or B € pos(P;) (since A € Fp,)
< A — B € pos(P;) (by Lemma 2.4.2 b).

4. I = OA: From OA € Fp, we obtain A € Fp,_, and therefore:

< A€ pos(Piy1) (ind.hyp.)
< OA € pos(P;) (by Lemma 2.4.7 a).

5. F = OA: If DA € pos(P;) it follows that A € pos(P;) for every j > i by
Lemma 2.4.7b) and we get A € Fp, and therefore K;(A) = tt for every j > i
by the induction hypothesis; hence K;(0OA) = tt.

Assume, on the other hand, that 0A € Fp, and OA ¢ pos(P;). Therefore
OA € neg(P;), and the definition of a complete path and Lemma 2.4.1 a) ensure
A € neg(P;) and thus A ¢ pos(P;) and A € Fp, for some j > i. By the
induction hypothesis we get K;(A) = ff for this j, which implies K;(OA) # tt.

A

Before we finally deduce our main result from this theorem we still mention that
a close look at its proof provides another interesting corollary called finite model
property (of LTL):

e Every satisfiable formula is satisfiable by a temporal structure which has only
finitely many different states.

To see this fact, assume that a formula A is satisfiable. From the definition it follows
immediately that —— A is satisfiable; hence — 4 is not valid by Theorem 2.1.9 and not
derivable in Y11 by Theorem 2.3.1. So, by definition, the PNP ({4}, ?) is consis-
tent and therefore A is satisfiable by a temporal structure K according to (the proof
of) Theorem 2.4.9. By construction and Lemma 2.4.6 a), K has only finitely many
different states.

Theorem 2.4.10 (Weak Completeness Theorem for Yyyy,). Xip is weakly com-
plete, i.e., for every finite set F of formulas and formula A, if F E A then F + A.
In particular: if & A then + A.

Proof. We prove the claim first for 7 = (: if E A then —A is not satisfiable by
Theorem 2.1.9 and hence the PNP ((J, { A}) is inconsistent by Theorem 2.4.9. This
means F——A by definition and implies FA using (prop).

Letnow F = {A1,...,A,} # 0. We then have
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FEA = Ay...A,_1 EUOA, - A (Theorem 2.1.6)
= FOA; — (04 — ... — (04, — A)...) (Theorem 2.1.6)
= F0OA4; - (04 — ... — (04, — 4)...) (proved above)

= A+ 04y — (043 — ... — (OA, — A)...) (Theorem 2.3.4)

= FFA (Theorem 2.3.4).
A

Let us summarize. We now know from the Soundness and the Weak Complete-
ness Theorems that

FEA & FEA forfinite F,
in particular that
FA & FA.

This also means that we can view all logical laws (T1)—(T38) considered in Sect. 2.2
as derivable. For example, the law (T31) can be considered as the derived rule

A—BF CA— OB.

We will take advantage of this and freely use the laws in subsequent derivations.

Example. 04 — ¢B, B — OC F OA — OOOC can be derived using (T12),
(T13), (T31), and (T35) as follows:

(1) 0A— OB assumption

2) B—0OC assumption

(3) ©B — ©0OC (T31),(2)

4) ©B—0O0OC (T13),(prop),(3)

(5) OA—00C (prop),(1),(4)

(6) OA — O0OC (T35),(5)

(7) OA—o0oC (T12),(prop),(6) A

As another example, we derive the rule
(chain) A—-COB,B—-0CHFA—-OC
which will be needed later.

Derivation of (chain).

(1) A— OB assumption
2) B—<C assumption
(3) ©B—=OC (T36),(2)

4 A-3C (prop),(1),(3) A
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At the beginning of this section we argued that the non-derivability of
FrFHA— OB

for F = {A — O'B | i € N} (O denotes the sequence O...O of i subsequently
applied O-operators) shows that there is no sound formal system which is complete
in the full sense. Another view of this situation together with the proven weak com-
pleteness is given by the fact that full completeness could be achieved by weakening
the concept of formal systems: a semi-formal system is like a formal system but may
contain w-rules, i.e., rules of the form

Ay, Ao, Ay, .. F B

with an infinite sequence A1, Az, As, ... of premises.
We conclude this section with the remark that the semi-formal system which
results from Xy by replacing the induction rule (ind) by the w-rule

(w-ind) A— OB, iecN F A— OB

)

is indeed (sound and) complete in the full sense that
FEA = FHA

then holds for arbitrary F and A.

Of course, a derivation in a semi-formal system is no longer a purely “mechan-
ical” process. In order to apply an w-rule the derivation of their infinitely many
premises needs some argument “outside” the system, typically an inductive one. For
example, a derivation of (ind) with (w-ind) is given as follows:

(1 A—B assumption
2) A—OA assumption
(3) A— OB foralli e N from (1) and (2) by induction on i
4 A— OB (w-ind),(3)

Line (3) is achieved by the fact that for ¢ = 0 it is just the assumption (1) and with

(Ba) A —O'B induction hypothesis
(3b) O(A — O'B) (nex),(3a)

(3c) OA — O'f'B (mp),(1t12),(3b)

3d) A — OB (prop),(2),(3c)

we obtain the necessary induction step.

2.5 Decidability

The Weak Completeness Theorem 2.4.10 implies that every valid LTL formula can
be derived in Y. Coupled with a method to enumerate all instances of classical
tautologies, Xy therefore systematically generates all valid LTL formulas.
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We will now show that the validity of LTL formulas is even decidable. In fact,
we will present a method to decide the satisfiability problem, i.e., whether a formula
is satisfiable or not. Applying Theorem 2.1.9, validity of formula F' (the validity
problem) can then be decided by determining whether —F' is unsatisfiable.

The decision procedure for satisfiability is based on the same ideas as the proof
of the Weak Completeness Theorem 2.4.10; recall that its essence was to construct
a satisfying temporal structure for any finite and consistent set of formulas. In fact,
the definitions of the 7 and o operations were carefully chosen to ensure that the tree
of PNPs contained only finitely many different nodes. The information contained
in the infinite tree can therefore be more succinctly represented in a finite graph if
identical nodes are identified. The resulting graph encodes all temporal structures
that satisfy the initially given consistent set of formulas. On the other hand, if the
given set of formulas is inconsistent, we will see that the construction fails for one of
two possible reasons: first, false € pos(P) or pos(P)Nneg(P) # () may hold for all
leaf nodes P, implying that they are immediately contradictory. Second, the resulting
graph may contain no “appropriate” path because for some node P and some formula
OA € neg(P) there is no node Q reachable from P such that A € neg(Q); cf. the
proof of Lemma 2.4.8.

Let us make these ideas more formal. Given a PNP P, we define a tableau for
‘P to be any rooted directed graph 7 of pairwise distinct PNPs whose root is P and
such that for every node Q = (FT, F~) of 7, one of the following conditions hold:

(L) false € F™or F* N F~ # (0, and Q has no successor node.

(—=*) A — B € FT for some formulas A, B, and Q has precisely two successor
nodes: the left-hand successor (F© \ {A — B}, F~ U{A}) and the right-
hand successor ((F™\ {4 — B})U{B},F™).

(—=7) A — B € F~ for some formulas A, B, and Q has precisely the successor
node (F* U{A}, (F~ \{4 — B})U{B}).

(D*) OA € F7 for some formula 4, and Q has precisely the successor node
(F*\{DA}) U {4,004}, F").

(O07) OA e F~ for some formula 4, and Q has precisely two successor nodes: the
left-hand successor (F+, (F~ \ {O0A}) U{A}) and the right-hand successor
(F+,(F~ \{0A}) U{0D4}).

(O)  All formulas in Fg are of the form false, v (where v € V), or OA for some
formula A4, node Q does not satisfy (L), and Q has precisely the successor

node (01(Q),03(Q)).

(01 and o3 are the functions defined in Sect. 2.4.) The “rules” (—™) through (O)
propagate information to the successor nodes. In fact, they construct completions
in the sense of Sect. 2.4 in a systematic way. The nodes of the tableau that satisfy
condition (O) are called rableau states. Paths in 7 are defined like paths in the tree
Kp in Sect. 2.4.

As in that tree construction (cf. Lemma 2.4.6) it follows that the construction of
a tableau 7 according to the above rules can give rise to only finitely many different
nodes, so any tableau for a given PNP is finite. Moreover, the rules (—¥) through
(O07) decompose complex operators and can therefore hold only finitely often until
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(b) Tableau for ({v — Ov}, {Ov})

Fig. 2.1. Example tableaux

either (L) or (O) must be applied. In particular, any infinite path in the tableau must
contain infinitely many tableau states.

Finally, observe that propositional constants and formulas of the form false or
OA that appear in some node Q that is not a tableau state are copied to all succes-
sor nodes of Q. Therefore, if Q;,..., Qy is a path in a tableau such that none of
Q1,...,9k_1 is a tableau state then Qj, contains all of the formulas of these forms
that Q; contains.

Figures 2.1(a) and 2.1(b) illustrate the tableau construction at the hand of the
PNPs ({OOwv}, {00wv}) and ({v — Owv}, {Ov}) where v € V. The nodes (denoting
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PNPs without surrounding parentheses) are marked by numbers for easy reference.
Those marked 2, 3,9, and 10 in Fig. 2.1(a) and 4, 5, 6, and 8 in Fig. 2.1(b) are tableau
states. In the other nodes, the formula to which a decomposing rule is applied is
shown underlined.

It remains to define the unsatisfiable nodes or subgraphs of a tableau. Given a
tableau 7, the set of closed nodes of T is inductively defined as follows:

(C1) Allnodes Q of 7 that satisfy condition (L) are closed.

(C2) Every node Q of 7 all of whose successors are closed is closed.

(C3) If Qisanode and A is a formula such that 04 € neg(Q) and every path from
Q tonodes Q' with A € neg(Q’) contains some closed node then Q is closed.

A tableau is called unsuccessful if its root is closed; otherwise it is called successful.

Let us apply these rules to the tableau shown in Fig. 2.1(a): the node 6 is closed
by condition (C'1); therefore node 4, whose only successor node is node 6, is closed
by condition (C'2), and nodes 2, 9, and 7 are closed applying (C'2) two times more.
Now consider node 5: the formula OOwv is contained negatively and the only nodes
in paths from node 5 that contain Ov negatively are nodes 7 and 9 which are closed.
Therefore, node 5 is also closed by condition (C3), implying by (C'2) that node 3 is
closed and finally, again by (C2), node 1 (the root of the tableau) is closed, so the
tableau is unsuccessful. In fact, the PNP ({OOv}, {OOwv}) represents the unsatisfi-
able formula OOy A =0O0w.

In the tableau of Fig. 2.1(b) the node 3 is closed by condition (C'1), but no other
node is found closed. For example, node 2 is not closed since nodes 4 and 6 are not
closed. So, the root of the tableau is also not closed and the tableau is successful;
observe that the PNP ({v — Owv},{0Ov}) corresponds to the satisfiable formula
(v — Ov) A =0Ov.

We now set out to prove in a series of lemmas that a tableau for a given PNP P
is successful if and only if P is satisfiable.

Lemma 2.5.1. Let T be a tableau and Q some node of T. For all temporal structures
Kandall i € N:

a) If Q is not a tableau state of T then K;(Q) = tt if and only if Ki(/Q\’) = tt for
some successor node Q' of Q inT.

b) If Q is a tableau state of T then K;(Q) = tt implies that K¢+1(/Q\’) = tt for
the unique successor node Q' of Q in T. Moreover, /Q\’ is satisfiable only if @ is
satisfiable.

Proof. a) It suffices to distinguish the possible conditions (L) to (O7) that tableau
nodes which are not tableau states must satisfy. We only give two illustrative cases;
the other ones are equally obvious.

1. Q is a node satisfying (L). Then false € pos(Q) or pos(Q) N neg(Q) = 0;
hence KZ(@) = tt for no K and 4, and Q has no successor node.

2. Qs anode according to (O7F). Then OA € pos(Q) for some formula A. Now,
K;(OA) = ttif and only if both K;(A) = tt and K;(OOA) = tt by (T28), which
implies the assertion.
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~

b) Suppose that Q is a tableau state of 7, i.e., it satisfies (O), and that K,(Q) = tt.
In particular, K;(OA4) = tt for every OA € pos(Q) and K;(OA) = ff for every
OA € neg(Q) and therefore K, 11 (A) = ttforevery A € pos(Q’) and K;11(4) = ff
for every A € neg(Q’). It follows that Ki+1(é\’) =t

Furthermore, suppose that Q' is satisfiable, and choose K = (19,71, ...) and
i € N such that K;(Q') = tt. For K' = (1;,m:41,...) we have Ki(Q/) = tt by
Lemma 2.1.5. Now let K = (1, 9;,7i+1, - . .) where n is defined by n(v) = tt if and
only if v € pos(Q). Again by Lemma 2.1.5 it follows that K/l(/Q\’) = tt. Moreover,
because pos(Q) N neg(Q) = ) we have K{(A) = ttforall A € pos(Q) NV and
KG(A) = ffforall A € neg(Q) N V. Since all formulas in Q are either false, v € V
or of the form O A and because false ¢ pos(Q) it follows, together with the definition

~

of @', that K{;(Q) = tt; hence Q is satisfiable. A

Intuitively, a successful tableau represents all temporal structures that satisfy the
root PNP. Consecutive nodes not of type (O) in tableau paths gather information
about formulas to be satisfied at the same state of the temporal structure. Formally,
given an infinite path Qg, Q1, ... in a tableau we define the function cnt : N — N
by letting

ent(i) = |{j < 1| Qj is a tableau state}|

which maps ¢ to the number of nodes of type (O) in the prefix Q, . . ., Q; of the path.
The function cnt is clearly monotonic; it is also surjective because any infinite path
must contain infinitely many tableau states. We may therefore define the following
“inverse” function st : N — N by

st(k) = max{i € N| cnt(i) =k}

which is again monotonic and determines the index of the kth tableau state (count-
ing from 0) along the path Qg, Q1,.... Observe that these definitions ensure that
st(ent(i)) > i, that ent(st(k)) = k, and that cnt(st(k) + 1) = ent(k) + 1.

Given some temporal structure K and some node Q in a tableau we inductively
define the (finite or infinite) path 7 = Qp, Q1. .. as follows:

Q= Q.

If Q; has no successor node in the tableau then 7T5 ends in node Q;.

If Q; has precisely one successor node Q' then Q; 1 = Q.

If Q; has a left-hand successor node Q' and a right-hand successor node Q" then

QH—I = Ql if Kcnt(i) (/Q\/) = tt, else Qi—i—l = Q”.

Note that this definition of 71'5 is such that for any formula OA € neg(Q;) the
successor Q' containing A € neg(Q') is “preferred” in the sense that this node is
chosen to continue the path “if possible”.

Lemma 2.5.2. Let Q be a node in a tableau and K a temporal structure such that
Ko(Q) = tt. Then ©f§ = Qu, Q1,... is infinite and does not contain any closed

—

tableau node. Moreover, K .4 (;)(Qi) = tt forall i € N.
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Proof. a) We first prove by induction on the definition of 7T5 that Kcm(i)(@) =t
for all nodes Q; of 7'5.

1.
2.

With ¢nt(0) = 0 we have Kcm(o)(@;) = KO(@\O) = tt from the assumption.

Consider the node Q; 1. By induction hypothesis we have Kcnt(i)(@:—) =tt. If
Q, is not a tableau state then cnt(i+1) = cnt(4). According to the definition of
wg we then get Kcnt(i+1)(§i\+1) = Kcm(i)(@:l) = tt with Lemma 2.5.1 a).
If Q; is a tableau state then cnt(i + 1) = cnt(i) + 1 and Q;41 is the unique
successor of Q; in 7. So we obtain Kcm(iﬂ)(Q/i;) = Kmt(i)H(Q/i\H) = tt
with Lemma 2.5.1b).

This observation also implies that wg must be infinite for otherwise condition

(L) would have to hold for the final node Q,, contradicting K+ (x) (é;) =1t

b) It remains to prove that no node Q; is closed, which is shown by induction on

the definition of the set of closed nodes (simultaneously for all 7 € N):

1.

2.

We have already observed above that condition (L) can hold for no node Q;, so
no Q; is closed because of (C'1).

Assume that node Q; was closed according to (C'2), i.e., because all its succes-
sor nodes had already been established as being closed. This implies that Q1
is also closed, which is impossible according to the induction hypothesis.
Assume that node Q; was closed because of a formula OA € neg(Q;) such that
all paths from Q; to nodes Q’ of the tableau with A € neg(Q’) contain a node
that had already been found to be closed. Because of Kcm(i)(@\i) = tt there
is some smallest j > cnt(4) such that K;(A) = ff. Now consider the subpath
Qi, Qit1,- -+, Qut(j) from Q; up to (and including) the jth tableau state of the
path. Observe that st(j) is well defined because the path is known to be infinite;
moreover, st(j) > st(cnt(i)) > i.

We prove that for all k such that i < k < st(j), either OA € neg(Qy) or
OOA € neg(Qy): for k = i, we know by assumption that A € neg(Qy).
Following any edge other than according to (O) or (O7), applied to OA, pre-
serves the assertion. If Q. satisfies condition (07 ), applied to OA, it has two
successor nodes Q" and Q" such that A € neg(Q’) and OOA € neg(Q"). Now,
by assumption we know that Q' is closed; therefore Q1 must be Q”, and thus
we have OOA € neg(Qp+1). Finally, if Qy satisfies condition (O), we cannot
have OA € Qy, so we have OOA € Qy and thus OA € Q1.

Now let [ denote the least index such that i < [ < st(j) and cnt(l) = j;
observe that either [ = ¢ or Q; is the successor of a tableau state, and therefore
we must have OA € neg(Q,). It follows from the definition of a tableau that at
some node Q,, where I < m < st(j), and thus cnt(m) = j, rule (O~ ) must
be applied to OA. Moreover, Kj(é;) = ttand K;(A) = ff, so Q41 is the
left-hand successor of node Q,,, and A € neg(Q,,,+1). We have thus found a
path Q;,..., Q11 from Q; to a node where A € neg(Q,11) such that no
node along the path has already been found to be closed, and a contradiction is
reached. Therefore, Q; cannot be closed because of (C'3). A
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Lemma 2.5.3. If 7 is a tableau for a PNP P and P is satisfiable then T is success-
ful.

Proof. Assume that P is satisfiable and let K = (10, 1M1, - . .) be a temporal structure
and i € N such that K;(P) = tt. For K! = (1;, 7,41, . ..) Lemma 2.1.5 implies that
Ké(ﬁ) = tt. By Lemma 2.5.2 the path 7r7’§1' through 7 does not contain any closed
tableau node. In particular, the root P is not closed, i.e., the tableau is successful. A

We will now prove that, conversely, any successful tableau 7 for 7 contains
some path that represents a temporal structure satisfying P. As in Sect. 2.4 we say
that an infinite path Qq, Q1,...in 7 is complete if Qy = P, if it does not contain
any closed node, and if for all formulas A and all i € N such that OA € neg(Q;)
there exists some j > 4 such that A € neg(Q;).

Lemma 2.5.4. Every successful tableau for a PNP ‘P contains some complete path.

Proof. The proof is similar to that of Lemma 2.4.8: Assume that 7 is a successful
tableau for a PNP P. Since 7 is a finite graph of PNPs there are only finitely many
formulas A such that OA € neg(Q) for some node Q of 7. Choose some fixed enu-
meration Ag, ..., A,,_1 of all such formulas A. We define a succession g, 71, . . .
of finite, non-empty paths in 7 that do not contain any closed nodes and such that 7;
is a proper prefix of 7,4 as follows:

e Let my = P be the path that contains only the root of 7. Since 7 is successful,
‘P is not closed.

e Inductively, assume that 7, = Qp, ..., Qj has already been defined. We distin-
guish two cases: if OA; mod m ¢ neg(Qk) or A; mod m € neg(Qy) then m; 41 is
obtained from 7; by appending some non-closed successor node of Qy;. (Observe
that Qj has some such successor since otherwise it were closed by condition
(C2).) If, on the other hand, OA; od m € neg(Qk) and A; mod m ¢ neg(Qy)
then condition (C'3) ensures that there exists some path 7’ from Q to some node
Q' with A; mod m € neg(Q’) such that 7’ does not contain any closed node (and
obviously, 7/ must be non-empty). Let 7,41 be the concatenation of 7; and 7/.

The succession g, 71, ... uniquely determines an infinite path 7 in 7, which is
complete by construction. A

Lemma 2.5.5. If T is a successful tableau for a PNP P then P is satisfiable.

Proof. Assume that 7 is successful, and choose some complete path Qg, 91, ...
in 7, which is possible by Lemma 2.5.4. Now let /IC = (19,71, . . .) be any temporal
structure such that, forall v € Vand ¢ € N,

v € pos(Qa(i)) = ni(v) =1,
v € neg(Quy) = ni(v) = ff.

Such structures exist because no node Q; is closed, and in particular one cannot have
v € pos(Qai(s)) N neg(Qse(s)) for any v and 4. For example, one can define K by
stipulating that 7;(v) = ttif and only if v € pos(Q.(,)), for all v and i.

We will prove that the above condition ensures
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(%) A € pos(Q;) = Kcnt(i)(A) =1,
A€ neg(Qi) = Kepgiy(A) = ff

for all formulas A and all + € N. In particular, () implies Kcnt(o)(é\o) = 1, that is,

~

Ko(P) = tt since Qy = P and c¢nt(0) = 0, proving the lemma.
Assertion () is proven by structural induction on A.

I. A=v e V:Ifv € pos(Q;) then v € pos(Qgi(cnt(i))) by the tableau construc-
tion and thus Kcm(i)(v) = Kcnt(st(cnt(i)))(v) = tt.
If v € neg(Q;) then again we have v € neg(Qs(cnt(s)))> and the assertion
Kent(i)(v) = ff follows as above from the assumption on K.

2. A = false: Since Q; is not closed, we know that false ¢ pos(Q,); moreover,
Kent(q) (false) = ff. This suffices.

3. A = B — C: Assume that B — C € pos(Q;) and consider the path
Qis -+, Qsi(ent(s))- By the tableau construction there exists some j where
i < j < st(cnt(i)) such that rule (— ™) is applied to A at node Q;; observe that
ent(j) = cnt(4). It follows that B € neg(Q;41) or C' € pos(Q;41), and thus
by induction hypothesis K, (;)(B) = ff or K ,;(;)(C) = tt. In either case, we
obtain K () (B — C) = tt.
If B— C € neg(Q;) the argument is analogous with B € pos(Q,+1) and
C € neg(Qj41) because of rule (— ).

4. A = OB: If OB € pos(Q;) then OB € pos(Qgi(cnt(s))) by the tableau
construction and B € pos(Q¢(cnt(i))+1) since rule (O) is applied at node
Qst(ent(i))- Applying the induction hypothesis it follows that

Kcnt(z)(OB) = Kcnt(i)Jrl(B) = Kcnt(st(cnt(i))Jrl)(B) =1t

The case OB € neg(Q;) is argued analogously with B € neg(Qt(cnt(i))+1)
because of rule (O).

5. A = OB: Assume OB € pos(Q;), and consider the path Q;, ..., Qu(cnt(i)):
by the tableau construction there exists some j where i < j < st(cnt(i)) such
that rule (OV) is applied to formula OB at node Q;, and therefore we have
{B,00B} C pos(Qj+1). Moreover, it follows that OOB € pos(Qst(cnt(s))):
thus OB € pos(Qg(cnt(i))+1)- Continuing inductively, for all & > cnt (i) we
find some j such that ¢nt(j) = k and B € pos(Q;). The induction hypothesis
implies that Ki (B) = tt holds for all & > cnt (i), that is, Koy (OB) = tt.
Now suppose that OB € neg(Q;). The definition of a complete path ensures
that B € neg(Q;) for some j > i. By the induction hypothesis it follows that
Kent(j) (B) = ff, and the monotonicity of cnt implies K,,;(;y(0B) = ff. A

The previous results provide now the desired algorithmic decision procedure for
satisfiability. Given a PNP P, a tableau 7 for P can be constructed by expansion
steps according to the rules (—™) through (O) and terminating according to rule
(L). Rules (C'1)—(C3) can be used to remove unsatisfiable nodes or subgraphs in 7°
(pruning steps) providing the decision whether 7" is successful or unsuccessful, i.e.,
by the Lemmas 2.5.3 and 2.5.5, whether P is satisfiable or not. We summarize this
investigation in the following theorem.
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Theorem 2.5.6 (Decidability Theorem for LTL). The satisfiability and validity
problems for L1, are decidable.

Proof. In order to decide the satisfiability problem for a given formula F' of Ly, the
decision procedure is applied to the PNP ({ F'}, 0). Since F is valid if and only if ~F'
is unsatisfiable, the validity problem for F' can be decided with the PNP (0, { F'}). A

The given tableau definitions refer to the basic logical operators of LTL. Of
course, for practical use one could add also “direct” rules for the derived operators,
e.g., conditions

(VT) AV B € F* for some formulas A, B, and Q has precisely two successor
nodes: the left-hand successor ((F \ {4V B}) U {A}, F~) and the right-
hand successor ((F*\ {AV B})U{B}, F),

(V7)) AV B € F~ for some formulas A, B, and Q has precisely the successor
node (F*,(F~\ {4V B})U{A, B})

for tableau nodes Q = (F T, F ), providing expansion steps with respect to V, or

C4) If Qisanode and A is a formula such that & A € pos(Q) and every path from
ry p
Q to some node Q' with A € pos(Q’) contains some closed node then Q is
itself closed

as another rule for pruning steps.

Moreover, the description of the decision procedure above seems to suggest that
pruning steps are applied only after all nodes have been fully expanded. However,
actual implementations would be likely to interleave expansion and pruning steps
in order to avoid unnecessary expansions. So, the closure conditions (C'1) and (C'2)
can be implemented at the time of construction of 7. Condition (C'3) can be checked
by inspecting the strongly connected components (SCC) of the tableau: an SCC is
said to promise A if OA € neg(Q) holds for some node Q of the SCC. It is said to
Sulfill Aif A € neg(Q) holds for some node Q of the SCC. Finally, we call an SCC
honest if it fulfills all formulas A that it promises. A tableau 7 is successful if and
only if it contains some honest SCC that is reachable on a path from the root of 7.
The existence of honest SCCs can be decided, for example using Tarjan’s algorithm,
in time linear in the size of 7 .

Formulas that occur in nodes of a tableau 7 for a PNP P are either subformulas of
formulas in Fp or formulas of the form O A where A is a subformula of some formula
in Fp. Because the number of subformulas of a formula is linear in the length of the
formula (measured as the number of symbols), it follows that the number of nodes
of 7 is at most exponential in the size of P, measured as the sum of the lengths of
the formulas in P. Altogether we find that the tableau method can be implemented
in time exponential in the size of P.

2.6 Initial Validity Semantics

‘We mentioned in Sect. 2.1 that LTL is sometimes introduced with a notion of validity
different from the “normal” one defined there. Specifically, whereas the concepts of
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a temporal structure and the evaluation of formulas remain unchanged, validity and
consequence are defined as follows.

Definition. A formula A of Ly1.(V) is called initially valid in the temporal struc-
ture K for V, denoted by )|=O(A, if Ko(A4) = tt. A is called an initial consequence of

a set F of formulas (F F A) if I%A holds for every K such that II%B forall B € F.
A is called (universally) initially valid (FA) if ) E A.

We denote LTL equipped with this initial validity semantics by LTLy. This se-
mantics and LTL are also called anchored semantics and anchored LTL. (In some
presentations of LTL the notion of initial validity is defined in a technically some-
what different way. We will come back to this in another context in Sect. 10.2.)

Temporal logic can be used to “specify” temporal structures, as we will see in
Chap. 6, similar to the description of first-order structures by theories in Sect. 1.3.
For such applications, it is often desirable to express that some formula A holds in
the initial state of some temporal structure. This is clearly possible in the framework
of LTLy, just by asserting A, whereas the same effect cannot be achieved in LTL
where A would then have to hold in all states of the structure (we will come back to
this issue, however, in Sects. 3.4 and 3.5). In LTL,, the latter condition can obviously
be expressed by asserting O A.

More technically, the connections between LTL and LTL are rendered by the
following lemma.

Lemma 2.6.1. Let A be a formula, and let K be a temporal structure.
a) If & A then %)(A.
b) £ Aif and only if k. DA.

Proof. kA means K;(A) = tt for every 7 € N, and this implies Ko(A) = tt; hence
IIZO(A which proves a), and it is, moreover, equivalent to Ko (OA) = tt, i.e., IIZO(DA, thus

proving also b). A

With the help of this lemma we are now able to state the precise connections on
the level of the different consequence relations.

Theorem 2.6.2. Let A be a formula, F be a set of formulas, and let OF denote the
set {0B | B € F}.

a) If FE A then F E A.
b) F EAifand only if OF £ A.

Proof. a) Assume that F = A, let K be a temporal structure such that iB for all
B € F,and let i € N. For K* = (1,141,012, --.) we have, by Lemma 2.1.5,
Ki(B) = Ki(B) = tt, ie., II%B for all B € F. Because of the assumption that
F B A, this implies '%A; hence again by Lemma 2.1.5, K;(A) = Kj(A) = tt, and
shows that F F A.
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b) Assume that F F A and let K be a temporal structure such that l% OB for all
B € F. Then tiB for all B € F by Lemma 2.6.1 b); hence E(A, and therefore %A

by Lemma 2.6.1 a). This means that OF EA. Conversely, assume that OF = A, let
K be a temporal structure such that )|=<B forall B € F, and let © € N. Then, for all
B € F,K;(B) = tt for every j € N. This implies, for K as in a) and again for all
B e F,Ki(B) = Kiy;(B) = ttfor every j € N by Lemma 2.1.5; hence k., B, and

therefore '|:2'i OB by Lemma 2.6.1b). From this we get 'TEIA’ which shows as in a)
that 7 E A. A

The converse of part a) of Theorem 2.6.2 does not hold in general. For example,
we have A EOA, but OA is not an initial consequence of A. This is easy to see by
taking A to be some v € V and K = (19, 71,72, .. .) with ng(v) = ttand n; (v) = ff.
Then %)(v but not %Ov. From Theorem 2.6.2b) we only learn that OA F OA
holds.

The relationship between implication and initial consequence also has to be re-
considered. The characteristic (if part of the) equivalence

FU{A}EB & FEUA—B

of LTL (cf. Theorem 2.1.6) does not hold in general for LTL,. For example (with
F =0),F 04 — OAsince Ko(OA) = tt = K (A) = Ko(OA) = tt,but A F 04
does not hold as we just saw. Instead, we get back the relationship of classical logic
for LTLg:

Theorem 2.6.3. F U {A} E¥ B ifand only if F £ A — B.

Proof. Assume that FU{A} F B and let K be a temporal structure such that )|=0(C' for
all C' € F. To see that l%(A — B, assume that Ko(A) = tt. Then ||=0(A and therefore
ke B.ie., Ko(B) = tt. This shows that F ¥ A — B.If, conversely, the latter holds

and K is a temporal structure with %C’ forall C € FU{A} then we have Ko(A) = tt
and Ko(A — B) = tt, and by Lemma 2.1.1 we obtain Ky(B) = tt which shows that

FU{A}EB. A

Despite all these differences between LTL and LTL, it is remarkable, however,
that the two (universal) validity concepts still coincide:

Theorem 2.6.4. = A if and only if F A.

Proof. The assertion follows directly from Theorem 2.6.2 b), choosing F = () which,
of course, implies OF = (). A

This observation generalizes to another connection: a consequence relationship
of LTL like A F OA can be “weakened” to

FA = FOA

in LTLy. In general, we have:
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Theorem 2.6.5. If F = A and F B for all B € F then F A.

Proof. From F B we get B for all B € F with Theorem 2.6.4. Using F E A and
Theorem 2.1.8, we obtain = A; hence EA again with Theorem 2.6.4. AN

To sum up, we realize that LTL and LTL coincide with respect to (universal)
validity, but differ in their consequence relations. In particular, all laws (T1), (T2),
etc. (expressed by formulas) also hold in LTLy. Any consequence relationship

FEA

of LTL is changed to
OFEFA

and can also be “rewritten” as
EBforall Be F = FA

in LTL,.

These semantical observations carry over to axiomatizations of LTL,. If we
are interested only in deriving valid formulas (without any assumptions) then Xy,
would obviously be an adequate formal system for LTL, too. Rules of Xy, (and
derived rules) have then to be understood in a new way, semantically indicated by
Theorem 2.6.5. For example, the rule

A FOA

should be read as asserting
“if A is derivable then OA is derivable”
whereas in LTL it reads
“for any F, if A is derivable from F then OA is derivable from F .

If we want, however, to axiomatize LTL such that the relation F + A mirrors
the relation F £ A of initial consequence then Xy is no longer appropriate. For
example, the rule A -OA would not be sound any more with respect to this reading.
One possible formal system Xy, for LTL in this sense is given as follows:

Axioms

(tautg) O A for all tautologically valid formulas,
(tl1¢) O(-04 « O=4),

1t12¢) 0O(O(A — B) — (OA — OB)),
(1t13¢) O(0A — AAOOA).
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Rules

(mp) A,A— B F B,

(mpg) 0A,0(A — B) +0OB,

(reflp) 0OA A,

(nexq) 0OA FOO0A,

(indg) 0(A — B),0(A — OA) +0O(A — OB).

The axioms (tauty), (Itlly), (1t12¢), and (It13() are obvious transcriptions from the
axioms of Y 1. Modus ponens occurs in the usual form (mp) and in a transcribed
version (mpg). The rules (nexp) and (indp) are adjustments of (nex) and (ind) of
Y)rre. The additional rule (refly) reminds us of the reflexivity law (T4).

Theorem 2.6.6 (Soundness Theorem for Yy, ). Let A be a formula and F a set
of formulas. If F Iy, A then F B A. In particular: if S A then E A.
0 0

Proof. The proof runs by induction on the assumed derivation of A from F.

1. All axioms of Xy, are of the form 0A where A is an axiom of Xy yr. Together
with rule (alw) we get ELTLDA’ which implies F OA by Theorem 2.3.1, and

hence E OA by Theorem 2.6.4. This implies F F OA for all axioms OA of
2iTL,-

2. If A € F then F £ A holds trivially.

3. If A is concluded by a rule of Yy, then, by induction hypothesis, we have
F B C for the premises C of that rule. So, for a temporal structure K with l%(B

for all B € F we have l% C,ie., Ko(C) = tt for these C'. It remains to show
that, for each rule, this implies Ko(A) = tt. For the rule (mp) the claim follows
directly using Lemma 2.1.1. For (mpy), Ko(OB) = Ko(O(B — A)) = tt means
Ki(B) = K;(B — A) = tt for every i+ € N and yields K;(A) = tt for every
i € N by Lemma 2.1.1, and therefore we obtain Ko(OA) = tt. For (refly),
Ko(OA) = tt clearly implies Ko(A4) = tt. If A = OOB is the conclusion of
(nexg), the premise C' is of the form OB, and Ko(OB) = tt implies K;(B) = tt
for every ¢ > 1, which means Ko(OOB) = tt. Finally, in the case of (indy),
Ko(O(D — E)) = ttand Ko(O(D — OD)) = ttimply K;(D — E) = ttand
Ki(D — OD) = tt for every ¢ € N. Let j € N and assume that K; (D) = tt.
As in the proof of Theorem 2.3.1 we obtain K; (E) = tt for every k > 7, hence
K;(D — OF) = tt. Since j is arbitrary this implies Ko(O(D — OF)) =tt. A

The (weak) completeness of Xy, can be reduced to that of Xy, proved in
Sect. 2.4. (In fact, we have stated Xy, in just such a form that this reduction is
directly possible.) The crucial step is the following proof-theoretical counterpart of
(the “only if” part of) Theorem 2.6.4:

Lemma 2.6.7. Let A be a formula. If ELTLA then 'Em A.
0

Proof. Assume thatfy, A. We show Iz,  0OA by induction on the presumed deriva-
LTL LTLq

tion of A in X1y from which the assertion of the lemma follows immediately with
an application of the rule (refly).
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If A is an axiom of Xy then OA is an axiom of Xy, and therefore derivable
in the latter. If A is concluded from premises B and B — A by (mp) then we have
k.. OBand fy,  O(B — A) by induction hypothesis and therefore Iy, ~ OA with

LTLq LTLq LTLg
(mpyg). If A = OB is concluded from B with (nex) then, by induction hypothesis, 0B
is derivable in Xy, and so is OOB, i.e., OA with (nexg). Finally, if A = B — OC
is the conclusion of applying (ind) to B — C and B — OB then O(B — (') and
O(B — OB) are derivable in Xy, by induction hypothesis, and O(B — OC) is
obtained by (indy). A

With this lemma we are able to establish the weak completeness of Xy, :

Theorem 2.6.8 (Weak Completeness Theorem for Yy, ). Xir, is weakly com-
plete, i.e., for every finite set F of formulas and formula A, if F & A then F ELTL A.
0

. . 0
In particular: if E A then ELTLOA'

Proof. Let F = {A1,..., A} where n > 0. We then have

FEA = FA - (Ay—...— (4, — A)..)
(by Theorem 2.6.3, applied n times)
= FA - (42— ... = (4, - 4)..)
(by Theorem 2.6.4)
= ELTLAI — (A2 —...—= (4, = A)..)
(by Theorem 2.4.10)

2
’ (by Lemma 2.6.7)
= F Emo A (by (mp), applied n times). A

We do not want to develop the proof theory of LTL in further detail. We only
remark that the Deduction Theorem (and its converse) for Xy, holds in the classical
form

Fu{dlk, B e Fi  A-B

which obviously corresponds to the semantical considerations above.
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In the framework of a discrete and linearly ordered time structure, v. Wright [156]
developed a logic with the operators “always” and “next” which was axiomatized by
Prior [126] who also suggested using the logical formalism for proofs of the “work-
ing of digital computers”. Prior attributes the axiomatization to Lemmon. Proba-
bly it should appear in [90] but Lemmon died before finishing this book. Other
similar formal systems were given by Scott (reported in [126]), Clifford [36], and
Segerberg [136].

A first concrete mention of how the modal operators “always” and “sometime”
could be used in program verification was given by Burstall [25]. This idea was elab-
orated by Pnueli [120]. Kroger [77, 78] developed logics with “next” and used the
operators “next”, “always”, and “sometime” in the field of verification of (sequen-
tial) programs in [79]. Pnueli [121] introduced the (normal) semantical apparatus for
this logic as described in this book and applied it to concurrent programs.

From that time on, a large number of investigations arose. We will cite extracts
from the relevant literature in the following chapters. Here we only add some remarks
with respect to the contents of Sects. 2.4-2.6. The completeness proof presented in
Sect. 2.4 is based on proofs given in [79] and [132]. The tableau method is a very
general approach to show the decidability of logics. A survey of its application in the
area of temporal logics is given in [160]. Initial validity semantics was introduced in
[100], some other semantical aspects are discussed in [44].
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Extensions of LTL

We have so far considered the temporal operators O and O, which are the basic
equipment of (propositional) linear temporal logic. In this chapter we present some
extensions by additional propositional operators that have been found useful for dif-
ferent applications. These extensions are introduced as separate “modules” on top
of the basic logic LTL. Of course, appropriate combinations of the extensions are
possible as we will indicate in Sect. 3.6.

The following discussions will show that some of the results that have been devel-
oped for LTL have to be modified for certain extensions. Important changes (mainly
concerning the Deduction Theorem, which already had to be modified for LTL in
Sect. 2.6) will be mentioned explicitly. However, most of the previous results — par-
ticularly the validity of the temporal logic laws (T1)—(T38) — carry over to the ex-
tensions as well and will be used without justifying them anew. In fact, their proofs
would go through unmodified except for the obvious extensions.

3.1 Binary Temporal Operators

As a first extension of LTL we introduce binary temporal operators. In contrast to the
unary operators O and O that can be used to express that the argument formula holds
in states somehow related to the present state, binary operators have two arguments
A and B and express statements about truth or falsity of these argument formulas in
states related to each other as well as to the present state. Some popular examples of
such statements are informally given by the following phrases:

“A will hold in all subsequent states until B holds”,
“A will hold in the next state in which B holds”,
“A will hold before B holds”.

These informal statements leave some choices on how to interpret them precisely,
as we will illustrate with the first of the phrases. We know already from the always
operator that “in all subsequent” states may include the present state, but we can
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interpret it also more strictly counting only states after the present one. Furthermore,
the informal wording does not state whether B will actually hold in the future. In a
“strong” version this is the case; in a “weak” version B need not become true, and A
should therefore hold “forever”.

We thus get four possible readings that are represented by four different binary
operators denoted by until, unt, unless, and unl with the following informal inter-
pretations:

Auntil B:  “There is a (strictly) subsequent state in which B holds,
and A holds until that state”,
A unt B: “There is a subsequent state (possibly the present one) in

which B holds, and A holds until that state”,
A unless B: “If there is a (strictly) subsequent state in which B holds
then A holds until that state or else A holds permanently”,
A unl B: “If there is a subsequent state (possibly the present one) in
which B holds then A holds until that state or else A holds
permanently”.

The operators until and unt are called strict and non-strict (or reflexive) until oper-
ator, respectively. They are strong operators because they demand that B will hold
sometime. In contrast, unless and unl are the weak versions of until and unt and are
called strict and non-strict (reflexive) unless or waiting-for operators.

Actually, there are still some more choices when interpreting the informal phrase
“A holds until that state”. Clearly, A should hold over an interval of states, deter-
mined by the present state and “that state”, but the formulation is ambiguous about
whether the end points of this interval are included or not. Instead of introducing even
more operators to distinguish these possibilities, we choose to include the present
state in the non-strict versions and to exclude it in the strict ones; the other end point
is not included in either case.

To make these considerations precise, we define the semantics of the four op-
erators in the framework introduced in Sect. 2.1. Given a temporal structure K and
1 € N, these definitions are as follows.

e K,(Auntil B) =1t < K (B) = tt for some j > i and

) =1t forevery k, i < k < j.
o Ki(AuntB)=1t < ) = tt for some j > 7 and

) =1t forevery k, 1 < k < j.
)

)=

o K;(Aunless B) =1t &

tt for some j > 4 and

K;
K
K;
K tt forevery k,1 < k < j

Ki (A

(B

(A

(B

(A
or
Ki(A) = tt for every k > i.

e Ki(Aunl B)=tt & K;(B)=tt forsomej > iand
Kk(A) =1t forevery k,i < k < j
or
Ky (A) = tt forevery k > i.
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(We should remark that the designations of the binary operators of temporal logic
are not universally agreed upon, and this can be a source of confusion. For example,
many authors write until for the operator that we denote by unt.)

Example. Consider, for v, vo € V, the four formulas A; = v until Ouy,
As = vy unt Duy, By = vy unless Ovy, By = v unl Ouy, and let K be given
by:

"170 M M2 N3 N4 ...
v | ff tt tt ff ff ... (ff forever)...
vy | tt tt ff tt tt ... (it forever)...

Then K;(Dvy) = ff for i < 3 and K;(Owvy) = tt for ¢ > 3 and therefore:

Ko(A41) = tt, Ko(Ag) = ff,
Ki(A1) = Ki(42) =1,

(since K;41(dwvy) = ttand there isno k with i < k < i + 1),
Ko(As) = tt,

(since K;(Owvg) = tt and there is no &k with i < k < i).

Furthermore, because of K; (Ov; ) = ff for every j € N we have:

K,‘(Bl) = KIL(BQ) = ff for« S 1,
Kao(B1) = tt, Ko(Bs) = ff,

From the formal definitions, it should be clear that there are simple relationships
between the operators. We note some of them as valid formulas:

(Tb1) Auntil B < OOB A A unless B,
(Tb2) A wunless B < O(A unl B),
(Tb3) Aunl B < Aunt BV OA,
(Tb4) Aunt B < BV (AA Auntil B).

(We save parentheses by assigning all binary temporal operators introduced in this
section higher priority than the classical binary operators.) These laws show in fact
that all the versions can be expressed by each other (and O and O). The validity
proofs are easy calculations:

Proof of (Tb1)—(Tb4). For any temporal structure K and i € N we have:
Ki(Auntil B) =tt & K;(B) =1t for some j > ¢ and
Kr(A) =tt forevery k, i <k <j
< K;+1(OB) =1t and K;(A unless B) = tt
< K;(OOB A A unless B) = tt.
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Ki(A unless B) =tt < K;(B) =tt for some j > ¢ and
Ki(A) =tt forevery k, i < k < j
or
Ki(A) =tt forevery k > i

< K;(B) =1t forsome j > i + 1 and
Kip(A) =tt forevery k, i +1 < k < j

A) =1t forevery k > i+ 1
(A unl B) = tt
Aunl B)) = tt.

t ¢

Ki(Aunl B) =1t & = tt for some j > i and

=1t forevery k,i < k < j

\_/\./ /\

or
Ki(A) = tt forevery k > i
< Ki(Aunt B) =tt or K;(OA) =t
< K;(Aunt BV O4) =t
Ki(Aunt B) =tt < K;(B) = tt for some j > 7 and
Ki(A) =tt forevery k, i <k <j
< Ki(B) =tt
or

K;(B) = tt for some j > ¢ and
Kip(A) =1t forevery k, i <k <j
or
Ki(A) =tt andK;(B) = tt for some j > i and
Ki(A) =tt forevery k, i < k < j
< Ki(BV (AN A until B)) =tt. A

Similarly, we could introduce various versions of binary operators as formal
counterparts to the two other informal phrases at the beginning of this section. We
restrict ourselves, however, to defining only the strict and weak operators atnext
(atnext or first time operator) and before (before or precedence operator) with the
semantical definitions

o K;(A atnext B) =tt < K;(B) = ff forevery j > ¢ or
Ki(A) = tt for the smallest £ > ¢ with K;(B) = tt,

o K;(Abefore B) =tt < forevery j > i with K;(B) = tt
there is some k, i < k < j, with K (4) = tt.

Definitions for the reflexive and/or strong versions of these operators would be ob-
vious and as above, the different versions would be mutually expressible. It is more
interesting to observe that all binary operators introduced so far can be expressed
by each other. Having already established the mutual expressibility of the different
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“until” operators as laws (Tb1)—(Tb4), this fact follows from the validity of the fol-
lowing laws.
(Tb5) A unless B < B atnext (4 — B),

(Tb6) A atnext B — B before (—A A B),
(Tb7) A before B <~ —(A V B) unless (A A —B).

Again the proofs are simple calculations; we only give one example.

Proof of (Tb5). For any temporal structure K and 7 € N we have:

Ki(A unless B) =tt & K,(B) =1t for some j > i and

Kip(A) =1t forevery k, i < k <j
or
Ki(A) =tt forevery k > i

< there is a smallest j > ¢ with K;(B) = tt and
Ki(A) =tt forevery k, i < k < j
or
Ki(A) =tt and K;(B) = ff forevery k > @

& K;(B) = tt for the smallest j > 4 with

K;(A — B) =1t
or
Ky (A — B) = ff forevery k > i
< K,(B atnext (A — B)) =tt. A

To conclude the discussion about the linguistic power of all these operators we
still note that the basic operators O and O can also be expressed by each of the strict
operators (using no other operator), e.g.:

(Tb®) OA < A atnext true,
(Th9) OA < A A A unless false.

For O (but not for O) similar equivalences hold for the non-strict operators, e.g.:
(Tb10) OA < A unl false.

The proofs are quite trivial, e.g.:

Proof of (Tb9). For any temporal structure K and 7 € N we have:

< K;(4) =tt and K (A) =1t forevery k > ¢
< Ki(A) =t
and
K, (false) = tt for some j > ¢ and
Kip(A) =tt forevery k, i <k < j
or
Ki(A) = tt forevery k > i

< K;(A A A unless false) = tt. A

Ki(OA) =tt & K;(A4) =tt forevery j > i
i



70 3 Extensions of LTL

On the other hand, we will prove in Sect. 4.1 that none of the binary operators
can be defined just from O and O.

In Sect. 2.2 we mentioned fixpoint characterizations for O and <. Such charac-
terizations also exist for the new operators and are given by the following laws:

(Tb11l) Awuntil B < OBV O(A A A until B),

(Tb12) A unless B < OBV O(A A A unless B),

(Tb13) Awunt B < BV (AAO(A unt B)),

(Tbl4) Aunl B < BV (AAO(A unl B)),

(Tb15) A atnext B «+ O(B — A) AO(—B — A atnext B),
(Tb16) A before B < O—B A O(A V A before B).

It is worth noting that the recursive equivalences for the strong and weak versions of
an operator are of the same shape. The strict and non-strict versions differ only by
the scope of operators O. Again we show only one proof, the others being analogous.

Proof of (Tb15). For any temporal structure K and ¢+ € N we have:

K;(A atnext B) =tt < K;(B) = ff forevery j > i or

K (A) = tt for the smallest & > i with K (B) = tt
54 Ki+1 (A) = KZ+1(B) =t

or

K,(B) = ff forevery j > i

or

Kir1(B) =ff and K (A) =t

for the smallest & > ¢ + 1 with Ky (B) = tt
-~ K1+1(A) = Kz+1(B) =1t

or

Ki+1 (B) = ff and Ki+1 (A atnext B) =t
& if KZ+1(B) = tt then K2+1(A) =1t

and

if Ki—i—l(B) = ff then Ki+1(A atnext B) =tt

< K;(O(B — A) ANO(—B — A atnext B)) =tt. A

Let us now summarize our discussion for the extension of the basic language
Ly with binary operators. We call the extended language ,CETL and define it to be
obtained from L. by adding the symbol op, among the above binary operators, to
the alphabet and the formation rule

e If Aand B are formulas then (A op B) is a formula

to its syntax (with the notational convention that op has higher priority than the
binary operators of propositional logic).

We leave it at this “parametric” definition instead of fixing an actual choice for
op. As we have seen, any one of the operators can be taken for op, and all the others
can then be introduced as abbreviations. If op is a strict binary operator, it could
even serve as the sole basic temporal operator of £V, because O and O are then
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expressible. If op is non-strict, O still needs to be present but O could be introduced
as an abbreviation.

The semantics of the new operators of £P; has already been defined above, and
the proof theory for the extended logic (which we will denote by LTL+b) can be given
quite uniformly. For any choice of the operator op, the formal system Xy needs to
be extended by two additional axioms to obtain a sound and weakly complete formal
system Xy, for LTL+b. One of these axioms is the fixpoint characterization of the
operator op and the other one indicates whether op is strong or weak (remember that
the fixpoint characterizations of the strong and weak versions of the operators are
“equal”). So, e.g., if we choose until as the basic operator, the additional axioms are

(untill) Auntil B — OBV O(A A A until B),
(until2) A until B — OOB.

The axiom (untill) is just (Tb11), whereas (until2) expresses that until is a strong
operator because the formula A until B implies that B must hold sometime in the
(strict) future.

In the case of unless we take

(unlessl) A unless B «» OBV O(A A A unless B),
(unless2) OOA — A unless B.

The axiom (unless2) expresses that unless is a weak operator because the formula
A unless B holds if A will always hold in the (strict) future, irrespective of B.

For the non-strict operators unt and unl, we have to replace the axioms (untill)
and (unless1) by (Tb13) or (Tb14) and the axioms (until2) and (unless2) by the ob-
vious versions

(unt2) Aunt B — OB
or
(unl2) 0OA — Aunl B,

respectively. If we choose the atnext operator then

(atnextl) A atnext B < O(B — A) AO(—B — A atnext B),
(atnext2) O0O-B — A atnext B

are appropriate and, finally, for the before operator the axioms are

(beforel) A before B < O—=B A O(A V A before B),
(before2)  OO-B — A before B.

Again we give a formal validity proof only for one of these cases:
Proof of (before2). For any temporal structure K and ¢ € N we have:
Ki;(CO-B) =tt & K;(B) =ff forevery j > ¢
= forevery j > i with K;(B) =t
there is some k, 7 < k < j with K, (4) = tt
< K; (4 before B) = tt. A



72 3 Extensions of LTL

As a simple example of application, we derive a formula within XP;; (with
(unless1) and (unless2)) that can be considered as a fixpoint characterization of
—(A unless B):

(Tb17) —(A unless B) «<» OB A O(—A V (A unless B)).

Derivation of (Tb17).

(1) Awunless B <+ OBV O(A A A unless B) (unless1)

(2) (A unless B) < -OB A =O(A A A unless B) (prop),(1)

(3) —(A unless B) <> O-B A O=(A A A unless B) (prop),(1t11),(2)

(4) O-(AA Aunless B) « O(—=AV —(A unless B)) (taut),(T30)
(5) (A unless B) «» O=B A O(=AV —(A unless B)) (prop),(3),(4) A

We have seen the importance of the fixpoint characterizations for these binary
operators to express their interplay with the nexttime operator O. Whereas (T28)
provides a similar characterization for the unary always operator 0, its axiomatic
characterization required one more fundamental principle, namely the induction rule
(ind). Analogous induction principles can also be formulated for the weak binary
operators:

(indunless)y A —OCVO(AAB) F A— Bunless C,

(indunl) A— CV(BANOCA) - A— Bunl C,

(indatnext) A — O(C — B)AO(=C — A) + A — B atnext C,
(indbefore) A — O-C AO(AV B) - A — B before C.

These rules need not be included in X, because they can already be derived with
the help of rule (ind), as we show for one of them:

Derivation of (indunless).

() A—OCVO(AAB) assumption

(2) (B unless C') - ~OC ANO(—=B V —(B unless C')) (prop),(Tb17),(1t11)
(3) AA (B unless C') — OB (prop),(T15),(1),(2)
(4) (B unless C') —» —-OB V O—(B unless () (prop),(T16),(1t11),(2)
(5) A A (B unless C') — O(A A —(B unless C)) (prop),(T15),(1),(4)
(6) AA—(Bunless C') — OOB (ind),(3),(5)

(7) OOB — B unless C (unless2)

(8) AN —(DB unless C') — B unless C (prop),(T12),(6),(7)
(9) A — B unless C' (prop),(8) A

The common characteristic feature of the above rules (including the induction
rules for 0O) is that they all express some form of computational induction over state
sequences. There is no such induction principle for the operator < or for the strong
binary operators like until or unt, which imply a formula of the form < B. Only in
Chap. 5 will we become able to formulate induction principles of a different nature
for this kind of assertion.
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We still remark that each of the above induction rules could be used for an al-
ternative axiomatization of LTL+b. The systematic pattern of the axiomatization de-
scribed above was to take as axioms the fixpoint characterization of a binary operator
and a formula expressing whether it is chosen in its strong or weak version, respec-
tively. Another possibility would be to take the fixpoint characterization or, what is
actually sufficient, even only “one direction” of it together with the respective rule.
For example, with the operator unless this would be the axiom

(unlessl’) A unless B — OBV O(A A A unless B)

and the rule (indunless). In the next section we will see that there is also an intuitive
pattern which underlies this form of axiomatization.

We conclude this section by illustrating the new operators with the help of some
more logical laws. We restrict ourselves to formulas involving the non-strict unless
and the strict atnext operator. Analogous laws can easily be stated for the other oper-
ators.

(Tb18) O(-B — A) — A unl B,

(Tb19) O(A unl B) <> OA unl OB,

(Tb20) (AAB)unl C < Aunl C A B unl C,

(Tb21) Aunl (BV C) < Aunl BV Aunl C,

(Tb22) Awunl (BAC)— Aunl BA Aunl C,

(Tb23) A wunl (A unl B) < A unl B,

(Tb24) (A wunl B) unl B < A unl B,

(Tb25) O(B — A) — A atnext B,

(Tb26) O(A atnext B) < OA atnext OB,

(Tb27) (A A B) atnext C' < A atnext C' A B atnext C,
(Tb28) (AV B) atnext C' < A atnext C'V B atnext C,
(Tb29) A atnext (BV C') — A atnext BV A atnext C.

Note that “idempotency” laws like (Tb23) and (Tb24) hold only for non-strict oper-
ators but not for the strict ones.

The laws can easily be verified semantically or by a derivation within 2P, . As
an example, we show how to derive (Tb25):

Derivation of (Tb25).

() OB —A)—0(B— A) (T6)

(2) OB — A) —00(B — A) (prop),(1t13)

(3) O(B— A) - O(~B — O(B — A) (prop)(T14),(2)

4 O(B—A)—0(B— A)AO(-B—0O(B—4)  (prop)(1.3)

(5) O(B — A) — A atnext B (indatnext),(4) A

3.2 Fixpoint Operators

The operators O and <, as well as the binary operators discussed in the previous
section, all satisfy some fixpoint laws. Consider, e.g., the law (T28) concerning the
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always operator:
0OA «— AANOOA.

This logical equivalence means, in a sense which will be made more precise shortly,
that the formula JA can be viewed as a “solution” of the “equality”

@) u <« ANOu

with the “unknown” wu. In the same way, ©A and A unless B can be viewed as
“solutions” of

(ii) u < AV Ou,
(ili) w< OBVO(AAu),

and similarly for the other connectives. However, given such an equivalence, the
corresponding temporal operator may not be determined uniquely. For example, (iii)
is also solved by u = A until B, while (ii) admits the solution u = true.

In order to analyse the situation more formally, let us provisionally extend the
underlying alphabet by a set V' of (propositional) variables and allow formulas
to contain such variables. For example, the equivalences (i)—(iii) are then formu-
las containing the variable u. The semantical notions are extended by valuations
= = (&,¢&1,&2, - . .) which are infinite sequences of mappings

&‘ YV — {ff, tt},

and the value KEE)(F ) € {tt,ff} is inductively defined as K;(F') before, with the
provision that

K () = &(u) foru e V.

We also write [F] to denote the set of (indexes of) states of K in which formula F
“is true”:

[Flg = {ieN|KZ(F) =tt}.

[[F]}E is a subset of N, i.e., an element of the powerset 2" of N.

Consider now, e.g., the equivalence (ii), assume that A does not contain the vari-
able u, and fix some arbitrary K and =. With the “right-hand side” A vV Ou we
associate the mapping L4y o, : 21 — 2N with

Tavou: M — [AV Ouﬂf[“:M]

where =[u:M)] denotes the valuation (&),&1,&5,...) that agrees with = for all
variables except for u, for which it is given by &/(u) = tt < i € M. The formulas
true and < A are solutions of the equivalence. For true we have

[true]z = N.
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With Z[u:M] = (&,&1,&,...) such that &(u) = tt & i € [true]g, ie.,
&/ (u) = tt for every i € N, we obtain KES[“:M])(A V Ou) = tt for every i € N
and therefore

[AvOoul"™ = N.
This means that
Tavou([true]) = [true]g
and similarly one can find that
Tavou([CAJK) = [CAIR.

Generally, for a solution C of the equivalence, [[C]]R: is a fixpoint of Tay oy, i.€.,
a set M C N such that T4y 0, (M) = M. Moreover, the representations [[C]}E of
solutions can be compared by set inclusion. For example, [¢ A]z C [true]Z holds
for any K and =, and we summarize all this by simply saying that true and A are
fixpoints of (ii) and & A is a smaller fixpoint than true.

An equivalence may have many fixpoints, and extremal (least or greatest) fix-
points among them are usually of particular interest. In case of (ii), [true] = N, so
true is obviously the greatest fixpoint (for any K and =) and, in fact, & A is the least
one. To see this, assume that Ml C N is some set such that

(x)  [AvOoul™™ =M

holds. It then suffices to prove that [O A]i¥ € M. To this end, assume that i ¢ M for
some ¢ € N. Inductively, we show that j ¢ M holds for all j > i: the base case holds

by assumption, and if j ¢ M then equation (x) implies that KJ(-E[“:MD (AVOu) =ff,
which means &/, (u) = Kg.E["M])(Ou) = ff; hence j ¢ [[Ou]]i[uM] and therefore
j + 1 ¢ M. Moreover, equation (x) analogously implies that, for every j ¢ M,
K§5)(A) = K§E[u:M])(A) = ff; hence j ¢ [A]g. Together we obtain that j ¢ [A]Z
for all j > 4, which means KEE)(OA) = ff,ie., i ¢ [OA]Z and so concludes the
proof of [CA]Z C M.

Similarly, it can be shown that false and O A are the least and greatest fixpoints
of the equivalence (i) above, and that A until B and A unless B are the least and
greatest fixpoints of (iii).

We now generalize these considerations to an extension of LTL. We want to in-
troduce new (unary) logical operators which, applied to a formula F' (generally con-
taining a variable u), provide formulas which are the least and the greatest fixpoints
of the equivalence

u — I
more precisely: the semantical evaluation KEE) of the formulas is determined by the
least and greatest fixpoints of the mapping 1 : 2% — 2N (i.e., the least and greatest
subsets M C N with V(M) = M) where
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Yr:M— [[F]]EWM} ,

as exemplified above for ' = A V Ou.

However, we must take some care: not all equivalences need have solutions. A
simple example is the equivalence u <> —wu which obviously does not admit any
solutions. But, as shown by the following example, even if fixpoints exist there need
not be least and greatest ones.

Example. For a propositional constant v € V, consider the formula
F=uv+<Ou

and let K = (1o, 71,72, ...) be a temporal structure such that n;(v) = tt if and
only if 7 is even. We will show that the function 7 has precisely two incomparable
fixpoints with respect to K. In fact, M is a fixpoint if and only if, for arbitrary =,

M = Tr(M)
= [v < Oufg™™
={ieN|n(w)=ttei+lecM}
={2j |2/ +1eM}U{2j+1]2j+2¢M}.

This means that, for every j € N,

27eM&2j+1eM and 2j+1eM&2j+2¢M
which is obviously the case if and only if either

M ={0,1,4,5,8,9,...} ={n € N| nmod 4 € {0,1}}
or

M ={2,3,6,7,10,11,...} = {n € N| nmod 4 € {2,3}}.

So these two sets are the only fixpoints of 7. One is the complement of the other;
in particular, they are incomparable. AN

To pursue our approach, let us now first note the trivial fact that, if a least fixpoint
exists then it is unique, and the same holds for the greatest fixpoint. Furthermore, a
well-known sufficient condition that least and greatest fixpoints exist at all in sit-
uations like the one given here is that of monotonicity: for any set ID, a function
T : 2P — 2P is called monotone if T(E;) C T(Ey) holds whenever E; C [E,, for
arbitrary E;, Eo C D. Itis called anfi-monotone if E; C Eo implies 7'(E;) 2 T (Es).

Theorem 3.2.1 (Fixpoint Theorem of Tarski). Assume that D is some set and that
Y : 2P — 2P is a monotone function. Then

a) T =({ECD|Y(E) CE} is the least fixpoint of 1.
b)Y ={ECD|ECTY(E)} isthe greatest fixpoint of 1.
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Proof. a) We write T for the set {E C D | Y(E) C E}. Let E € 7. Because
uY = (7, we certainly have 47" C E, and by monotonicity of 7" it follows that
T(uY) € T(E). By definition of 7, we know that T(E) C E. Thus, 7 (u7) C E
holds for all E € 7", which implies that 7 (1Y) C (7 = 7.

Again by monotonicity of 7, we obtain that (7" (12")) C 7' (uY"), and therefore
Y(uY) € 7. This implies u = (T C T(uT), so altogether we have shown that
Y (uY) = p7, and thus p7 is a fixpoint of 7.

To see that 7" is the least fixpoint of 7, assume that E C D is some arbitrary
fixpoint, i.e., T(E) = E. In particular, 7(E) C E, and thus E € 7. By definition of
17, it follows that 1" C [E, which completes the proof.

b) The proof of this part is dual, exchanging C and () by 2 and |J. A

In the present context, we can apply Theorem 3.2.1 to functions 1, and it is
easy to see that the polarity of (the occurrences of) the variable u in the formula F'
helps us determine the monotonicity of 7. Roughly speaking, u occurs with positive
or negative polarity depending on which side of an implication u occurs. Formally,
polarity is inductively defined as follows:

ey occurs with positive polarity in the formula w.

e An occurrence of  in a formula A — B is of positive polarity if it is of positive
polarity in B or of negative polarity in A; otherwise it is an occurrence of negative
polarity.

e The operators O and O preserve the polarity of variable occurrences.

For the derived operators, it follows that A, V, and O preserve the polarity, whereas
— reverses the polarity of occurrences. As for formulas A < B, every occurrence
of u is both of positive and negative polarity because it appears on both sides of
an implication. For example, the variable v has a positive polarity in the formula
v — Ou, a negative polarity in v — —Ow and occurrences of both positive and
negative polarity in the formula v < Owu of the above example (v € V in each
case).

Lemma 3.2.2. Let F' be a formula, v € V be a propositional variable, and the func-
tion Y : 2N — 2N be given by

Tr (M) = [FI".

a) Tr is monotone if every occurrence of u in F' has positive polarity.
b) Tr is anti-monotone if every occurrence of u in F' has negative polarity.

Proof. Both parts a) and b) are proved simultaneously by structural induction on the
formula F'.

. F=veV,F=falseor I' = u €V, u # u: Then u does not occur in F'. This
implies 7 (M) = 1'#(M’) for arbitrary M and M’; so 7r is both monotone and
anti-monotone.

2. F = u: Then the only occurrence of « in F' is of positive polarity. So, part b) is
trivial, and part a) follows since we have
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TeM) = {i e N|KE"MD () =t} =M

for every M; so 7% is monotone.
F = A — B:Then

To(M) = [A— BJ"
= {ieN|KEMMD (4 By =t}
= {i eN|KEMD 4y =t U {i e N | KEEMD By = 1y
= (N\T4(M))UYp(M)

for every Ml. Let now M; C M. If every occurrence of u in F' is of posi-
tive polarity then every occurrence of u in A is of negative polarity and every
occurrence of w in B is of positive polarity. By induction hypothesis, 14 is
anti-monotone and Y’p is monotone; thus we have 74 (M;) O 74 (Ms) and
Tp(M;) C T5(Msy) and therefore obtain V(M) C Yr(My) which proves
part a). If every occurrence of u in F' is of negative polarity then we con-
clude analogously that 74 is monotone and 1'p is anti-monotone which provides
part b).

. = 0OA: Then

Te(M) = [OAJZ™™ = {i e N|i+1eTaM)}

for every M. Let M[; C M. If every occurrence of u in F' is of positive polarity
then so it is in A. By induction hypothesis, Y5(M;) C Y5(Ma3); so we obtain
part a) because of

{ieN|i+1eYaM;)} C{ieN|i+1eTa(Ms)},

and the argument for part b) is analogous.
F = 0A: Then

Yr(M) ={i e N|je€Ta(M) foreveryj > i}

for every M, and the assertions a) and b) are found analogously as in the previous
case. A

These observations now suggest how to define the extension of LTL announced

above: we introduce a new operator y with the informal meaning that puA denotes
the least fixpoint of the equivalence u <+ A. (A second operator v for the greatest
fixpoint can be derived from p.) In order to ensure the existence of the fixpoints, we
restrict the application of 1 to A by requiring that all occurrences of u in A must be
of positive polarity.

The propositional variable u becomes bound by the new (fixpoint) operator, just

as quantifiers bind variables of first-order logic: an occurrence of a propositional
variable v in a formula A is called bound if it appears in some subformula puB
of A; otherwise it is called free. A formula is closed if it does not contain any free
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propositional variables. The formula A, (B) results from A by substituting the for-
mula B for all free occurrences of the propositional variable ». When carrying out
this substitution, we tacitly assume that no free occurrences of propositional vari-
ables in B become bound by this substitution. (As in first-order logic, this can be
achieved by renaming the bound propositional variables of A if necessary.)

We denote this extension of LTL by LTL+y. Its language L%, is formally ob-
tained from Ly by adding a denumerable set )V of propositional variables to the
alphabet, extending the syntax rules of L1 by the two clauses

e Every propositional variable of V is a formula,
e If Aisaformula and u € V is a propositional variable all of whose free occur-
rences in A are of positive polarity then puA is a formula,

and extending the polarity definition by fixing that the polarity of every free occur-
rence of a propositional variable in puA is the same as the polarity of the occurrence
in A.

The v operator is introduced as the abbreviation

vuAd = —pu—Ay(—u);

we will see below that vuA denotes the greatest fixpoint of the equivalence u « A.
The substitution of —u for the free occurrences of u ensures that all occurrences of
u are of positive polarity in the formula to which the fixpoint operator is applied.
Clearly, the polarities of all free occurrences of propositional variables in vuA are as
in A.

The semantics of LTL+u has to take into account the valuation of proposi-
tional variables. As indicated already, the earlier K; (F') therefore takes now the form

Kgg)(F) where = = (&, &1, &2, .. .) is a sequence of valuations &; : V — {ff, tt} of

the propositional variables. The clauses of the inductive definition for KEE) (F) are
as for K;(F') before, extended by

° K,(.E)(u):@-(u) foru eV,
o KF(uud)=tt & iculs

and the definition of validity in K is adapted accordingly: £ F if KEE)( F) = tt for
every 7 and =. Expanding the representation of 117’4 given in Theorem 3.2.1 and the
definition of 74, the semantic clause for puA can be restated more explicitly as

o K\¥(uud)=tt < iecMforall M C N such that [A] "™ ¢ M.

7

In order to be sure that this definition really corresponds to our intention of defin-
ing the least fixpoint of the mapping 74, even for nested fixpoints, we have to extend
the proof of Lemma 3.2.2 for the case where F' = puA. If v = u then u has no
free occurrence in F', and therefore 7' is both monotone and anti-monotone. So let
u # 1, assume for part a) that every free occurrence of  in F', hence in A, is of posi-
tive polarity, and let M[;, Mlo, Ml C N where M; C M. The assertions of the lemma
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are to be understood for arbitrary K and = So the induction hypothesis, applied for
the valuation = :M], implies that

We have to show that 7z (M) C 7 (Ms) where
Tp(M;) = (({M C N | [Ag"*EM ¢ vy

Assume that ¢ ¢ 7 (M) for some i € N; then there exists some Ml C N such

that [A]Z "M} € M and i ¢ M. Because u and @ are different propositional
variables, =[u:Ms|[u:M] = Z[u:M][u:Ms], and the induction hypothesis yields
[[A]]f[":MM“:Ml} - [[A]]E[Q“MM“:MQ} C M, and therefore we find i ¢ Y (M;). Be-
cause ¢ was chosen arbitrarily, this proves 7p (M;) C 7 (Ms), completing the proof
of part a) of the lemma. The arguments for part b) are similar.

From this completed proof of Lemma 3.2.2 and Theorem 3.2.1 we have shown
that [uuA}]E defines the least fixpoint of the mapping 7’4 as intended.

For the derived v operator, the semantics is given by
° KEE)(VUA) =ttt & icv)y
or, again somewhat more explicitly, by
o KF(ud)=tt & M C [A]{"™ for some M C N such that i € M.
This can be seen by observing that with M’ = N\ M we obviously have
[ Au (ol ™™ = N AL
and therefore
A )] CM andi ¢ M & M’ C [A]Z"™) and i e M.
So we obtain in fact
K (vud) =t & K (spu-a,(-u)) = tt
& [[—.Au(—.u)ﬂf[“:M] C M and ¢ ¢ M for some M C N
< M’ C [[A]]E[U':M/] for some M’ C N such that ¢ € M.

Example. Assuming that « does not occur in A, let us verify that the formula
OA < vu(A A Ou) is valid. This claim can obviously be proved by showing that

[[DA]]E = [ru(A A Ou)]]R:

holds for any K and =. For the direction “C” of this set equation, assume that

i € [OA]Z. Writing M for [DA]Z, we will prove M C [A A Ouli ™™ in or-

der to obtain i € [vu(A A Ou)]Z by the above semantic clause. Indeed, for any
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j € M, we find that j € [A] and that j + 1 € M. Because u does not occur in A,
we may conclude that j € [A]Z "™ N [ou] ™™, and thus j € [A A Ou]g ™™
For “2” we show that M C [0 AJZ holds for any M with Ml C [AAOu];
Since [ru(A A Ou)]g is defined as the union of all such sets M, the assertion then
follows. So assume that M C [A A Ou] ™) and that i € M. Clearly, we obtain

that i € [[A]]i[":M]; hence also i € [A]Z, because u does not occur in A. Moreover,
we have 7 + 1 € M. Continuing inductively, we find that j € [[A]]R: for all j > 4, that
is, i € [DA]Z. A

=]

Similarly, we find that the other temporal operators of LTL+b can be expressed in
LTL+px by noting the following equivalences, where the propositional variable u is
again assumed not to occur in A or B. (Writing down these formulas we presuppose
a suitable language which results from extending LTL by both “b” and “u”.)

(Tpl) OA < vu(A AOu),

(Tp2) <©A < pu(AvVOu),

(Tu3) Awuntil B < pu(OBV O(A A u)),

(Tu4) Aunless B < vu(OBV O(A A u)),

(Tp5) Awunt B — pu(BV (A AOu)),

(Tp6) Awunl B < vu(BV (A AOu)),

(Tu7) Aatnext B «— vu(O(B — A) ANO(—-B — u)),
(Tu8) A before B — vu(O-B ANO(AV u)).

The shape of these laws follows the fixpoint characterizations (T28), (T29), and
(Tb11)—(Tb16). The difference between strong and weak binary operators is pre-
cisely reflected by the choice of the least or greatest fixpoint.

We thus find that the logic LTL+u provides uniform syntactic means for the
definition of all the temporal operators that we have encountered so far, although
formulas written in that language may quickly become difficult to read: compare the
formulas O(A — ¢ B) and

vup ((A — pug(BV Oug)) A Ouy).

We will study in more depth the expressiveness of LTL+: in Chap. 4 where we show
that LTL+p can express many more temporal relations than the logics LTL or LTL+b.

The uniform definition of the language £}, is mirrored by a simple and uniform
axiomatization of LTL+x. A sound and weakly complete formal system X is
obtained as an extension of Xy, by the following axiom and rule:

(p-rec) Ay (pud) — puA,
(u-ind)  A,(B) — B + puAd — B if there is no free occurrence of  in B.

The axiom (u-rec) is “one direction” of the equivalence puAd < A, (uuA) which
asserts that puA is a fixpoint. The rule (u-ind) expresses that puA is smaller than any
other fixpoint B. For formulas involving greatest fixpoints, the following formula and
rule can be derived:
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(v-rec) vuld — A, (vud),
(v-ind) B — Au(B) b B — vuA if there is no free occurrence of v in B.

As in first-order logic, the formulation of the deduction theorem requires some
care. Still, we have

FU{A}FB = FrOA—B

if A is a closed formula.
We illustrate the use of X¥7, (together with laws from LTL+b) by deriving (T;:8):

Derivation of (Tu8). Let F' = vu(O—B A O(A V u)) and u not be free in 4, B.

(1) A before B — O—B A O(AV A before B) (prop), (Tb16)

(2) Abefore B — F (v-ind),(1)

(3) F—O-BAO(AVF) (v-rec)

4 F —-O-BAO(FVA) (prop),(3)

(5) F — A before B (indbefore),(4)

(6) A before B — vu(O-BAO(AV u)) (prop),(2),(5) A

It is instructive to observe the special cases of the axioms and rules for the O
operator: by law (Tul), OA is just vu(A A Ou), and therefore (v-rec) and (v-ind)
can be rewritten as

0OA— AANOOA and B— ANOB F B — UOA,

the first of which is (I1tI3) whereas the second one is just a reformulation of the in-
duction rule (ind) of X rr.. We could therefore drop (It13) and (ind) from the system
Xty if O were understood as a derived operator in L] .

Similarly, the special cases for the binary operators show that the systematic
pattern of the alternative axiomatization of LTL+b indicated at the end of the previous
section is just the pattern described here. For example, (Tu4) shows that A unless B
is (OB V O(A A u)); so (v-rec) becomes the axiom

(unless1’) A unless B — OBV O(A A A unless B)

of Sect. 3.1, and (v-ind) becomes the rule
C —-0OBVO(AANC) F C — Aunless B

which is a reformulation of (indunless). So this latter rule determines A unless B to
be a greatest fixpoint.

Second Reading

In a Second Reading paragraph in Sect. 2.3 we mentioned some relationships between tem-
poral and modal logic. The idea of introducing fixpoint operators may also be applied to
“normal” modal logic; the result is known as modal p-calculus MuC.



3.3 Propositional Quantification 83

This logic contains a (unary) modal operator O together with the fixpoint operator p.
Formulas are built analogously as in LTL+, including the constraint concerning polarity.
The operators < and v are introduced as before. As indicated in Sect. 2.3, a Kripke structure
R = ({n.}.ek, <) for an underlying set V of propositional constants consists of a non-
empty set K, valuations n, : V — {ff,tt} for all . € K, and a binary accessibility relation
<. Using an analogous notation as in the above main text with a valuation = = (§,).cx
(where &, : V — {ff, tt} for . € K), the semantics of the operator O is given by

R(OA) =tt & Re(A) =tt forevery k with . < &
which provides
R(CA) =1t & R.(A) =1t forsome x with t < &

for the dual operator <. For the semantics of  one defines, for any formula F', the mapping
Tp 2K oK s
Tr : B [F]5M"

where [F]5 = {1 € K | ﬁEE)(F) = tt} and =[u:E] denotes the valuation (£]),cx with
&(u) =tte e Eand & (u") = & (u') for all variables u’ other than u. Then

R (pud) =tt = 1€ ula
and
RE (vud) =tt & e vTa

where 14 and Y4 are the least and greatest fixpoints of 74, respectively (which can be
shown to exist as in the case of LTL+pu).

From these definitions, the fixpoint characterization (T 1) for the temporal always oper-
ator, and recalling the discussion in the above-mentioned Second Reading paragraph, it is
evident that LTL+x can be viewed as a special instant of MuC based on the operator O (with
distinguished Kripke structures). However, there is also another more general relationship
between MuC and temporal logics (including even others outside the “LTL family”) that
can all be “embedded” into MuC. This makes MuC a simple common “framework™ for all
such logics. We will briefly come back to this aspect in Sect. 10.4.

3.3 Propositional Quantification

The language L7, of the “fixpoint logic” studied in Sect. 3.2 introduced proposi-
tional variables and “binders”. Alternatively, LTL can be extended by standard ex-
istential or universal quantification over propositional variables to obtain the logic
LTL+q. Its language £}, is formally obtained from L1 by adding a denumerable
set V of propositional variables to the alphabet and by extending the syntax rules of
Ly 1L by the following clauses:

e Every propositional variable of V is a formula.
e If Aisaformula and u is a propositional variable then JuA is a formula.
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The notions of free and bound occurrences of variables, closed formula, substi-
tution of formulas for free variables, etc. carry over from £, to L], in the obvious
way. We write

Vud = —Ju—-A

for the dual, universally quantified formula.

As in Sect. 3.2, the semantics of LTL+q is defined with respect to a valuation
5= (£.61,&,...), & 1 V — {ff, tt} of the propositional variables. K\=/ replaces
K; again (with validity in K being defined as for LTL+/), and the semantic clauses
corresponding to the extended syntax are

[

° KE )(u) =& (u) forueV.
° K(E)(HUA) =tt < thereisa =’ such that = ~, =" and KEE )(A) = tt.

7

The relation ~,, between valuations = = (§p,&1,&2,...) and =" = (&),&1,&5,...)
is adapted from classical FOL:

=/

Er~y B e &(u) = ¢ (u) forall w € V other than u and all i € N.
For YuA we clearly obtain
o KF(vud)=tt & K=V(4) =tt forall = with = ~, ='.

Intuitively, the formula JuA asserts that one can find a sequence of truth values
for u satisfying the formula A, and not just a single truth value. This is why quan-
tification over propositional variables cannot simply be reduced to ordinary propo-
sitional LTL (which is the case in classical propositional logic PL). Indeed, the fol-
lowing example shows that in £}y , as in £}7, , one can define the binary temporal
operators.

Example. Consider, for v;, v2 € V, the formula
F = Ju(uANO(u — v V(v AOu)))

of L1, . We claim that the following formula is valid:
F < v unl vy.

(As in the similar situation in the previous section, we presuppose a corresponding

language for which the semantical clause defining K;(v; unl v2) in LTL+b is trans-

ferred to KEE) (vy unlve) for every temporal structure K, ¢ € N, and arbitrary =).
To show the “—” part, let KEE)(F) = tt, and =’ = (&), &}, &, .. .) such that

5’ ~, Zand

(%) KEE/)(U ADO(u — vV (v1 AOu))) = tt.
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For a contradiction, assume moreover that KEE)(Ul unl ») = ff. Using the law
(Tb14), it follows that KEE )(1)2) = KgE)(’UQ) = ff; therefore we must have
K (0 A Ou) = tt by (%), hence K% (vy) = K= (1) = tt. Again law

(= :

(Tb14) then implies that K; +i(v1 unl v;) = ff. Continuing inductively, we find that
K§5)(v1) = tt and K;E)(vl unl v») = ff for all j > . In particular, we obtain
Kgg)(Dvl) = tt. This implies KEE)(vl unl v,) = tt by (Tb3), and a contradiction is
reached. _

For the opposite direction, let ng)(vl unl ) = ttand =/ = (¢,&1,&5,...)
such that & (u) = K;C:)(vl unl v;) for every k € Nand £’ ~,, =. Then we have
KgE )(u) = ttand K;»E )(31 unl vp) = tt for every j > i with K§E )(u) = tt. By law
(Tb14) it follows that K{= /(v V (01 A O(v; unl v2))) = tt which, by the definition
of &7, irilplies that K;E/)(vg V (v; A Qu)) = tt for every j > i. Together we thus
have K{=)(F) = tt. A

The semantic definitions for LTL+x and LTL+q have a “global” flavor in the
sense that the valuation = is used in its entirety for the definition of KEE)(A),
and not just its suffix =¢ = (&;,&;41,...). Nevertheless, a natural generalization
of Lemma 2.1.5 holds for these logics, as we now show for the logic LTL+q. (An
analogous proof holds for LTL+.)

Lemma 3.3.1. Let K be a temporal structure and = be a propositional valuation.
Then (Ki)J(.: )(A) = KEi;(A)for every j € N and every formula A of L]+, .

Proof. Adapting the proof of Lemma 2.1.5, we only need to prove the case of a
quantified formula JuA. From the definition we see that (K¢)'=") (JuA) = tt if and

J
only if (Ki)]@ )(A) = tt for some valuation =/ ~, =% Now, any such valuation

=

Z’ can be extended to a valuation =/ ~, = such that =/ = (Z”)*, and vice versa.

The preceding condition is therefore equivalent to requiring that (Ki)j(.“:”)z (A) =tt
holds for some = ~,, =, and by the induction hypothesis (applied to the valuation

Z""), the latter is equivalent to K= (A) = tt for some =" ~, =, which just means
q 1+7 J

K (3ud) = tt. A

As a particular consequence of Lemma 3.3.1 it follows that the two notions of
validity that we have considered in Chap. 2 also coincide for LTL+q (and LTL+pu),
that is, we again have F A if and only if A for these logics. This equivalence is
implied by Lemma 3.3.1 in the same way that Theorems 2.6.2 and 2.6.4 follow from
Lemma 2.1.5.

A sound and weakly complete formal system X, for LTL+q is obtained by ex-
tending X 1. by the following axioms and rules. For the formulation of rule (qltl-ind)
we introduce some short notation: if u = (uy, ug, . . ., u,) is a tuple of propositional
variables then JuF' denotes Ju; Juy . .. Ju,, F. The notation 5/ ~,, = is extended to
tuples of variables in the obvious way. Furthermore, for two such tuples u; and u,
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of equal length, Fy,, (uz) denotes the result of simultaneously substituting the vari-
ables of uy for the free occurrences of the variables (with the same index) of u; in
F.Ifu; = (uf,...,ul) and ug = (ud, ..., ud) are two such tuples, we also write
uy < u; as an abbreviation for (usd < ui) A... A (uf < ul').

Additional axioms

Q) A (B) — JuA,
qt2)  3uOA © OFud,
(qlt13) Ju(u A OO-w).

Additional rules

(qltl-part) A — B + JuA — B if there is no free occurrence of v in B,
(qlt-ind)  F — JuaO((ug < uy) A Fy, (u2))
FF— 3112((112 — 111) A OFy, (u2)>
if every occurrence of variables u} in F is in the scope of at
most one O operator and no other temporal operator.

The axiom (qltl1) and the rule (qltl-part) are rather obvious counterparts of the stan-
dard quantifier axiom and the particularization rule of classical first-order logic as
introduced in Sect. 1.2. The generalization rule of FOL can also be adapted provid-
ing the derived rule

(qltl-gen) A — B+ A—VYuB if there is no free occurrence of u in A.

Similarly, we obtain the derived law
(Tql) VuA — A, (B).

The axiom (qltl2) asserts that existential quantification and the next-time operator
commute. Its validity is easy to see:

I

KEE)(EIuOA) =1t < thereisa = suchthat = ~, =/ and Kggl)(OA) =t
~u 5 and KD (4) = tt

[1]

& there is a =’ such that

& KT (3ud) = tt
& KF)(03u4) =tt.
Axiom (qltl3) can be used to introduce a fresh propositional variable that marks the
current state; its validity is obvious.
The rule (qltl-ind) formalizes a principle for defining a proposition by induc-

tion. By the assumption that the variables in u; occur in F' under the scope of at
most one operator O and no other temporal operator, the value of KEE)(F), where
Z = (&,&,&,...), does not depend on any &; (uf) for j > i + 2. To understand
the “correctness” of the rule, assume now that

(*) 'IZ( F — EIuQO((UQ — u1) A Fu1 (112))



3.3 Propositional Quantification 87

and that KEE)(F) = tt where = = (£0,&1,&2,. . .). By assumption (), there exists
2= (&), &1,&,...) where =/ ~y, = suchthat &), | (uf) = &1 (uf) forall k, and
K(El) = 1"oEn e

it1 (Fu, (u2)) = tt. Defining the valuation =" = ({7, &7, &3, . ..) by

£ () = & (uy) if u=uyandj > i+2,
J &(u) otherwise,

the above remark implies that Kgi,) (F) = tt. Continuing in the same way, we find
a valuation = = (éo,fl,ég, ...) such that KEE)(F) = tt and éj = ¢; forall j < i.
This is just a transcription of the conclusion of the rule (qltl-ind).

The statement of a Deduction Theorem for the formal system X7, again requires
some care. The restricted version mentioned in the previous section is also correct

q
for Xy .

Example. We will demonstrate the use of X'}, by deriving the existence of an “os-
cillating” sequence of truth values beginning with “true” and changing at every in-
stant. More precisely, we derive the formula

Fu(u A O(Qu « —u))

in X1, . In this derivation we sometimes write (ltl) to denote valid LTL formulas,
without deriving them formally.

(1) Juy(ug A OO—wy) (qlt13)

2) up ANOO-u; — ——ug A OO-uy (taut)

3) ——up AOO-u; — H’UQ(“UQ AN ODUQ) (qltll)

4)  wy AOO-wu; — Fug(—ug A OOuy) (prop),(2),(3)
(5)  Fug(wg AOO=wy) — Jug(—ug A ODug) (qltl-part),(4)
6)  Fus(~up A OOuy) (mp),(1),(5)
(7)) OFug(—ug A OOuy) (nex),(6)

(8)  FuaO(—ug A OOuy) (prop),(7),(qlt12)
® O(ﬁUg N ODU,2> — O—ug A OOOuy (prop),(T15)
(10) O(=us A OOuz) — Jup(O—ty A OODuy) (qltl1)

(11) Jus0O(~uz A OOug) — JupO—uy A OOTuy (qltl-part),(10)
(12) JupO—ug A OO0 uy (mp),(8),(11)

(13) O—us A OOOuy —

(5 A (OT o =) — O((uz » T) A (Ous > ~))) (It
(14) O((uz < u) A (Qug < —ug)) —

FuO((u < u) A (Ou « —u)) (qltll)
(15) O—up A OOOuy —

(A (Ou « —u) — FuO((u <« u) A (Ou < —u))) (prop),(13,(14)
(16) H’U/Q(Oﬁuz /\OODUQ) —

(a N (O« 1) — FJuO((u < @) A (Ou «— —u))) (qltl-part),(15)
(17) a A (Ou < —u) — JuO((u < u) A (Ou < —u)) (mp),(12),(16)
(18) OFu; (ug A OO—uy) (nex),(1)
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(19) FuO(wy A OOy (prop),(18),(qlt12)
(20) O(uy A OO=uy) — Ouy A OOO—1 (prop),(T15)

(21) Ou1 A OOD—\’U,l e Elul(Oul A OO\:‘—|U1) (qlﬂl)

(22) O(uy A OO=uy) — Juy (Oug A OOD—uy) (prop),(20),(21)
(23) JuyO(uy A OO=-1y) — Fug (Oug A OOO—wuy) (qltl-part),(22)
(24) Fuy (Ouy A OOO-1y) (mp),(19),(23)

25) Oup ANOOO-u; —
(= A (O < =) — O((ug <> @) A (OQuy < —uy))) (Ith)
(26) —u A (Ou < —u) — JuO((u < u) A (Ou « —u)) from (24),(25) in the
same way as (17) from (12),(13)

(27) (Ou <« —u) — FuO((u < @) A (Ou «— —u)) (prop),(17),(26)
(28) (01 < —) — Ju((u @) A O(Ou « —u)) (qltl-ind),(27)
(29) Vu((Ou « —u) — Fu((u < u) AO(Qu «— —u))) (qltl-gen),(28)
(30) u; AOO=-u; — (Quy <> —uy) tl)
B1) u; AOO=u; — Fu((u < up) AO(Ou < —u)) (prop),(29),(Tq1)
(32) (u <> u1) NO(Qu <« —u) — (13 — uAO(Ou < —u)) (taut)
(33) uAO(Ou < —u) — Ju(u A O(Qu < —u)) (qltll)
(34) (u < w) AO(Ou « —u) —

(w1 — Ju(u A O(Ou < —u))) (prop),(32),(33)
(35) Fu((u < u1) ANO(Qu < —u)) —

(u1 — Ju(u A O(Qu < —u))) (qltl-part),(34)
(36) up A OOy — Fu(u A O(Ou « —u)) (prop),(31),(35)
(37) Fuy(wg AOO=1y) — Ju(u A O(Ou «— —u)) (qltl-part),(36)
(38) Ju(u A O(Ou « —u)) mp)(D),37) A

We conclude by listing some further laws that are not hard to derive in X}, .
We will revisit this extension of LTL in Chap. 4 where its expressive power will be
related with the fixpoint logic LTL+: considered in Sect. 3.2.

(Tq2) VYuOA « OVuA,
(Tq3) VuOA « OVuA,
(Tqd) FuCA — OFuA,
(Tq5) O(AV B) — FuO((AAu)V (BA-u)).

3.4 Past Operators

Our next extension starts from the observation that in LTL and its versions investi-
gated so far it is only possible to “speak about the future”. The temporal operators O,
0O, until, etc. (in this context also called future operators) relate assertions on future
states (including possibly the present one) to the reference state. It is very natural to
extend the general idea of temporal logic by past operators which allow for “looking
into the past”.

To do this, starting again from LTL, we introduce the “symmetrical” versions of
the basic operators O and 0. The new operators are denoted by © and B and called
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weak previous operator and has-always-been operator, respectively. Their informal
meaning is as follows.

©A: “Aheld in the previous state”,
BHA: “Aheld in all past states (including the present one)”.

More formally, we obtain an extended logic LTL+p the language L};, of which
results from Ly by adding the symbols © and B to the alphabet and the clause

e If Aisaformulathen ©A4 and 5 A are formulas

to the inductive definition of formulas. The semantics is given by extending the in-
ductive definition of K;(F') for a temporal structure K, i € N, and formula F' given
in Sect. 2.1 by

o K©A)=tt & ifi>0 then K,_;(4) =tt.
o Ki(BA)=tt & K;(A)=ttforeveryj <i.

Example. Let v € V, A = 06y, B = BO-w, and K be given by:

‘770771 n2ns ...
o ff ff tt tt ... (tt forever). ..

Then we get Ko(©v) = tt, Ki(6v) = Ky(©v) = ff, K;(Gv) = ttfori > 3,
Ko(O—w) = tt, K1 (O—w) = ff, and therefore

K;(A) =ff fori <2,

K;(A) =1t fori > 3,

Ko(B) = 1t,

K;(B) = ff fori > 1. A

The symmetry between the pairs of operators O and O on the one hand and ©
and B on the other hand is not “exact” since in any state, there are infinitely many
future states but the past is limited by the initial state. The particularity of this state
is expressed by the fact that, for any temporal structure K,

Ko(©4) = tt,
Ko(B14) = Ko(A)

hold for arbitrary A. The first of these equalities comes from the “weak” semantical
definition for ©. A dual (“strong”) version is obtained by introducing the strong
previous operator © through the abbreviation

84 = -6-4
which obviously provides
Ki(@A)=1tt & i>0and K,_1(4) =1t

and
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Ko(84) = ff,
K;(84) =K;(©4) fori >0

for arbitrary A.
Finally we may introduce a counterpart <, called once operator, of & by the
abbreviation

SA = -B-4
which implies

Ki(©4) =tt & K;(A) =1t forsomej <
and

Ko(64) = Ko(4)

for every formula A.
For more illustration, we give again a short list of valid formulas of LTL+p and
prove some few of them.

(Tpl) ©A — —Ofalse,

(Tp2) e-A — —\@A,

(Tp3) -0A « @—!A,

(Tp4) A — ©0A4,

(TpS) A — OeA,

(Tp6) ©(A — B) «— ©A4 — ©B,
(Tp7) ©(AAB) < ©ANOB,
(Tp8) ©(AAB) — SANSB.

Proof of (Tp2), (Tp4), and (Tp8). For any temporal structure K and ¢+ € N we have:
K,(@_'A) =t = ¢ >0and Kz_l(A) = ff
= K;(84) =ff
= Kl(ﬁ@A) =1t
Ki(4A) =tt = ifi > 0then K;(4) = tt
= if 4 > 0 then Klfl(OA) =t
= K,;(604) = tt.

Ki(S(AAB)) =tt & i>0andK,_1(AAB) =tt
< 4> 0and Ki_l(A) = Kl_l(B) =t
o Ki(8ANSB) =tt. A

LTL+p is more expressive than LTL. Consider the formula ©false. According to
the arguments from above we have

Ko(©false) = tt
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and since
K;(©false) =ff fori >0
is obvious, we obtain
K;(Sfalse) =tt & i > 0.

We will see in the next section that this has some connections to initial validity dis-
cussed in Sect. 2.6 and indeed, like in the logic LTL introduced there, we have to
face the fact that the typical LTL relationship

FU{A}EB & FFUOA—-B

between implication and consequence does not hold in general in LTL+p but has to
be modified in the following manner.

Theorem 3.4.1. In LTL+p, FU{A} EB ifand only if F E0OANBA — B.
Proof. We first note that for every temporal structure K and ¢ € N we have

FA & Kj(A) =1t forevery j €N
< K,;(A) =tt forevery j < iand K;(A) = tt forevery j > i
54 KZ(DA AN ElA) =t

So, if F U {A} E B, let K be a temporal structure with k= I for every F' € F and
i € N. Then K;(0A A BA) = tt implies £ A from which we get k. B and, hence,
K;(B) = tt. This proves the only if part of the theorem.

For the converse, let 7 F OA A BA — B, K be a temporal structure with IiF
for every F' € 7 U {A}, and 7 € N. Then k A and therefore K;(OA A BA) = tt.
From the presupposition we get K;(OA A BA — B) = tt and, by Lemma 2.1.1,
Ki(B) = tt which proves the assertion. A

(A close look at this proof shows that the if part of the LTL relationship still holds
in LTL+p.)

Finally, LTL+p can be axiomatized by a sound and weakly complete formal sys-
tem ELPTL which results from Xy pp, by the following extensions.

Additional axioms

(pltl1) 6-4 — —8A,

(pltl2) S(A — B) — (94 — ©6B),
(pltI3) BA — A NOSHA,

(pltl4) SO false,

(pltl5) A — ©0A,

(pltl6) A — O8A.
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Additional rules

(prev) A FOA,
(indpast) A— B,A—©SA+FA— BB.

The axioms (pltll), (pltl2), (pltl13), and both rules are counterparts of the (“proper
temporal”) axioms and rules of Y. Axiom (pltl4) expresses the existence of an
initial state. Finally, axioms (pltl5) and (pltl6) connect past and future.

As an example of application, we show how to derive the law (Tp1) noted above.

Derivation of (Tpl).

(1) false — —A (taut)

(2) ©(false — —A) (prev),(1)

(3) ©false — ©-4 (prop),(pltl2),(2)

4) ©A — —Ofalse (prop),(3) A

We conclude with the obvious remark that the Deduction Theorem does not hold
in LTL+p in the form of Theorem 2.3.3 but has to be modified to

FU{d} kg B = F Iy DANBA—B

which directly mirrors the semantical considerations above. The converse of this
relationship holds as well as the LTL version formulated in Theorem 2.3.4.

3.5 Syntactic Anchoring

In the previous section we already indicated a connection between the expressibility
of past operators and initial validity semantics discussed in Sect. 2.6. If we want
to describe that a formula A holds in the initial state of some temporal structure
this can be achieved by taking LTL with that semantics, i.e., LTL, or, alternatively,
by choosing LTL+p. As we have seen in Sect. 3.4, a particular feature of the latter
extension is that

Ki(Sfalse) =tt & i =0
for every temporal structure K. For the formula
B = oSfalse — A

we then obviously obtain

Ko(B) = Ko(A).
K;(B) =tt forevery i >0

and therefore
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}?B < Ko(4) =t

So, ©false — A in fact describes that “A holds in the initial state (of K)”.

We may take this observation to introduce a simpler extension of LTL than by
past operators which allows this “syntactic anchoring” as well. We only enrich the
alphabet of L1, by an additional symbol init and extend the inductive definition of
formulas of Ly by the clause

e init is a formula.

We denote the resulting logic by LTL+i and its language by £i 1, .

The informal meaning of init is to behave like © false in LTL+p, i.e., to hold
exactly in the initial state of a temporal structure. This is formalized by extending
the inductive definition of K;(F') for a temporal structure K, ¢ € N, and formula F'
to the new formula in the following evident way:

e K;(init) =tt & i=0.
Then, as above, the formula
init — A
describes the initial validity of A (in some K).

There are two characteristic laws for the new formula. The first one is given by
the formula

O—init

which expresses that init does not hold in non-initial states. Its validity is clear be-
cause of

K,(O—dnlt) = Ki+1 (_\ll'lit) =t

for every temporal structure K and ¢ € N. The second law is the consequence rela-
tionship

init - OA F A

which captures the property that init holds in initial states. For its proof, let K be a
temporal structure with K init — OA and 7 € N. Then Ko (init — 0OA) = tt which
means K;(A) =tt forall j > 0. This implies K;(A) = tt and shows that i A.

The expressibility of initial validity in LTL+i induces the same remarkable fact
about the relationship between implication and consequence as in LTL; and in
LTL+p: the equivalence

FU{A}EB & FEFUOA—B

does not hold in general in LTL+i. A simple counterexample (with F = () is given
by
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init — Oinit F init

which is an instance of the general law just mentioned. However, the formula
O(init — Oinit) — init

is not valid. Otherwise we would get, e.g.,
K1 (O(init — Oinit) — init) = tt.

As in the example at the beginning of the section we have K, (init — Oinit) = tt for
every ¢ > 0 and therefore

K1 (O(init — Dinit)) = tt.

Lemma 2.1.1 may be applied here as in LTL, so together we would get K; (init) = tt
which is an obvious contradiction.

The general relationship above can be saved in LTL+i only with some restric-
tions. One possible modification is

FU{A} EB & FEOA— B if A, Bandall formulas of F do not
contain the formula init.
With this restriction, the proof of Theorem 2.1.6 can be transferred verbally. The
crucial point is that Lemma 2.1.5 still holds for formulas without init (but is violated
by init) which can easily be seen from its proof. Clearly, the proof of Theorem 2.1.6
also shows that the “if” part of the relationship still holds without any restriction.
An axiomatization of LTL+i is given by extending the formal system X' 1. by the
two characteristic laws introduced above, i.e., the additional axiom

(iltl) O—init
and the additional rule
(init) init - 04 - A.

We denote the extended system by Xl . It is sound as proved by the semantical
arguments above, and it can also be shown to be weakly complete.

A useful derived rule of Xl is the following additional version of the basic
induction rule (ind) of Xyr:

(indinit)  init — A, 4 — OA + A.

Derivation of (indinit).

(1) init — A assumption
2) A—0OA assumption
(3) init — OA (ind2),(1),(2)

4 A (init),(3) A
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As in Sects. 2.6 and 3.4 we conclude with a remark on the Deduction Theorem.
According to the semantical considerations above this no longer holds in LTL+i in
the general form of LTL. A possible modification could be formulated with the re-
striction as in the semantical case. Another, more precise one is given as follows:

FU{A} FB = FFOA— B ifthederivation of B from FU{A}
contains no application of the rule
(init).
Its justification can be taken verbally from the proof of Theorem 2.3.3. The converse
of the general form (i.e., without any restriction) still holds in LTL+i.

3.6 Combinations of Extensions

As indicated already in Sects. 3.2 and 3.3, the extensions presented separately in
the preceding sections can also be combined, and various of such combinations are
quite reasonable. For example, the extension by the formula init can be combined
with binary or fixpoint operators. Propositional quantification could be added to an
extension with binary or past operators. A combination of init with past operators,
on the other hand, would not make much sense, since init is expressible in LTL+p.

In any such combination, a proper formal system is given by adding the respec-
tive axioms and rules introduced in the preceding sections to Xy . For example, the
logic LTL+b+i obtained by extending LTL by the extensions “b”” and “i” has the fol-
lowing sound and weakly complete formal system XP5; (based, e.g., on the operator
atnext).

Axioms

(taut) All tautologically valid formulas,
(1t1) —-0A « O-A4,

(1412) O(A — B) — (OA — OB),
(1t13) 0OA — ANODOA,

(atnextl) A atnext B «» O(B — A) AO(—B — A atnext B),
(atnext2) OO-B — A atnext B,

(iltl) O—init.

Rules

(mp) AA— B+ B,

(nex) A F OA,

(ind) A— B,A—OAFA— OB,
(init) init — 0OA - A.

Furthermore, all temporal logic laws and derived rules of LTL and the respective
extensions hold in the combination. For example, in LTL+b+i the laws (T1)-(T38),
(Tb1)—(Tb29) and the derived rules (prop), (ind1), (ind2), (alw), (som), and (indinit)
are available.
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If past operators are combined with binary or fixpoint operators it would be rea-
sonable to extend the “past aspect” to these operators. For example, enriching LTL+b
by past operators (yielding a logic LTL+b+p) should not only introduce © and B as
discussed in Sect. 3.4 but also the “past analogies” of the binary operators. Such
binary past operators can be introduced, e.g., for the informal phrase

“A held in all preceding states since the last state in which B held”.

Again strict or non-strict, strong or weak interpretations are possible. We consider
only strict versions and fix the following formal definitions.

o K;(Asince B) =tt & K;(B)=tt forsome j < ¢ and
Ki(A) =tt forevery k,j < k < i.

o K;(Abackto B) =tt & K;(B) =tt for some j < ¢ and
Ki(A) =tt forevery k,j < k <
or

Kr(A) =t forevery k < i.

The operators since and backto are obvious past analogies of until and unless. In
the same way operators atlast (“A held in the last state in which B held”) and after
(“A held after B held”) reflecting atnext and before can be defined as follows.

o K;(Aatlast B) =tt & K;(B) =ff foreveryj < ¢ or

Ky (A) = tt for the greatest & < ¢ with Ki(B) = tt.
o K;(Aafter B) =tt < foreveryj < ¢ with K;(B) =1t

there is some k,j < k < 4, with Kj(4) = tt.

The various relationships between the (future) binary operators and their connec-
tions to O, O, and < can be systematically transferred to these new operators and S,
S, B, and ©. We give only a few examples which should be compared with (Tb1)
and (Tb5)—(Tb9).

A since B «— S B A A backto B,

A backto B < B atlast (A — B),

A atlast B < B after (-A A B),

A after B — —(AV B) backto (A A —B),
©A < A atlast true,

BA < A A A backto false.

A sound and weakly complete axiomatization could be based on one of the op-
erators. Depending on this choice, one of the axioms

(since) A since B — 6BV &(A A A since B),

(backto) A backto B < ©B V ©(A A A backto B),

(atlast) A atlast B — ©(B — A) AN©(—B — A atlast B),
(after) A after B — ©-B NS(AV A after B)

being the analogies of (untill), (unlessl), (atnextl), and (beforel), respectively,
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should be added to the other extending axioms. These are again fixpoint character-
izations and it should be noted that the strong and weak versions since and backto
of “since” now have different characterizations with respect to the involved previous
operators.

Another remarkable fact is that none of the analogies of the respective axioms
(until2), (unless2), (atnext2), and (before2) needs to be taken as a further axiom
here. They can be derived in the formal system X7; augmented with one of the
above axioms. Observe that for the binary future operators those additional axioms
characterized strong and weak operator versions, i.e., as mentioned in Sect. 3.2, least
or greatest fixpoints, of certain corresponding equivalences. So the derivability of
their analogies also indicates that, in fact, the least and greatest fixpoints in the case
of past operators coincide.

As an example we derive the formula

©H-B — A atlast B

which corresponds to (atnext2). The derivation also makes use of the laws (Tpl),
(Tp7), and (Tp8) listed in Sect. 3.4:

(1) —(A atlast B) —

-S(B — A) V =©(~B — A atlast B)
(2) —(A atlast B) —
8(B A—A)VE(—B A (A atlast B))

(prop),(atlast)

(prop),(prev),(pltl2),(1)

(3) (A atlast B) — —©false (prop),(Tp1),(2)
(4) (A atlast B) A ©8-B — —©Sfalse (prop),(3)
(5) —(A atlast B) —
(8B NS-A)V (6-B AE~(A atlast B)) (prop),(Tp8).(2)
(6) B-B — ~BASBE-B (plt13)
(7) ©(B-B — -~B AN©SB-B) (prev),(6)
(8) ©B-B — ©(=B A©SB-B) (prop),(plt12),(7)
9) ©B8-B — -8B N©SB-B (prop),(Tp7),(8)
(10) —(A atlast B) AN©8-B —
©-(4 atlast B) A ©08-B (prop),(5),(9)
(11) ©&—(A atlast B) — ©-(A atlast B) (prop),(pltl1)
(12) —(A atlast B) A©8-B —
©(~(A atlast B) A ©5-B) (prop).(Tp7),(10),(11)
(13) —(A atlast B) A ©8-B — B-Sfalse (indpast),(4),(12)
(14) ©OSfalse — (©8-B — A atlast B) (prop),(13)
(15) ©8-B — A atlast B (mp),(pltl4),(14) A

Finally we note that the extensions may also be combined with initial validity
semantics. In this case the axiomatizations have to be adjusted in a similar way to

the one in which X1y, results from Xy
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Second Reading

As sketched out in the Second Reading paragraph in Sect. 2.3, temporal logic is a special
branch of modal logic. Its intention is to formalize reasoning about statements “in the flow
of time” and it is particularly designed for applications in computer science.

Capturing aspects of time is quite generally of interest in logics, and another field of pos-
sible applications is encountered by the relationship between logic and (natural) languages.
In fact, there is also a “modal approach” to this topic, called fense logic, which is very close
to temporal logic as described here.

“Basic” tense logic is an extension of classical propositional logic by unary tense opera-
tors for building formulas of the form

OA  (“It will always be the case that A”),
HA  (“It has always been the case that A”)

(we use, because of the close relationship, the operator symbols of temporal logic) and

OA  (“It will be the case that A”),
SA  (“It has been the case that A”)

with the duality relationship that GA can be identified as =0—A and ©A as ~B-A.
An extended version adds the binary tense operators until and since, i.e., formulas of the
kind
Auntil B (“It will be the case that B, and A up to then”),
A since B (“It has been the case that B, and A since then”)

to the basic equipment.

As to the language, this tense logic is “LTL+b+p without nexttime and previous opera-
tors”. The semantics, however, is a “most general one” in the lines of modal logic (and many
investigations then again address the questions of whether and how particular restrictions
can be characterized by formulas of the logic). Adopting the notion of a Kripke structure
R = ({n.}.ex, <) as defined for modal logic in the Second Reading paragraph of Sect. 2.3
(and informally understanding now K as a set of “time points” and < as the relation “earlier
than”) the semantics of the tense operators is given by the clauses

R(0A) =tt & R (A) =tt forevery k witht Q &,
R.(BA) =tt & R.(A) =tt forevery k with k < ¢,
R, (Auntil B) =tt & R.(B) =tt for some x with ¢ < k and
Ri(A) =tt forevery k witht <k and k < &
and analogously for the other operators.
The definition for OA is just as in modal logic and taken together, the clauses show that
the semantical difference to temporal logic (as introduced so far) is given by the fact that in

the latter K is fixed to be the set N of natural numbers and <1 is < (which also means that
O and 3 are here defined in a “non-reflexive” version).

Bibliographical Notes

The until operator was originally investigated in tense logic (cf. the above Second
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4

Expressiveness
of Propositional Linear Temporal Logics

As for every logical language, it is interesting to investigate the “expressive power”
of temporal logic(s). There are various aspects of this notion raising different ques-
tions about, e.g, which temporal operators are expressible by others, how the various
temporal logics compare with each other in their expressive power, how temporal
logic descriptions compare with descriptions in other formalisms, and the like.

In some previous sections we already argued rather casually about “expressibil-
ities”. In this chapter we want to address these questions more systematically. In
particular, we want to compare temporal logics with classical predicate logic and
with certain automata. Both formalisms can serve as “yardsticks” for measuring the
expressiveness of temporal logics.

4.1 LTL and Its Extensions

Temporal logic formulas describe assertions about temporal relationships in state
sequences like the phrase

“If A holds then B holds in all forthcoming states including the present one”

that is formally mirrored by the semantics of the formula A — OB. The basis for
this kind of description is given by the temporal operators, and which relationships
can be described depends on the “expressive power” of the operators. In Chap. 3 we
already noted, among others, the following simple facts concerning this aspect:

the binary operators of LTL+b are mutually expressible by each other,

the operator O is expressible by each of these binary operators,

the operator O is expressible by each of the strict binary operators,

The operators of LTL+b are expressible by fixpoint operators and by proposi-
tional quantification.

We will, throughout this book, compare the expressiveness of formalisms in var-
ious ways. Actually, the notion of “being expressible by” is not defined in a uni-
form way; it will be determined by different concrete relationships between the
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formalisms. Assertions of the kind recalled here compare various temporal logical
operators and refer to the same “logical framework™. In this particular case we will
define in the following a first adequate formal setting of expressivity notions for such
comparisons. Later we will extend or modify the notions or even use them for other
“similar” relationships.

Let TL; and TLs be two temporal logics (with normal semantics) as discussed in
Chaps. 2 und 3. We write TL; C TLy, if every formula of TL; (more precisely: of
any language of TL,) is also a formula of TLo, i.e., if TLs is an extension of TL; in
the sense in which this notion was introduced in Sect. 1.4.

A formula A of a temporal logic TL; is called expressible in the logic TLy if
there is a formula B in TLy such that

FA< B

holds in a logic TL which is a common extension of both TL; and TLy (so A < B
is a formula of TL); in other words, A and B are logically equivalent (in TL). In
general this means that

K& (4) = K®(B)

7 7

holds for every temporal structure K, valuation =, and ¢ € N, and reduces to
Ki(4) = Ki(B)

in the case that TL does not contain propositional variables. We now write
TL; < TL,

if every formula A of TL; is expressible in TLo. Obviously we have TL; < TL, if
TL; € TL,. TL; and TL, are called equally expressive, denoted by

TL; =TL,

if TL; < TLy and TL, < TL;. TL; is called less expressive than TLy (or TLy more
expressive than TL,), denoted by

TL; < TLo,

if TL; < TL; and not TLy = TLs.

In this terminology the facts from Chap. 3 repeated above can be stated as fol-
lows. For any versions LTL+b and LTL+b’ extending LTL by different binary oper-
ators we have

LTL+b = LTL+b’.
If we denote the sublogic of LTL+b not containing the operator O by LTL+b~ then

LTL+b~ = LTL+b,
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and analogously in the case of a logic with a strict binary operator and without O and
O. Moreover, we have

LTL+b < LTL+p and LTL+b < LTL+q.

Additionally, we note that these relationships can be transferred to LTL+b+p. For
example we have

LTLbp = LTL+b+p

where LTLbp denotes the temporal logic with one strict binary future and one strict
binary past operator, but without O and O.

We now will show some more expressiveness results of this kind about the var-
ious extensions of LTL. For some of the proofs, we recall a notation introduced in
Sect. 2.1: for any temporal structure K = (19,71,72,...), the “suffix structure”
(s Mit1, Mit2, - - - ) is denoted by K*.

In Sect. 3.1 we remarked already that the binary operators of LTL+b cannot be ex-
pressed in LTL. To show this formally, let V be some set of propositional constants.
We define, for three arbitrary states 1, ', ’ (with respect to V) and m, n € N, the
two temporal structures

KmmD = (g sm o omy ey,
—— —— ——— ——

m—+1 n n n
K2 = (o, mon s, s, ny s )
S—— ~—— ~—— N——
m—+1 n n n

for V. Observe in particular that if n > m + 1 then

(K(mtn,l))i _ (K(m,n,Q))iJrnJrl and (K(m,n,Q))i _ (K(m7n,1))i+n+1

hold for every 7 € N.

Lemma 4.1.1. Let m,n € Nwithn > m+ 1 and let A be formula of L111.(V) con-
taining at most m occurrences of the operator O. Then K(()m’"’l) (A) = K((]m’n’Q) (A).

Proof. Let m, n, and A be as described. The proof runs by structural induction on
A. (We write K for K(m:m:1) and K@) for K(m:m:2) )

. A=veV: Kél)(v) =n(v) = Kéz)(v).
2. A = false: Kél)(false) =ff= KBQ)(false).
3. A= B — (" Applying the induction hypothesis we have
KB — €)=t & K{(B) =ff or K{"(C) =tt
o KP(B)=ff or KIP(C) =t
e KP(B -0 =t
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4. A = OB: Then m > 1, and the induction hypothesis can be applied to (K(l))l,
(K@) and B. With Lemma 2.1.5 we obtain
K{"(©oB) = K{V(B
— (K(l)
= (K(2)
= K(B)
= kP (©0B).
5. A = OB: Using the above remark and applying again Lemma 2.1.5 we have
K((Jl)(DB) =ff = Kgl)(B) = ff forsome i € N
= (KMW)§(B) = ff for some i € N
= (K@)it"+t1(B) = ff for some i € N
= KP(OB) = ff
and the opposite direction is obtained analogously. A

Lemma 4.1.1 informally means that an LTL formula cannot “distinguish” two suit-
ably chosen temporal structures of the above shape. Binary operators can do this; so
we obtain the desired result.

Theorem 4.1.2. LTL < LTL+b.

Proof. Since LTL < LTL+b is trivial it suffices to show that there is no LTL formula
A over some V with vy, v2 € V such that K;(4) = K;(v; atnext vy) for every
temporal structure K for V and i € N. Assume, on the contrary, that such an A
exists and let m be the number of occurrences of the operator O in A. Consider the
temporal structures K(1) = K(mm+1L1) and K2) = K(mm+1.2) with states 1, ', 1"
such that

n(vy) = ff,
n' () =1n'(v2) =t
0’ (v) = ff, n’ (vn0) = tt.

Then we have
Kgl)(vl atnext vy) = tt and K(()2)(v1 atnext vy) = ff,

and since Kél) (A) = Kéz) (A) by Lemma 4.1.1, we obtain the contradiction that
Kéi)(A) + K((f)(vl atnext vs)

for one of the temporal structures K@ 4 = 1,2. AN
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In another remark in Sect. 3.2 we announced that we will prove that LTL+ is
more expressive than LTL+b (and, hence, LTL). To show this consider the formula

vu(A A OOu)
of LTL+p (where u does not occur in A). We abbreviate this formula by
even A

using a new temporal operator even with the informal meaning “at all states with
even distance”. In fact, an immediate transfer of the proof of the equality [O Aﬂf =
[vu(A A Ou)]Z in an example in Sect. 3.2 shows that

[vu(A AOOu)]g = {i eN| Kgi;k(A) = tt for every k € N}
for any K and =, and this means
KEE)(even A)=tt & Kgi%k(A) =1t forevery k € N.

At a first glance the formula even A might appear to be expressible in LTL (if A
is an LTL formula), e.g., by

AAND(A — O-A).

This formula, however, asserts that A is true precisely at the states with even distance,
and is false at the remaining states; it is therefore stronger than even A. Another
candidate could be

AAD(A — O0A)

asserting that A is true at all states with even distance. However, if A also happens
to be true at some state with odd distance, it will have to be true at all future states
with odd distance, too, which is again stronger than what even A asserts.

In fact, even cannot be expressed in LTL+b. To show this, let V be a set of
propositional constants and v € V. For every k € N we define the temporal structure

KE) = (S8 ptF) ¥ ) for V by

)= o i=k,
ngk)(v’) =ff forall v’ € V other than v

(for every + € N).

Lemma 4.1.3. For every formula A of L0 (V) there is some | € N such that
K((Jk)(A) = K(()l)(A)for every k > 1.

Proof. Observe first that for all n € N, we have K(") = (K("+1)1 by definition of
the structure K. Using Lemma 2.1.5 it follows that
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+1
KD (4) = (KHD)5(4) = K§™ (4)

for every formula A4 of L1, (V).

The proof of the lemma proceeds by structural induction on A. We adopt unless
as binary operator; since the operators O and O can be expressed in this logic, we
need not include them in the inductive proof.

1. AeV:If A = v then ng)(A) = tt forevery £k > 1 and if A # v then
Kék)(A) = ff for every £ € N. Thus, with [ = 1 we have in both cases that
K (A) = K{P (A) for k > 1.

2. A = false: Because of K(()k)(false) = ff for every k& € N, we may choose [ = 0.

3. A = B — (' By the induction hypothesis the property to be proved holds for
B and C with numbers /g and I¢, respectively. Let [ = max(ig, l¢). For every
k > | we then have

KB = C)=tt o K (B)=1f or K{”(C) =1t
e KP(B) =1f or K{P(C) =t
s KPB - o) =t

4. A = B unless C: Let | = max(lp, lc) where [p and ¢ are given by the induc-

tion hypothesis for B and C', respectively. We show that Kék)(A) = Kél)(A) for
every k > [ + 1 by induction on k.

The case k = [ + 1 is trivial. For the inductive step, we observe the following
chain equivalences:

PN ng+1)(
KED(B) = K™ (B unless ¢) =tt  (law (Tb14))
s KPPy =ttor

K(()k) (B) = K(k) (B unless C) = tt (above observation)
& K(()l)(C) tt or
K(()l)(B) K(k)(B unless C) = tt (major ind. hyp.)
& Kél)(C’) =1t or
K(()l)(B) K(l)(B unless C) = tt (minor ind. hyp.)
& Kng)( ) =1t or
K(lH—l)(B) = Kgl—H)(B unless C) =1t (above observation)
& K(B unless C) = tt (law (Tb14)) A

Lemma 4.1.3 informally means that any formula of £}, (V) can distinguish only
finitely many of the temporal structures K(*) and this is the key argument for the
desired non-expressibility result.

Theorem 4.1.4. LTL+b < LTL+p.
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Proof. Assume that there is a formula A of L2y, (V) (for some V with v € V)
such that K;(A) = K;(even v) for every temporal structure K for V and i € N.

(We understand LTL+b as a sublogic of LTL+u and write K; instead of KEE) since
neither A nor even v contain free propositional variables.) This assumption implies

K(()k)(A) = K(()k)(even v) for every k € N. Then by Lemma 4.1.3 there isan [ € N
such that

K" (evenv) = KV (4) = K (4)
holds for every k£ > (. This means
K(()k)(even v) = Kék/)(even v)

for all k, k’ > [ and is a contradiction to the fact that, according to the definition of
the temporal structures K(*),| we have

Kék) (evenv) =tt < k is an odd number.

Thus, even v is not expressible in LTL+b; together with the trivial observation that
LTL+b < LTL+u we obtain LTL+b < LTL+p. AN

The operator even is also expressible in LTL+q: it is easy to see that the formula
even A can be expressed by

Ju(u A O(u < O—u) AO(u — A))

(where u is a propositional variable that does not occur free in A). In this formulation,
the “auxiliary” propositional variable u is constrained to hold precisely at the instants
with even distance from the point of evaluation; hence A has to be true at all these
instants. Another, more concise but perhaps less intuitive expression of even A in
LTL+q is given by the formula

Ju(u A O(u — A AOOu)).

More generally, the extensions LTL+x and LTL+q are equally expressive. We
now show that LTL+u < LTL+q and leave the proof of the other direction for
Sect. 4.4. As in previous proofs of this kind, we show that the p operator can be
expressed by a formula of LTL+q.

Lemma 4.1.5. Assume that A is a formula of L}y, and u € V a propositional vari-
able all of whose occurrences in A are of positive polarity. Then

puAd < Vu(O(A — u) — u)

is valid in LTL+q+p.
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Proof. For an arbitrary temporal structure K and valuation =, recall from Sect. 3.2
that [uuA]g = pYa for the mapping

oN _, oN
T: =la-
A{MHWMﬁMV

It is therefore enough to prove that
[Vu(D(A — u) — 0)]§ = uTa.

For the inclusion “C”, assume that i € [Vu(O(A — u) — u)]. Considering the
valuation 5’ = Z[u:uT4], we have in particular i € [3(A — u) — u]g . We
claim that i € [O(A — u)]g ;s hence i € [u]f = ='(u) = uTa, and the inclusion
follows.

To prove the claim, assume that j € [A]g " for some j > i. By definition of 1’4
and of Z’, this means that j € 74 (u2'4). From the assumptions on the polarity of
the occurrences of « in A, Lemma 3.2.2 and Theorem 3.2.1 imply Y4 (1Y 'a) = p2a;
hence j € uTa = [u]g ", which completes the proof.

For the proof of the inclusion “2”, assume that

i€ pla= M CN|TyM)C M}

[u:M]

We must show that i € [Vu(O(A — u) — u)]g, i€, i € [O(A — u) — u]};:

for all M C N. Assume therefore that Ml C N is such that i € [O(A — u)]y =M,

H._, UM]

we need to prove that 7 € [u = M. From the assumption, we know that

(x) forallj > i, ifj € [A]{"™ then j € M.

Consider now the set M’ = M U {0,...,% — 1}. Because of Lemma 3.2.2 (which
naturally extends to £}y, ) and the assumptlon that all occurrences of u in A are of

positive polarity, it follows that [[A]}E wMl [[A]]E[u M Also, for all j > i we find
that

j € [
& KEMMD ) =t
& (KHEEMD)(4) =t (by Lemma 3.3.1)
e (KH)EEM 4y =t (because (Z[u: M) = (Z[u : M])?)

o KERMD ) = tt (by Lemma 3.3.1)
& j e [AR™M™.

Now, it is easy to see that T4 (M’) C M': for j < 4, we have j € M’ anyway, and
forj > i,if j € Ta(M') = LN”M] L],
and (x) yields that j € M C M.

From the definition of 24 it now follows immediately that 474 C M’, and the
assumption ¢ € uY4 shows that 1 € M’; hence also ¢ € M by definition of M,
which completes the proof. AN

then we have just shown that j € [A]
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Theorem 4.1.6. LTL+p < LTL+q.

Proof. By Lemma 4.1.5, puA can be considered as an abbreviation for a formula of
LTL+q whenever it is a legal formula of LTL+. A

Summarizing the above results we have so far established the following chain
comparing the expressiveness of various propositional linear temporal logics:

LTL < LTL+b < LTL+u < LTL+q.

The logics in this chain do not contain past operators. Comparing past and future
operators we have the following basic relationship.

Theorem 4.1.7. LTL < LTL+p.

Proof. Let V be a set of propositional constants, v € V. For the temporal struc-
tures K = (1o, M1, 72, ...) and K" = (n{,n}, 15, ...) for V where no(v) # nj(v),
ni(v) = n}(v) for i > 0, and n;(v') = n(v') for i € N and all other v € V
we have Ky (©v) # K} (©v); but Ky (4) = K/ (A) for every formula A of L. (V)
by Lemma 2.1.5. No such formula can therefore be logically equivalent to Sv, and
together with the trivial LTL < LTL+p this proves the claim. AN

It is easy to see from the proof that this result extends also to LTL+b < LTL+b+p.

We said already at the beginning of this section that we will compare the ex-
pressiveness of formalisms in various ways. The expressibility notions defined there
refer to normal semantics. Alternative measures are provided if the notions are based
on initial validity semantics: for logics TL; and TLe, a formula A of TL, is called
initially expressible in TL, if there is a formula B in TLs such that

EFA« B

holds in a logic TL which is a common extension of both TL; and TL>. Because of
Theorem 2.6.4 which we proved in Sect. 2.6 for LTL and which carries over to the
extensions “b”, “u”, and “q” as well, the new notions and the corresponding results
for these logics are the same as before. For logics with past operators, however,
Theorem 2.6.4 does not hold in general and different results may arise for “initial
expressiveness”. In fact, writing = instead of = to indicate the underlying initial
validity semantics, we have

LTL+b =¢ LTL+b+p

which will follow immediately from considerations in the subsequent section. Many
verification tools that implement temporal logic are based on initial validity, and
the equal expressive power of LTL+b and LTL+b+p under this semantics has been
considered as a justification for the omission of past operators from the temporal
logics that these tools implement. On the other hand, past operators may still be
useful because they often help to make formulas more readable and concise.
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The expressiveness notions considered so far are based on logical equivalence.
One particular aspect of logically equivalent (“mutually expressible”) formulas is
that they “describe the same temporal structures”. (We used this phrase already a
few times in previous discussions.) We call this relationship between formulas A
and B model equivalence, defined by

FA & EB  or  EA& EB
for every temporal structure K, depending on the underlying semantics. In the case of
initial validity semantics, logical and model equivalence are actually the same. With
normal semantics, however, model equivalence is weaker than logical equivalence
which can trivially be seen by means of the formulas A and OA: we have

@A = IT<DA

for every K, but A and OA are clearly not logically equivalent.

So, in general, model equivalence is another notion for capturing the expressive
power of temporal logics. It will be of special interest for our intended applications
and we will come back to it in Sect. 6.1.

4.2 Temporal Logic and Classical First-Order Logic

Relationships between the truth of assertions along the “flow of time” can also be
stated in a language of first-order logic. In such a representation, the present state (or
“point in time”) is expressed as a “time parameter”. The propositional constants of
temporal logic therefore become monadic predicate symbols, and time points can be
compared using a “less-than” relation. For example, the formulas

Vz(r <z — v(z)),
Va(rg <z — vi(z)VIy(ao <y Ay <z Av(y)))

assert respectively that v holds at all states from the present state x; onwards and
that v; holds in all future states unless v becomes true; they intuitively correspond
to the temporal logic formulas

Ov and v1 unless vs.

We will now make this correspondence more precise for the logic LTLbp that
contains one strict binary future and one strict binary past operator, say until and
since, but that does not contain O, 0, or their past-time counterparts as primitive op-
erators; recall from Sect. 4.1 that this logic is as expressive as LTL+b+p. Thereafter,
we will consider the fragment without past operators.

For a set V of propositional constants, we define the signature SIGy = (S, F,P)
where

o S={TIME},
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o F =1,
e P= {<(TIME TIME)} U {U(TIME) |’U c V}

With a given temporal structure K = (19,711,732, ...) for V we associate a (first-
order) structure Sk for SIGy where |Sk| = |Sk|rive = N, the predicate symbol
< is interpreted as the “less than” relation on N, and the interpretations of the unary
predicate symbols v are obtained from the states 7; of K:

05K (3) = ni(v) fori € N.
It is straightforward to define a translation
FOL : ELTpr(V) — EFOL(S]G\I)

that associates a formula in the first-order language Lror(SIGv) induced by the
signature SIGy; with every formula of the language Lyripp (V') of LTLbp. (For sim-
plicity, we occasionally “abuse” in this chapter the denotations of languages to de-
note their sets of formulas.) The translation is defined by induction on the structure
of temporal formulas as follows; it ensures that FOL(A) contains at most one free
variable 1z that represents the current state:

FOL
FOL
FOL
FOL

v) = v(x) forv eV,
false) = false,
A — B) = FOL(A) — FOL(B),
Auntil B) = Jz(29 < z A (FOL(B))4, (2)
AVy(zo <y ANy <z — (FOL(A))s(y))),
FOL(A since B) = Jz(z < 29 A (FOL(B)) 4, (2)
AVy(z <y Ay < a9 — (FOL(A))qg(y)))-

/\/\/\/\

The structure of this translation resembles the semantic definition of the temporal
connectives. It preserves the meaning of formulas in the following sense.

Theorem 4.2.1. Let K be a temporal structure for V and let Sk be the first-order
structure corresponding to K. For any formula A of Litiwp(V), any ¢ € N, and any
variable valuation & such that §(xzo) = i:

Ki(4) = S’ (FOL(4)).

Proof. The assertion is proved by structural induction on the formula A.

1. A= v e V: Ki(v) = n;(v) = v5(i) = S (v(a)) = S (FOL(v)).

2. A = false: K, (false) = ff = Sff) (false) = Sff)(FOL(false)).

3. A= B — (" Using the induction hypothesis we obtain
Ki(B—C)=1tt < Kv(B) =ff or K;(C) =1t

&) (FOL(B)) = ff or S{(FOL(C)) = tt

s(f (FOL(B — C)) = t.
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A = B until C: Assume that K; (B until C') = tt and choose some j > i such
that K;(C) = tt and K;(B) = tt for all k¥ where ¢ < k < j. By the induction

hypothesis we know that S(Kg) (FOL(C')) = tt for every variable valuation ¢ such
that {(x9) = 7, and since z; is the only free variable in FOL( ('), it also follows
that Sl(f/) ((FOL(C))y, (z)) = tt for every valuation &’ such that &'(z) = j.
Similarly, it follows that Sffl/)((FOL(B )z (y)) = tt for every valuation &”
where i < £"(y) < j.

Thus, if £ is a variable valuation such that £(z) = i, we may choose ' ~, ¢
where ¢'(z) = j. We then clearly have &'(zp) = i < j = &'(z), and the above
arguments show that Sff/) ((FOL(C))qg,(z)) = ttand that forall £’ ~, & where
i = & (20) < &"(y) < &"(x) = j, it holds that S& ' (FOL(B))s, (y)) = tt.
Together we obtain Sff) (FOL(B until C)) = tt.

Conversely, assume that Sff) (FOL(B until C')) = tt, and so it follows that

S (1 < 2 A (FOL(C))., () A
Vy(zo < y Ay <z — (FOL(B))y(2))) =1t

for some &’ such that £’ ~, £. Again using the induction hypothesis and the fact
that FOL(B) and FOL( (') contain at most the free variable zy, we obtain that
Ke/(2)(C) = tt, where £'(z) > &'(20) = 4, and that Ki(B) = tt for every k
where ¢'(19) < k < & (z). This argument establishes K; (B until C') = tt.

A = B since C': This case runs “symmetrically” as for B until C. A

Adapting the notions from Sect 4.1 in an obvious way, Theorem 4.2.1 asserts that

FOL (based on the signature SIGv) is at least as expressive as LTLbp, and a fortiori
at least as expressive as LTL. On the other hand, it turns out that every formula of
Lrov(SIGv ) with a single free variable can be expressed in temporal logic. Because
of this result, temporal logic is often said to be expressively complete (with respect
to first-order logic).

For the proof of expressive completeness, we introduce some additional con-

cepts. A formula A of LTLbp is said to be

As

a pure future formula if A is of the form B until C' where neither B nor C contain
an occurrence of since,

a pure past formula if A is of the form B since C' where neither B nor C' contain
an occurrence of until,

a present formula if A contains no temporal operator,

separated if A is a combination of pure future, pure past, and present formulas
by the operator —.

the key result it turns out that LTLbp is separable: every formula is logically

equivalent to some separated formula.

Example. We claim the equivalence

F OO(AASBB) < ©8B A B A (B until A).
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The right hand side of this equivalence is (the abbreviation of) a separated formula:
its first conjunct is a pure past formula, its second conjunct is a present formula, and
its third conjunct is a pure future formula. For the proof of the equivalence, consider
an arbitrary temporal structure K and 7 € N. We then have

K;(OO(A ASEB)) =tt
& thereis j > i such that K;(A) = ttand K (B) =ttforall k < j
& there is j > i such that K;(A) = tt
and Ky (B) =ttforall k < iand K;(B) =ttforall k where i < k < j
< Ki(B) =ttforall £ < i and K;(B) = tt and there is j > 4 such that
K;(A) = ttand Ky (B) = ttfor all k where i < k < j
< K;(©8B) =ttand K;(B) = tt and K;(B until 4) = tt
< K;(6BB A B A (B until 4)) = tt. A

A rather tedious enumeration of all possible cases establishes the general result.

Lemma 4.2.2. For every formula A of Liripy (V) there is a separated formula B
such that A « B.

Proof. Let us first consider a formula F = A until B where A or B contain a
subformula F’ = C since D that is not in the scope of a temporal operator. Let A+
and AT denote the formula that results from A by replacing all such occurrences of
F' by false and true, respectively, and similarly define B+ and B . By propositional
reasoning we have the valid equivalences

Ao (FIVAHAN(=F'VAT)) and B« ((F'ABT)V (~F' A BY)).
Substituting in F', we find that
F e ((F'VAY)YA(=F'v A")) until (F'AB")V (-F' A BY)),

is valid and applying distribution laws for the until operator we finally obtain the
validity of

F'v AL) until (=F' A BH)) A

F« ((F'vALY)until (F'ABT) Vv (
)V (=F'V AT) until (—=F’ A B1)).

((~F'V AT) until (F' A BT

For each of the four main subformulas of the right-hand side, Fig. 4.1 gives an
equivalent formula where F no longer occurs in the scope of an until operator, and
no additional nestings of until and since have been introduced. (To understand the
long formulas in Fig. 4.1, recall that until and since bind stronger than A and V.)

An analogous transformation can be applied when until occurs in the scope of
since. Indeed, the equivalences of Fig. 4.1 remain valid when until and since are
exchanged.

Carrying out a single replacement along these lines eliminates one degree of
nesting of since inside until or vice versa, and repeated transformations therefore
produce an equivalent separated formula. A
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(C since DV A) until (C since D A B) «
(Cuntil BA (D V (C A C since D))) V
((C'V DV —=(=D until =A)) until (D A C until B) A
(=(=D until =A) vV D vV (C A C since D)))

(C since D v A) until (=(C since D) A B) <
((AA=D)until BA =D A (=C V —(C since D))) V
((CVv DV Auntil (BV (AAD)))until (~C A—=D A (AA-D) until B) A
(Auntil (AAND)V DV (C A C since D)))

(—=(C since D) vV A) until (C since D A B) «
((AAC)until BA (D V (C A C since D))) V
(=D Vv Auntil (BV(AA—-CA=D)))until (DA (AA C) until B) A
(Auntil (AAN=C A=D)V (=D A (=CV =(C since D)))))

(—=(C since D) vV A) until (—(C since D) A B) <
(=(C until =A) V (=D A (=C V =(C since D)))) A
(=((C'V DV =(=D until B)) until (D A C until —4)) V
(=D until BA =D A =D A (=C V —(C since D)))) A
(true until (=C' A =D A (=D until B)) vV
(=D until BA =D A (=C V —(C since D))))

Fig. 4.1. Separating until and since

Based on the separability of LTLbp, we can now show the announced expressive

completeness result.

Theorem 4.2.3. For every formula A of LroL(SIGv) with at most one free vari-
able xy there is a formula B of Ly (V) such that for any temporal structure K

and i € N,
Ki(B) =S¢ (4)

where Sk is the first-order structure corresponding to K and & (o) = 1.

Proof. The theorem is proved by structural induction on the formula A. For A and
xp we define a formula LTL(A, zp) of Lty (V) that satisfies the assertion of the

theorem.

1. A is an atomic formula: If A = v(a2p) where v is a monadic predicate symbol

corresponding to v € V, then the definition LTL(A, 2y) = v clearly suffices.
For A = xy = 1y we take LTL(A4, 2) = true, and if A = 2y < 2 then we let
LTL(A, zp) = false. The first-order language Lror (SIGv ) does not admit any
other atomic formulas with the single free variable .

. For A = false, we take LTL(A, zp) = false.

. If A= B — C, we define LTL(A, 7)) = LTL(B, 2) — LTL(C, ), and the
assertion follows with the help of the induction hypothesis.

. For A = dzB, we may assume without loss of generality that xy # =z, that
B does not contain subformulas of the form g = x9 or zyp < 2y (these can
equivalently be replaced by true or false), and that 2y does not occur in B as
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a bound variable. We may further assume that B does not contain any atomic
subformulas v(zp), for some v € V, because such formulas can be moved out
of the scope of the quantifier using equivalences such as

Fz(C N v(xg)) < v(xo) A JzC.

Therefore, the only occurrences of zy in B are of the forms 2y < y, 20 = ¥y
or y < zp where y is some variable (either z or a variable bound in some subfor-
mula of B). We temporarily introduce auxiliary unary predicate symbols F'U,,,
NOy,, and PA,, (for “future”, “now”, and “past”), and replace every occurrence
of 7y < y by FUy (y), of zp = y by NOy (y), and of y < x5 by PAg, (v).

The resulting formula B contains the single free variable z, and by the induction
hypothesis we find a formula LTL(B, z) of Liyryp(V U {FUy,, NOyy, PAsy})
such that for any temporal structure K’ and any j € N,

K/(LTL(B,z)) = S (B)
where &’(z) = j. In particular, consider K" = (n(, 0,5, . . .) where
W(FUR) =1t & i <
N(NOy,) =tt & i=j
0 (PAz,) =tt & j <i
and 7} (v) = n;(v) for all v € V. Obviously, this choice of K’ then ensures that
s¢)(B) = S¢&(B) = K/(LTL(B, z))

whenever £'(z) = j. Observing moreover that 3zB can equivalently be replaced
by

Jz(x < 29 A B) V By(19) V Jz(29 < © A B),
it follows that
S (32B) = K{(C)
where
¢ = 6SLTL(B,z) Vv LTL(B, z) V OOLTL(B, z).

Since LTLbp is separable by Lemma 4.2.2, there exists a separated formula C
of LTLbp such that F C' « C'; hence also

s @zB) = K/(0).

C still contains the auxiliary propositional constants FUsyy, NOy,, and PAy,.
We define LTL( A, 2p) to be the formula that results from C' by replacing
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e FU,, by true in all pure future subformulas of C,

e NO,, by true in all present subformulas of C,

e PA,, by true in all pure past subformulas of C,

and all other occurrences of F'U,,, NO,,, and PA,, by false. With these replace-
ments, we obtain that

Ki(LTL(4, 1)) = K/(C) = S\¥ (32B)
which completes the proof. A

Example. We illustrate the construction of the above proof at the hand of the FOL
formula

Ju(zo < z Ava(z) A=Jy(zo < y Ay <z A-vi(y))).
The first replacements of 7y < z result in the formula
Fz(FUsg,y () A v2(z) A —3y(B))
where
B = FU,(y) ANy <z A-v(y)

and we continue with the construction of LTL(3yB, x). We first have to replace the
subformula y < z, resulting in

Ely(FUzo(y) A PAx(y) A _"Ul(y))

where the predicate symbol PA, corresponds to the variable z. This formula can
now be translated to temporal logic, yielding

SO(FUy, N PAy A=)V (FUy A PAL A —0p) VOO(FU, A PA; A —vy)

which is already in separated form. It remains to eliminate the auxiliary propositional
constant PA,, from which we obtain

SO (FU,, Atrue A —wvy) V (FUy Afalse A —vy) V OO(FU,, A false A —vy)
which can be further simplified to

SO (FUy, N —vy).
Continuing with the translation of the main formula, we obtain

SO (FUy, N va N 2ES(FUy A —v1)) V
(FUzy A vy AN =ES(FU, A —p)) V
OO (FUyy N vg N =8 (F Uy A —01)).

The first disjunct is a pure past formula, and the second disjunct is a combination of
present and pure past formulas. It remains to separate the third disjunct, which (up
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to trivial transformations) is just of the shape of the left-hand side of the equivalence
considered in a previous example. We thus obtain the separated form

SO(FUy N va AN —=8S(FUy A —p)) V
(FUyz N vg A =8S(F Uy A —1)) V
OB(FU,, — v1) A (FUyz — v1) A ((FUy — v1) until (FU,, A v2))

in which we now replace F'U,, by true and false as appropriate, obtaining

SS(false A vy A ~©S(false A —vy)) V
(false A 15 A =S5 (false A —vy)) V
©H(false — v;) A (false — v1) A ((true — v;) until (true A vs))

which can be finally simplified to the formula v; until v5. A

In the preceding example, we obtained a temporal formula that was noticeably
smaller than the original first-order formula. In general, however, the separation step
that is part of the construction of Theorem 4.2.3 requires subformulas to be dupli-
cated, and the resulting formula may in fact be nonelementarily larger than the orig-
inal FOL formula.

Taken together, the Theorems 4.2.1 and 4.2.3 imply that first-order logic FOL'
(over the signature SIGy and over the class of interpretations where “time” is in-
terpreted as natural numbers and where < denotes “less than”) with a single free
variable and LTLbp are equally expressive. Adopting the notation of Sect. 4, this can
be stated succinctly as

FOL' = LTLbp.

As a simple corollary, we obtain a similar result for the logic LTL+b without past
operators: every FOL' formula A can be translated to a formula B of LTL+b such
that the two formulas evaluate to the same truth value “with respect to initial validity
semantics”.

Theorem 4.2.4. For every formula A of LroL(SIGv) with at most one free vari-
able xy there is a formula B of LYy (V) such that for any temporal structure K,

Ko(B) = S (4)
where Sk is the first-order structure corresponding to K and &(zp) = 0.

Proof. By Theorem 4.2.3, we may find a formula B of Litibp(V) such that A and
B evaluate to the same value at all points. By Lemma 4.2.2, we may moreover as-
sume that B is separated. The formula B results from B by replacing all pure past
subformulas of B by false. A

Applying the argument used in the proof of Theorem 4.2.4, we may also observe
that every formula of LTLbp is initially expressible in LTL+b. Since we trivially
have LTLbp =¢ LTL+b+p and LTL+b <y LTL+b+p (where <, denotes the “initial
validity variant” of <), we obtain the result
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LTL+b =¢ LTL+b+p

which was already noted at the end of Sect. 4.1.

Expressive completeness of temporal logic refers to the first-order logic FOL!
with a fixed interpretation of “time” by the set of natural numbers. Of course, this
corresponds to the choice of N as the underlying “time model” in the semantics
of LTL and its variants. In Sect. 10.1 we will briefly discuss other sets such as the
integers Z or the reals R which could be chosen instead of N. Remarkably, expressive
completeness of temporal logic carries over (in an analogously defined way) to a
number of such time domains including Dedekind-complete structures such as R,
but not for example the rational numbers Q.

4.3 Non-deterministic w-Automata

The expressiveness of temporal logics can also be measured with respect to for-
malisms other than logics. In this section, we will begin to examine a very fruitful
connection that exists between temporal logics and automata theory. This connection
has not only yielded another “yardstick” with which to measure the expressiveness
of different temporal logics, explored in more detail in the subsequent sections, but
it has also found applications in verification that will be discussed in Chap. 11. We
begin by introducing elements of the theory of finite non-deterministic automata over
w-words.

A (finite) w-automaton {2 is a mathematical device equipped with bounded mem-
ory that, in a run p, scans a temporal structure K and produces a verdict whether p
is accepting or not. If there exists some accepting run of {2 over K, we say that (2
accepts K or that K belongs to the language of (2. This description leaves open the
precise details of the structure of {2, of what constitutes a run, and when a run is
accepting, and in fact there exist different kinds of w-automata some of which we
will study in this chapter. A remarkable fact about the theory of w-automata is that
quite different ways to fill in the details of the above description yield the same class
of definable languages.

We will begin by studying Biichi automata, which are a straightforward variant
of non-deterministic finite automata.

Definition. A Biichi automaton 2 = (V, Q, Q. 9, Qy) for a finite set V' of propo-
sitional constants is given by

a finite set ) of locations,
a finite set ()9 C Q of initial locations,
amapping § : Q X @ — Lp (V) that associates a propositional formula 6(q, ¢’)
with any pair of locations ¢, ¢’ € Q,
e and a finite set ()y C @ of accepting locations.

A run of (2 over a temporal structure K = (19,171,172, ...) for V is an infinite se-
quence 90 = (qo, q1, g2 - . .) of locations ¢; € @ such that
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Fig. 4.2. Three Biichi automata

® ¢y € (o is an initial location and
° E} 0(¢;, ¢i+1) holds for all ¢ € N (in the sense of Sect. 1.1).

The run g is accepting and K is accepted if q; € )y holds for infinitely many 7 € N.
The language L£((2) of £2 is the set of temporal structures for V which are accepted
by 2.

The structure of a Biichi automaton is that of an ordinary non-deterministic finite
automaton (NFA). Locations of automata are often called (automaton) states, but
we prefer to use a different word in order to distinguish them from the states of a
temporal structure. The acceptance condition of a Biichi automaton adapts that of an
NFA to w-runs: a run is accepting if it visits an accepting location infinitely often. In
the above definition, we have replaced the conventional notion of the alphabet over
which the automaton operates by a set V of propositional constants, because we will
use automata as acceptors of temporal structures.

Example. Figure 4.2 shows three Biichi automata (2;, (25, and (23, where we as-
sume V = {v}. When drawing Biichi automata, we indicate initial locations by
incoming arrows without a source location. Accepting locations are marked by dou-
ble circles. We omit transitions labeled by false from the diagrams: for example, we
have (¢, ¢1) = false for the middle automaton.

Automaton (27 visits location ¢; upon reading a state satisfying v, and visits
location gy otherwise. Since ¢; is accepting, the automaton accepts precisely those
temporal structures that contain infinitely many states satisfying v. Observe also that
{21 is deterministic: it has only one initial location and for any location ¢ and state n
there is precisely one location ¢’ such that 515 (g, ¢). In particular, there is only one
possible run over any temporal structure for V.

Starting from location ¢y, automaton {2, may always choose to remain at ¢.
However, when reading a state satisfying v it may choose to move to ¢ it then ver-
ifies that the following state satisfies —v (otherwise, the run cannot be completed).
The acceptance condition ensures that any structure accepted by (25 contains in-
finitely many states satisfying v followed by a state satisfying —v. In other words,
L(£2;) consists of those temporal structures satisfying the formula O (v A O-w).
Observe that this formula is equivalent to OOv A OO—w. It is not hard to find a
deterministic Biichi automaton defining the same language.

Automaton (25 may similarly decide to move to location ¢; upon reading a state
satisfying v. It can complete the run only if all subsequent states satisfy v: the lan-
guage L(23) consists of those structures that satisfy $Ov. This language cannot be
defined by a deterministic Biichi automaton. In fact, it can be shown that determin-
istic Biichi automata are strictly weaker than non-deterministic ones. A
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In analogy to regular languages, which are accepted by non-deterministic finite
automata, we say that a language £, understood as a set of temporal structures, over
some set V of propositional constants, is w-regular (over V) if it is definable by a
Biichi automaton, that is, if £ = £({2) for some Biichi automaton {2 over V.

The class of w-regular languages enjoys many of the closure properties known
from regular languages. These are interesting in their own right, but are also at the
basis of the characterizations of the expressiveness of the logics LTL+q and LTL+p
in Sect. 4.4, and they are related to decidability results that will be useful in Chap. 11.

Theorem 4.3.1. If L1 and Lo are w-regular over V then so are L1 ULy and L1 N Lo.

Proof. Let 21 = (V,QM, @SV, 60, Q{V) and 2, = (V, Q®, Q§?, 6@, f*))
be Biichi automata characterizing £1 = £(£21) and Lo = L({22). We will construct
Biichi automata 2 and 2" such that £(2Y) = £; U L5 and £(27) = L1 N Ls.

For 2V, we simply take the disjoint union of {2; and {2». More precisely, define
Y =(V,Q", Qy, 0", Q) where

o QU=(QM x{1})U(Q® x {2}),
o QY =(Q" x 1)U (QF x {2},

‘ . 0 (g, q) ifi=4,
° 5“((%2)7(61/71/)):{falsgq 7 otherwise,

o QF=(Q" x {1 u(@Q x {2}).

It follows immediately from this definition that, for i € {1,2}, " has a run
0 = ((g0,1),(q1,1),(g2,17),...) over a temporal structure K for V if and only if
{2; has a corresponding run o; = (qo, ¢1, g2, - . .) over K. Moreover, ¢ is accepting
for 2" if and only if g, is accepting for §2;, and all runs of 2" are of this form.
Hence, 2" characterizes £1 U L.

The automaton (2" is essentially defined as the product of 2; and (2, but we
have to be a little careful about the definition of the acceptance condition: the product
automaton has to visit accepting locations of both {2, and (25 infinitely often, and it is
easy to find examples for which the naive definitions of the set of accepting locations
as Q;l) X ;2), or as (Q}l) x QPHu(QW x Q;Q)), produce wrong results. Instead,
we observe that requiring infinitely many visits to both Q;l) and Qf(Q) is equivalent
to requiring that infinitely often the run visits Q}l), eventually followed by a visit of

a location in QJEQ).

Technically, the locations of 2" contain an extra component [ € {1,2} that
indicates whether we are waiting for a visit of an accepting location of {2; or of (25.
The automaton is defined as 27 = (V, Q", Qf', 0", Qf') where

o QN=0QW xQ®x{1,2},
o Q=0 x QP x {1},
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Fig. 4.3. Construction of a product

5(1)((](1)7(—1(1)) (5(2( 2) g ))
if ¢V ¢ Q(l)andl*l
or ¢V € Q(l) and [ # [,
false otherwise,

° 5o((q(1)7q(2)71)7@(1)76(2)77)):

o Qf =" x Q@ x{1}.
Figure 4.3 illustrates this construction (locations that are only reachable via unsatis-
fiable transition labels have been omitted).

Assume that 27 has an accepting run ¢ = ((qé ), qéz) b), (¢ o q1(2) h)y...)
over the temporal structure K. By the definitions of @' and 6", it follows 1mmed1-
ately that o = (qé ), ql(l),. ) and g2 = (q (2), ‘11( ), ...) are runs of 27 and {2,
respectively. Moreover, o is accepting, and therefore we must have q(l) Q;l)
l, = 1 for infinitely many £ € N. In particular, p; is an accepting run of {27 over K.

We now show that for every k such that qkl) S Q(l) and [, = 1 there exists some
j > k such that q E Qf Smce we already know that there are infinitely many
positions such that q,C Q and [, = 1, it follows that q € Q( also holds
infinitely often; hence o5 is an accepting run of (2,. Indeed, assume that q ) e Qf

and [, = 1. By the definition of 6", we have ;1 = 2. Now, if q §é Q(Q) for all
J > k, it would follow that [; = 2 for all j > k, contradicting the fact that l =1 for
infinitely many 7 € N.

Conversely, given runs p; and go of (2, and (25 over K, it is straightforward to
construct an accepting run of 2" over K. AN

The w-regular languages are also closed under projection: for a temporal struc-
ture K = (19,71, 72, - . .) for a set V of propositional constants and v € V, we write
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V_, for the set V \ {v} and define K_, as the temporal structure

Koy = (n0|V—m 771|v_u7772|V_m .- )

over V_,, where 7;|v_, is the restriction of the valuation 7; to the set V_,,. If L is
a language over V then

L_,={K_, |KeL}
is the projection of Lto V _,,.
Theorem 4.3.2. If L is w-regular over V then L_,, is w-regular over V _,,.

Proof. The idea of the proof is to have the automaton for £_, guess a suitable value
for v at every transition. More formally, assume that £ is defined by the Biichi au-
tomaton 2 = (V, @, Qo, 9, Qr). We will show that £_,, is recognized by the au-
tomaton 2_,, = (V_,, Q, Qo,d_,, Q) where

6_v(q,q") = (0(q,q'))v(true) v (6(q, q')) (false)

(6(q, q")»(true) and 6(q, ¢'), (false) are obtained from (¢, ¢’) by replacing all oc-
currences of v by true or false, respectively). This definition ensures that
!/ !
Roled) & £ 0-u(e,d)
for any locations ¢, ¢’ and any valuation 7). Therefore, any run ¢ of {2 over some
temporal structure K is also a run of {2_, over K_,. Conversely, given a run p of
{2_, over a temporal structure K~ for V_,, one can find a structure K for V such
that K= = K_, and p is a run of {2 over K. Because any run is accepting for (2 if
and only if it is accepting for {2_,, this suffices to establish the assertion. A

Finally, we now set out to prove that w-regular languages are closed under com-
plement. For a regular language £ (of finite words), the proof of the analogous result
relies on determinization: one first constructs a deterministic finite automaton (DFA)
that recognizes £, and then obtains a DFA that accepts the complement of £ by ex-
changing accepting and non-accepting locations. This proof idea does not carry over
to Biichi automata: as we remarked earlier, one cannot always determinize a given
Biichi automaton. Besides, exchanging accepting and non-accepting locations in a
deterministic Biichi automaton does not necessarily result in an automaton accepting
the complement language. For example, consider the leftmost automaton of Fig. 4.2,
which is deterministic and recognizes those structures that satisfy OO v. Making g
the accepting location instead of ¢;, we obtain an automaton that corresponds to the
class of temporal structures satisfying O0<—v, which is not the complement of those
that satisfy O w.

In the present case the result will be proved in several steps as follows. Firstly,
we represent all possible runs of a Biichi automaton in a directed acyclic graph (dag):
the run dag of a Biichi automaton {2 = (V, @, Qv, 6, Q) and a temporal structure
K = (no,m1,7n2 . ..) for V, denoted dag(2, K), is the rooted directed acyclic graph
(with multiple roots) with elements from ¢ x N as nodes given by the following
inductive definition.
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Fig. 4.5. Rankings of run dags

The roots of dag ({2, K) are the nodes (¢, 0) for every initial location g of (2.

The successor nodes of any node (¢, 7) are the possible successors (¢’, i + 1) in
a run of {2 over K. Formally, if (g, i) is a node of dag({2,K) and ¢’ € Q is a
location of {2 such that lfh 5(q, q') then dag(£2,K) contains a node (¢’,i + 1)

and an edge ((q¢, 1), (¢, i + 1)).

Clearly, (qo, q1, 2, - -.) is a run of {2 over K if and only if dag(f2, K) contains a
path ((¢o,0),(¢1,1),(g2,2),...). Letus call anode (g, ) accepting if ¢ € @y is an
accepting location of (2.

Figure 4.4 shows (prefixes of) run dags for the automaton (25 from Fig. 4.2 and
the two temporal structures Ky = (1,1,1,17,...) and Ky = (n,1,17,1,7, .. .) where
7 (respectively, 7) is a state that satisfies (respectively, does not satisfy) v: Ky alter-
nates between two states satisfying v and two states that do not satisfy v whereas K,
eventually always satisfies v. For conciseness, the figure only indicates the structure
of the dag (together with the corresponding temporal structure) but does not show
the precise designations of the nodes. Observe that K is accepted by 25 whereas K,
is not.

Our next proof step is to define a labeling of any dag({2, K) by which the (non-)
acceptance of K by (2 can be characterized. A ranking rk of dag(2,K) assigns a
rank rk(d) to every node d such that the two following conditions are satisfied:

o rk(d") < rk(d) whenever d’ is a successor node of d,
e ranks of accepting nodes are even.

Consider any infinite path 7 = (dy, dy, da, . ..) in the dag. The ranks of the nodes
along 7 are non-increasing; hence they must eventually stabilize: there exists some
n such that rk(d,,,) = rk(d,) for all m > n, and we call rk(d,,) the stable rank of
path 7 (for the ranking r%). We say that the ranking rk is odd if the stable rank of all
infinite paths is odd. Otherwise, i.e., if the run dag contains some infinite path whose
stable rank is even, 7k is even.

Possible rankings for the prefixes of the run dags of Fig.4.4 are shown in Fig. 4.5.
Continuing the rankings in a similar manner, it is easy to see that the ranking for the
left-hand dag is even, whereas the ranking for the right-hand dag is odd. In fact, one
cannot find an odd ranking for the left-hand run dag, and we will now show that a
Biichi automaton {2 does not accept the temporal structure K if and only if dag ({2, K)
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Fig. 4.6. A dag sequence

admits an odd ranking. (Observe in passing that any run dag trivially admits an even
ranking, for example by assigning rank O to each node.) The “if” part of this theorem
is quite obvious.

Lemma 4.3.3. If rk is an odd ranking of dag(2,K) then K & L((2).

Proof. We must show that no run of {2 over K is accepting. So let o = (qo, ¢1, g2, - - -)
be some run of 2 over K. Then @ = ((qo,0),(q1,1),(g2,2),...) is a path of
dag(§2,K). Because rk is an odd ranking for dag({2,K), the stable rank srk, of

7 for rk must be odd; hence there exists some n such that 7k(( g, m)) = srk;
for all m > n. Since rk must assign even ranks to accepting nodes, it follows that
am ¢ @ holds for all m > n; so o is not accepting, as we intended to prove. A

The proof of the “only if”” part is more difficult: given some structure K ¢ L£(12),
we must construct an odd ranking for dag ({2, K). Let us call a node d useless in
dag(£2,K) if either no accepting node is reachable from d or only finitely many
nodes are reachable from d. Obviously, if (¢, n) is useless then ¢ cannot occur at
the nth position of any accepting run of (2 over K. Successively eliminating useless
nodes will help us to construct an odd ranking. Given a (finite or infinite) dag D and
some set I/ of nodes of D, we write D \ U for the dag from which all nodes in I/ and
all edges adjacent to these nodes have been removed. The width of a dag D at level
k is the number of nodes of D of the form (¢, k).

Given the run dag dag(§2,K) of {2 over K, we inductively define a sequence
Dy, D1,Ds, ... of dags as follows:

e Dy = dag(2,K),
e Dy =Dsy; \ {d | only finitely many nodes are reachable from d in Dy, },
e Dyiio =Dg;11 \ {d | nonode reachable from d in Dy, is accepting}.

Figure 4.6 illustrates this construction for the right-hand dag of Fig. 4.4 (we know
that the temporal structure underlying this run dag is not accepted by the automaton).
The dags D3, Dy, . . . are all empty.

We say that node d is useless at stage i if it is eliminated in the construction of
D,+1. That is, d is useless at stage i if it is a node of dag D, and either ¢ is even
and only finitely many nodes are reachable from d in D,, or ¢ is odd and no node
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reachable from d in D; is accepting. Observe that if node d is useless at stage @
and node d’ is reachable from d in dag D; then d’ is also useless at stage i. Since
all nodes of Dy are reachable from some root node by definition of dag((2, K), this
continues to hold for all D;. The following lemma shows that if {2 does not accept K
then each node of dag(§2, K) becomes useless at some stage.

Lemma 4.34. If K ¢ L(§2) where (2 is a Biichi automaton with n locations then
each node of dag(£2,K) is useless at some stage i < 2n.

Proof. We will show inductively that for every 7 € N there exists some level /; such
that the width of dag D,; at any level [ > [; is at most n — ¢. It then follows that the
width of dag Ds,, at all levels beyond [, is 0, i.e., Ds,, does not contain any nodes
beyond level [,,. Therefore, all nodes of dag Ds,, are useless at stage 2n.

For i = 0, we may choose Iy = 0 because the width of dag Dy = dag ({2, K) at
any level is bounded by the number 7 of locations of (2.

For the induction step, assume that the assertion holds for 7. We first observe that
for each node d, the dag D, contains an infinite path starting at d: since d was
already a node of D5; and was not useless at stage 2¢, infinitely many nodes must
have been reachable from d in Ds;. Furthermore, each level of Ds; is of finite width,
because Dy; is a subdag of dag(f2,K). Therefore, by a general graph-theoretical
argument, known as Konig’s lemma, there must be an infinite path from d in Dy;,
none of whose nodes is useless at stage 24, and which therefore continues to exist in
Do 1. In particular, infinitely many nodes are reachable from any node d of Dy, ;.

We now consider two cases. Either Dy, ; is empty; then so is Ds; 2, and the as-
sertion holds trivially. Otherwise, we now show that Dy; 1 contains some node that
is useless at stage 27 + 1: assume that this were not the case and pick some root node
dy of Dg; 1 (recall that all nodes in Dy, 1 are reachable from some root so Do, 41
must contain a root node if it is non-empty). By assumption, dj is not useless at stage
27+ 1, and therefore there must be some accepting node d}, that is reachable from dp.
Moreover, infinitely many nodes are reachable from d{, in Ds; 1, by the observation
above. In particular, djj has some successor node d;. By our assumption, d; is not
useless at stage 2i+1; hence there is some accepting node d| reachable from d;. Con-
tinuing inductively, we find an infinite path (do, ..., d), di,...,di, da, ..., dj,...)
in Dy, 1 that contains infinitely many accepting nodes. However, this path must al-
ready have existed in Dy = dag(£2, K), and it corresponds to an accepting run of (2
over K, contradicting the assumption that K ¢ £((2).

Hence, D2, 1 contains some node, say, (¢, [) that is useless at stage 2i+ 1. Recall
that Dy; 11 contains an infinite path from node (g, [). By definition, all nodes along
this path are useless at stage 27 + 1 and will therefore be removed in the construction
of Ds;o. In particular, the width at all levels beyond [ in Ds; 1o must be strictly
smaller than that of the corresponding levels in Do, 1, which is at most the width at
these levels in Dsy;. Therefore, we may choose /;+1 = max(l;, ) and conclude that
the width at any level beyond /;;1 in dag Ds;41 is bounded by n — (i + 1), which
completes the proof. A
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We now define the (partial) function 7k, that assigns to each node d of dag ({2, K)
the number ¢ if d is useless at stage 7. If K ¢ £((2), then Lemma 4.3.4 shows that
rk,; 1s a total function, and we now prove that rk,; is indeed an odd ranking.

Lemma 4.3.5. If K ¢ L(£2) then rky; is an odd ranking of dag(S2, K).

Proof. Let d be any node of dag (2, K) and d’ a successor node of d. If rk,;(d) = ¢
then d is useless at stage 7. If d’ has already been eliminated at an earlier stage, we
have rk,;(d") < i by definition. Otherwise, d’ is still a successor node of d in dag
D; and is therefore also useless at stage 7; hence rk,;(d") = 4. In either case we have
T'kul(d/) § T‘kul(d)

If d is an accepting node of dag(f2, K) then rk,;(d) cannot be odd by definition.
Since rky,; is a total function, rk,;(d) must be even and, hence, rk,; is a ranking of
dag(£2,K).

Finally, let (do, d1, da, . . .) be an infinite path in dag((2, K), and assume that its
stable rank ¢ is even. Then we find some n € N such that all d,,, for m > n are
useless at stage ¢, which is impossible if ¢ is even and proves the claim. A

Taking the preceding lemmas together, the non-acceptance of Biichi automata
can be characterized as follows.

Theorem 4.3.6. If (2 is a Biichi automaton with n locations and K is a temporal
structure, then K & L((2) if and only if there exists an odd ranking rk of dag(2,K)
that assigns to each node d a rank rk(d) < 2n.

Proof. The claim follows immediately from the Lemmas 4.3.3, 4.3.4, and 4.3.5. A

We turn now to the final step of our proof of the claimed closure property. Given
a Biichi automaton 2 = (V, @, Qu, d, Q) with n locations, we construct the com-
plement automaton {2 that accepts a temporal structure K if and only if there exists
an odd ranking of range {0, ..., 2n} for dag({2, K). The idea is that {2 “guesses” an
odd ranking while it reads the temporal structure. We identify a ranking rk with an
infinite sequence (rky, 7k, k2, .. .) of assignments r&; : @ — {0,...,2n} U {L}
where 7%;(q) = rk(q, ) if the node (q, ) appears in dag(£2,K), and 7k;(¢q) = L
otherwise. For example, the ranking shown in the left-hand side of Fig. 4.5 is identi-
fied with the sequence

(HEERHR R RS

Let us denote by Z the set of assignments ¢ : Q@ — ({0,...,2n} U {L}) such
that ¢/(q) is even if ¢ € QJQ. The transition relation of {2 ensures that ranks do not

increase along any path of the run dag. Formally, ¢/’ € Z is a successor assignment
of ¢ € Z forastate n) if for all ¢ € Q withv(q) # L andall ¢’ € Q with lf?é(q, q),

we have 1'(q') # L and ¥'(q') < 1(q). The automaton {2 verifies that the guessed
ranking is odd by ensuring that each even-ranked node along any path is eventually
followed by an odd-ranked node. For this reason, the locations of {2 are pairs (¢, V)
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where ¢ € Z and Y C (@ is a set of locations of (2 that, intuitively, need to traverse
an odd-ranked node. o -
Formally, the automaton (2 = (V, @, @, 9, ;) is defined by

Q=2Zx29,
Qo = {(¥,0) | ¥(q) # L forall g € Qo},
V{chary, | ¥ is a successor assignment of ¢ for n}
if Y=0and Y ={¢ € Q|9 (¢)even}
o 5((,Y), (0, Y") = or Y #0and Y' ={q € Q | ¢'(¢’) even and
ﬁé(q, q') for some g € Y},
false otherwise,

o Q;=2zx {0}

In this definition, the characteristic formula chary, of a valuation ) : V. — {ff, tt} is
defined as

charyy, = /\{v | v € Vandn(v) =tt} A /\{ﬁv | v € Vand n(v) = ff}.

Because V is a finite set, there are only finitely many valuations to consider for the
definition of the formulas 6((¢, V), (¢, Y)).

Theorem 4.3.7. If L is w-regular over V then so is L.

Proof. Let {2 be a Biichi automaton such that £ = £({2) and K be any temporal
structure. We show that K € £(£2) if and only if dag({2, K) admits an odd ranking
with ranks in {0, ..., 2n}. The assertion of the theorem then follows immediately by
Theorem 4.3.6.

To show the “if” part, assume that rk is an odd ranking of dag ({2, K) and define
rk; and Y;, for i € N as follows:

rhi(g) = { rk(q,4) if (q,%) is anode of dag(£2,K),

1 otherwise,
Yo =0,

{q¢" € Q| rkiz1(q’) even} if Y, =10,
Yie1 =< {d' € Q| rkix1(q’) even and

lf]ﬁ(q, q') forsome g € Y;} otherwise.

It is not hard to see that o = ((rko, Yo), (rk1, Y1),...) is a run of 2 over K: the
initial assignment rkq satisfies rky(q) # L for all ¢ € Qg because (g, 0) is clearly
a node of dag(£2,K) for every location ¢ € Q; hence (7ky, () € Q,. Because 7k
is a ranking, the ranks along any path are non-increasing, and 7k;,1 is a successor
assignment of rk;. Moreover, the definition of Y1 mirrors the transition relation d.
It remains to show that p is an accepting run of 2, that is, Y; = () for infinitely many
i € N. Assume to the contrary that there is some n € N such that Y,,, # () holds for
all m > n. We claim that there exists a path in dag(§2, K) whose stable rank is even;
this contradicts the assumption that 7k is an odd ranking.
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To show this claim, we observe that for all ¢ € N, rk;(¢) is even for all locations
g € Y;; in particular, the run dag dag ({2, K) contains the nodes (g, 7). Moreover,
from any location gy € Y, 1x we can find a finite path (qo, ¢1,. .., ¢x) such that
¢i € Yy, and )f] 5(qi, qi+1) for all i. Applying again Konig’s lemma, it follows
that there exists an infinite path ((¢o,0), (¢1,1),.-.,(¢n,n), (¢n+1,n + 1),...) in
dag (2, K) that contains only nodes that correspond to locations in Y; for i > n, and
the stable rank of this path is even.

For the “only if” part, assume that 0 = ((v0, Yo), (¢1, Y1), ...) is an accepting
run of {2 over K, and define the function rk by

rk(q,1) = 1;(q) for all nodes (g, i) of dag(£2,K).

Observe that rk(gq, 1) # L for all nodes (¢, %) of dag({2,K): for the initial nodes
this follows from the definition of @0, and the definition of a successor assignment
ensures the induction step. Also, ranks are non-increasing along paths. Therefore,
rk is a ranking of dag(£2, K); it remains to show that it is an odd ranking. Assume,
to the contrary, that ((¢o,0), (¢1,1),...) is a path in dag(f2, K) whose stable rank
under 7k is even, and let ((g,, m), (¢m+1, m + 1),...) be a suffix of this path such
that 7k(g;, 1) = r equals the stable rank for all ¢ > m. Because p is an accepting
run of 2, we know that Y; = 0 for infinitely many ¢+ € N. Let n > m be such that
Y,, = 0, so by definition of the transition relation & we must have Gn+1 € Yni1,
and by the definition of § it follows indeed that ¢; € Y; holds for all i > n + 1, and
a contradiction is reached, which completes the proof. AN

Automata are especially useful to resolve decision problems on languages.
Again, many of the standard results known from the theory of finite automata carry
over to Biichi automata. We introduce some additional notation. Given two locations
q and ¢’ of a Biichi automaton {2, we say that ¢’ is a one-step successor of ¢, written
q—o ¢, if '716 (g, ¢') holds for some state 7. The reflexive transitive closure of the
one-step successor relation —; is denoted by —7,, and we say that ¢’ is reachable
from ¢ if ¢ —%, ¢'. The transitive closure of —, is denoted by —>j5. The follow-
ing theorem gives a criterion to decide the emptiness problem about whether the
language accepted by a Biichi automaton is empty or not.

Theorem 4.3.8. Given a Biichi automaton 2 = (V,Q, Qu,9, Qy), the language
L(12) is non-empty if and only if there exist locations q¢ € Qy and ¢’ € Qy such that
q—% q and ¢ —}, ¢

Proof. Assume that there exist ¢ and ¢’ as indicated. Since ¢ —7, ¢/, we can find
a finite (possibly empty) sequence (7o, ..., n,—1) of states and a corresponding se-
quence (qo, - - ., qr) of automata locations such that ¢y = ¢, ¢z = ¢’, and where
lfh 8(qi, gi+1) holds for all 4,0 < ¢ < k. Similarly, from the assumption ¢’ —; ¢’
we obtain finite and non-empty sequences (7, ...,7;—1) of states and (g, ..., q)
of locations where ¢ = ¢; = ¢’ and lf] 0(¢i, giy1) for k < i < [. Now consider the
temporal structure K and sequence o defined by
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K:(7)03"'ank—hnkw"y’rll—la-")v g:(q())'?qlC—l)qk??ql—l?')
— ——
repeating forever repeating forever

The conditions above ensure that ¢ is a run of {2 over K, which contains infinitely
many occurrences of location ¢’ and is therefore accepting. In particular, £(£2) # (.

Conversely, assume that £({2) # (), and let o = (qo, q1, g2, - - -) be an accepting
run of {2 over some structure K € L£({2). Thus, go € ) is an initial location of 2,
and there is some accepting location ¢’ € @y that appears infinitely often. Choose
some i < j such that ¢; = ¢; = ¢/, and it follows that g0 —%, ¢’ and ¢’ — ¢,
which completes the proof. A

Theorem 4.3.8 reduces the problem of deciding whether the language of a Biichi
automaton is empty or not to that of searching cycles in a graph. Assuming that the
satisfiability of edge labels has been precomputed, this search can be performed in
time linear in the size of the automaton.

Other decision problems can be reduced to the emptiness problem. In particular,
a Biichi {2 automaton is universal, that is, accepts every temporal structure, if and
only if its complement {2 defines the empty language. Similarly, given two Biichi
automata (27 and (25 we can decide the inclusion problem whether L(£21) C L({25)
by checking if £(£21) N L({22) = (). Observe, however, that the solutions to the uni-
versality and the inclusion problems both rely on complementation, and are therefore
of exponential complexity.

Biichi automata can naturally express the requirement that some state occurs in-
finitely often in a temporal structure. Because “infinitely often A and infinitely often
B” is not the same as “infinitely often A and B”, the construction of a Biichi au-
tomaton accepting the intersection of two languages is a little more complicated than
the standard product construction, as could already be observed in the proof of The-
orem 4.3.1. A generalization of Biichi automata overcomes this problem by allowing
for several acceptance sets.

Definition. A generalized Biichi automaton 2 = (V, Q, Qo, 0, Acc) for a finite set
V of propositional constants has the same structure as a Biichi automaton, except

that the acceptance condition is given by a finite set Acc = {Qf(l), e Qfm)} of

sets Q;i) C @ of accepting locations.
Runs of generalized Biichi automata are defined as for standard Biichi automata.
Arun ¢ = (qo, ¢1, 2, - - -) is accepting if for every Q;k) € Acc, there exist infinitely

many 4 € N such that ¢; € Q]Ek). The language of a generalized Biichi automaton {2
is again the set of temporal structures for V for which (2 has some accepting run.

Clearly, every Biichi automaton can be viewed as a generalized Biichi automaton
with a single set of accepting locations. The closure of w-regular languages under
intersection, proven in Theorem 4.3.1, lets us expect that generalized Biichi automata
are just as expressive as ordinary Biichi automata, an expectation that is confirmed
by the following theorem.
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Theorem 4.3.9. For every generalized Biichi automaton 2 there is a Biichi automa-
ton 2% such that L(£2*) = L(12).

Proof. Let 2 = (V, Q, Qo, 9, Acc) where Acc = {Q}l), o Q}Em)}. Ifm =0,
i.e., if Acc = (), then £2 imposes no acceptance condition and 2* can be defined
as (V, @, Qo,0, Q). Otherwise, the construction is similar to the proof of Theo-
rem 4.3.1 and uses an additional counter that indicates the accepting set that should
be visited next. Formally, we define 2* = (V, Q*, Q5 ,0™, QJZ‘) where

o Q*=Qx{l,...,m},
Qg = Qo x {1},
0(q.q') ifeither g € Q" and k' = (k mod m) + 1
o (g, k), (¢, k) = org¢ Q" and k' = k,
false otherwise,

[ Q; = Q}El) X {1}
The proof that £(§2*) = L({2) runs analogously to the proof of Theorem 4.3.1. A

Generalized Biichi automata are defined in precisely such a way that they ad-
mit a simpler product construction: given two generalized Biichi automata (2, and
25 where 2; = (V, QW, Qéi),é(i), {Qf(i’l), o Q}Ei’m")}) for i = 1,2, the inter-
section of £(£21) and L£({2;) is characterized by the generalized Biichi automaton
20 =(V, QW x Q®, QM x Q?, 5", Ace"™) where

6" ((q0, 1): (b 1)) = 6D (o, a§) A 6P (a1, a1).
Acc” = {Qf"Y x Q... Q™) x Q)
QW x Y, .., QW x @™},

The ability of generalized Biichi automata to represent several acceptance condi-
tions will also be helpful for the construction of Biichi automata that correspond to
LTL formulas in the next section.

4.4 LTL and Biichi Automata

Temporal logic and automata provide different means to describe sets of temporal
structures: LTL formulas are more “declarative” whereas automata are more “oper-
ational” in nature. We will now characterize their expressiveness, and in particular
describe a construction that associates a generalized Biichi automaton {27 with any
given LTL formula F' such that 25 accepts precisely those temporal structures K
for which Ky (F) = tt. Based on this construction and Theorem 4.3.8, we obtain
a second decision algorithm for the satisfiability of LTL formulas, after the tableau
construction described in Sect. 2.5. In fact, {25 can quite easily be obtained from a
tableau 7 for the PNP ({ F'}, (). The idea is that the locations of 2 are the (tableau)
states of 7, the initial locations are the states reachable from the root of 7, and the
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transitions of 2 are determined from the successor relation of 7 and the literals
that appear in the tableau states. The acceptance condition of {2 reflects the honest
SCCsof 7.

More formally, for a PNP P, we define the corresponding generalized Biichi
automaton 2p = (V, @, Qo, J, Acc) as follows.

'V is the set of propositional constants that appear in the formulas of P.
(@ is the set of states of the tableau 7 for P that are not closed.

e (Jo C Q@ is the set of states reachable from the root of 7 without crossing an
application of rule (O).

e If Q and Q' are states of 7 such that Q' is reachable from Q in 7 by crossing
precisely one application of rule (O) then

5(2,9) = Av A A-w

vEpos(Q) vEneg(Q)

otherwise 0(Q, Q') = false.
e LetOAq, ..., 0A, be all formulas of this form that occur in neg (N ), for some

tableau node A/; then the acceptance condition Acc = {Q}l), ce Q;n)} of

(2 contains n sets Q;i) where O € Q;i) if for every node A of T for which
DA; € neg(N) and from which Q can be reached without crossing any appli-
cation of rule (O), we have A; € neg(N”) for some node N’ along every path

from M to Q.

This construction is illustrated in Fig. 4.7 for the PNP P = ({O0C v, OO0}, ).
Figure 4.7(a) contains a tableau for P: applications of the rule (O) are explicitly
indicated; for the other transitions the formulas to which tableau rules are applied
are underlined; we sometimes apply rules to several formulas at once and also use a
derived rule for the <-operator such that a formula G A € pos(N) is expanded like
a formula O-4 € neg(N). Node 5 is a closed tableau state; the remaining tableau
states 6, 7, and 8 are the locations of the generalized Biichi automaton (2, shown in
Fig. 4.7(b). Because all three states are reachable from the root of the tableau with-
out crossing an application of rule (O), they are initial locations of the automaton.
Similarly, each state in this example is reachable from every other state, and itself,
by crossing a single edge corresponding to rule (O). The transition formulas are de-
termined by the propositional constants in the source PNPs: for example, all edges
leaving location 6 are labeled by v. It remains to determine the acceptance conditions
of £2p. The “eventualities” promised by tableau nodes are Gv and O—w; so (2p has
two acceptance sets Q;l) and Q;Q). Both eventualities occur in the tableau node 2,
from which all three states are reachable without crossing an edge of type (O). The
paths from node 2 to states 6 and 7 fulfill the promise v and —v, respectively, and
therefore Q}l) = {6}, whereas Q]SQ) = {7}. In particular, any accepting run of 2p
must pass infinitely often through both locations, and the underlying temporal struc-
ture must therefore satisfy infinitely often v and infinitely often —v, which is just
what the original PNP asserts.
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(b) Corresponding generalized Biichi automaton

Fig. 4.7. Construction of a Biichi automaton from a tableau

More generally, the correctness proof of the construction of {25 is based on (the
proofs of) the lemmas about the tableau construction in Sect. 2.5.

Theorem 4.4.1. For any PNP P, the generalized Biichi automaton {2p accepts pre-
cisely the temporal structures K such that Ko(P) = tt.

Proof. Assume that (2p accepts the temporal structure K = (g, 71,72, ...), via
an accepting run ¢ = (qo, q1, g2, --.). To this run corresponds an infinite path
(Mo, N1, Na, ...) through the tableau such that ¢; = Ny ;) for all @ € N, that
is, the ¢, are precisely the tableau states that appear among the N (see Sect. 2.5
for the definition of this notation). The definition of the acceptance condition of {2p
ensures that this path is complete. Moreover, the transition relation of {25 is defined
such that n;(v) = ttif v € pos(¢;) and n;(v) = ffif v € neg(q;). Now, (the proof
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true

Fig. 4.8. Biichi automaton characterizing even v

of) Lemma 2.5.5 ensures that Ko(A4) = tt for all A € pos(Np) and Ko(A) = ff for

~

all A € neg(Np), which just means Ko (P) = tt.

~

Conversely, assume that Ko(P) = tt. Then Lemma 2.5.2 ensures that the path
7'('5 = (Qo, 91, Q9a,...) is infinite and that Kmt(i)(é\i) = ttforall i € N. In
fact, the subsequence 0 = (Q.1(0), Dst(1), Lst(2)s - - -) Of 775 is an accepting run
of the automaton {2p over K. Indeed, Qo) is reachable from the root P with-
out crossing an application of rule (O) and (Q.(s), Qst(i+1)) € 0 holds by defi-

nition of J and because of Kl(Q/st(\Z)) = tt. As for the acceptance condition, the
proof of Lemma 2.5.2 shows that whenever OA € neg(Q;) for some ¢ € N then
A € neg(Q;) for some j > 14, and this implies that ¢ contains infinitely many ac-
cepting locations for each of the acceptance conditions of 2p. AN

Because tableau nodes are labeled with sets of subformulas (possibly prefixed by
an additional O-operator) of the original PNP, the size of the tableau, and therefore
also of the resulting generalized Biichi automaton, may in general be exponential in
the size of the PNP. The translation into a (standard) Biichi automaton according to
Theorem 4.3.9 is polynomial, so we can construct a Biichi automaton of exponential
size for a PNP (or an LTL formula). Because deciding language emptiness is of linear
complexity for Biichi automata, we again find an overall exponential complexity for
deciding satisfiability or validity of LTL formulas, as observed in Sect. 2.5. The
translation into Biichi automata will be useful for other purposes, and we will take
this up again in Chap. 11.

Theorem 4.4.1 shows that Biichi automata are at least as expressive as LTL (with
respect to initial validity semantics), and this result can easily be extended to LTL+b.
The converse is not true: a simple counterexample is provided by the temporal oper-
ator even introduced in Sect. 4.1. We already showed in the proof of Theorem 4.1.4
that LTL cannot express the formula even v of LTL+u. However, the temporal struc-
tures K with Ko(evenv) = tt are clearly characterized by the Biichi automaton
shown in Fig. 4.8.

Section 4.2 has shown that LTL+b with respect to initial validity semantics cor-
responds precisely to a monadic first-order logic. In order to classify the expres-
sive power of Biichi automata more precisely we now show that, in the same spirit,
w-regular languages correspond to monadic second-order logic.

For a set 'V of propositional constants, we consider the second-order language
over the signature SIGy = (S, F, P) defined in Sect. 4.2, i.e., where S = { TIME},
F = (), and P = {<(TIME TIME)Y ) £4)(TIME) |y ¢ V1, Because we are interested
in a monadic language, we only consider unary predicate variables v € Rrive
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corresponding to the propositional variables u € V of a language L1, . As in the
corresponding first-order language of Sect. 4.2, the only terms of the second-order
language defined by this signature are individual variables z € X.

As in Sect. 4.2, we associate with a temporal structure K the first-order structure
Sk for SIGy described there. A sequence = = (&,,&1,&2) of valuations of the
propositional variables } determines the valuation of the predicate variables

§(u)() =¢&(u)  forj €N

In the same spirit as that of the translation FOL of Sect. 4.2, we define the trans-
lation SOL : ’CETL (V) — ,CSOL(SIGv)Z

SOL(v) = v(xo) forveV,

SOL(u) = u(x) foru eV,

SOL (false) = false,

SOL(A — B) = SOL(A) — SOL(B),

SOL(0A) = Fyi(20 < y1 A ~Fy2(10 < y2 A 92 < 41) A (SOL(A))s, (1)),
SOL(0A) = Vy(m =y Va <y — (SOL(A))4(y)),

SOL(JuAd) = JuSOL(A)

Again, SOL(A) contains at most one free variable 1, that represents the current state.
Observe also that free and bound occurrences of predicate variables in SOL(A) cor-
respond precisely to free and bound occurrences of the corresponding propositional
variables in A. The structure of this translation reflects the semantic definition of the
connectives of L1y (V). As in Sect. 4.2 we therefore obtain the correctness of the
translation.

Theorem 4.4.2. Let K be a temporal structure for V, = = (&,&1,&2,...) be a
propositional valuation for V, Sk be the structure corresponding to K, and & be a
valuation such that £(u)(j) = &;(u) forall w € V and j € N. For any formula A of

‘C%TL(V) :

K (A4) = S (SOL(A)).

Proof. The proof parallels the one of Theorem 4.2.1 and runs by structural induction
on the formula A, simultaneously for all valuations = and &. The clauses corre-
sponding to the temporal connectives O and O in the definition of SOL reflect their
semantics in the same sense as the clauses for until and since in the definition of
FOL, and their correctness proof is completely analogous. This leaves us with the
two clauses concerning propositional variables and quantification:

o A=ueV: KT (1) = Eay) (1) = £(u)(E(20)) = S (SOL(u)).
e A = JuB: Using the induction hypothesis we obtain

KLS) (JuB) =t < K(T,) (B) = tt for some Z’ such that 5’ ~,, =

&= Sl(f')(SOL(B)) = tt for some &’ such that £’ ~,, &
& S{¥(SOL(3uB)) = tt. A
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In the sense of Sections 4.1 and 4.2, Theorem 4.4.2 asserts that monadic second-
order logic (based on the signature SIGy ) is at least as expressive as LTL+q. We will
now set out to show that monadic second-order logic, Biichi automata, and the logics
LTL+q and LTL+pu are actually of the same expressive power in the sense that they
define the same classes of temporal structures. In the terms of the discussion at the
end of Sect. 4.1, our measure of expressiveness is model equivalence with respect to
initial validity semantics, which is clearly the appropriate “yardstick” for definability
by Biichi automata, but also (cf. Theorem 4.2.4) for comparing predicate logic and
temporal logics without past operators.

We will base that proof on an intermediate first-order language over a signature
with a single sort representing sets of time points. Instead of using (quantifiers over)
variables representing time points as in the language considered so far, we will use
(quantifiers over) singleton sets, and the signature contains a predicate to characterize
such sets. More precisely, given a set V of propositional constants, we define the
signature SIGy, = (S™,F~,P~) where

o S ={SET},
F~ = {v&5ET) |y e V},
e P = {Q(SET SET)’ SING(SET), Sch(SET SET)}.

We will interpret the formulas of Lror(SIGy,) over structures S where |S| =
ISlser = N C s interpreted as the subset relation over sets of natural numbers,
SINGS as the predicate that holds precisely of singleton sets, and SUCS® (M, M)
holds if and only if My = {n} and My = {m} are two singleton sets with
m = n+ 1. We will call any such structure a SIGy,-structure, and we call a structure
S for LroL(SIGy ) where |S| = N and that interprets < as the “less than” relation
over N a SIGv/-structure.

The language Lsor (SIGv ) has both (individual) variables z (of sort TIME) and
predicate variables u. In Lror (SIGY,), both types of variables will be represented
by (individual) variables of sort SEI". Formally, we say that a SIGy,-structure S~
and valuation £~ and a SIGvy-structure S and valuation £ correspond to each other,
written (S7,&7) = (S, §), if all of the following conditions hold:

o 5 ={iecN|v5(i)=tt},
o ¢ (u)=1{ieN|&u)(i)=tt} for predicate variables u of LsorL(SIGv ),
o ¢ (z) = {&(x)} for (individual) variables = of Lsor(SIGv).

Lemma 4.4.3. For every formula A of Lror(SIGy;) there exists a formula A" of
Lsov(SIGv) such that

SO Aty = (s (4)
whenever (S—,&7) = (S, ).

Proof. The proof runs by structural induction on the formula A.

1. A = false: The assertion obviously holds for AT = false.
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2. A= B — (C or A = JuB: Then the assertion follows from the induction
hypothesis for AT = Bt — CT or AT = JuB™ (in the latter case, u is a
predicate variable in A™).

3. A=t C t' for terms ¢t and ¢’ of Lror(SIGy,): Then ¢ and ¢’ are either con-
stants v or variables u, and we distinguish the different cases. For example,
the formula (v C v)* is defined as Vz(u(z) — v(z)), and the remaining
cases are similar. With a slight abuse of notation, we will from now on write
(t Ct')" = Va(t(z) — t'(z)), and analogously for similar formulas.

4. A=t =1:Then AT =Vz(i(z) < t'(z)).

5. A= SING(t) for a term ¢: Then we define

AT =3z t(z) AVaVy(t(z) At(y) — z = y),

and this obviously proves the assertion.
6. A= SUCS(t,t'): Then

AT = FaTy (@) A () A=Ta(z < o Aya < 1)) A
VaVy(t(z) At(y) — = =y) A
Vavy(t'(z) At (y) — z =y).

The first conjunct ensures that ¢ and ¢ hold for some values i and j such that
j = i+ 1, and the second and third conjuncts ensure that ¢ and ¢’ hold for a
single value. AN

Similarly, for every formula of Lsor.(SIGv) we can find a corresponding for-
mula of Lgop (ST G\_,) In this translation, the third condition in the definition of =
becomes important, and we will ensure that quantifiers over (individual) variables in
the second-order language are translated into quantifiers over singleton sets in the
first-order language.

Lemma 4.4.4. For every formula A of LsoL(SIGv) there exists a formula A~ of
Lror(SIGy,) such that

(57)¢€ (A7) =5 (4)
whenever (S7,£7) = (S,€).

Proof. Performing again an inductive proof, the cases of A = false, A = B — C,
and A = JuB (for a predicate variable u) are trivial or follow immediately from the
induction hypothesis. For the remainder of the proof, remember that the only terms
of LsoL(SIGv) are (individual) variables x.

1. A = z = y: Then the assertion clearly holds for A~ =z = y.
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A = v(z): Then A~ = 2 C v. Now, using the definition of =, we find that

SE(A) =tt & v5(&(x)) =t

A = wu(z) for a predicate variable u: Then we similarly prove the assertion for
A =2 Cu.
A =z < y: Then we define

A” =—(z =y) AVu(z CuA
Vy1Vy2(y1 Q u A SUCS(yl, yg) — Y2 g u) —
y C u).

Assume that S¢(A) = tt, that is, £(z) < &(y), and that (S7,¢7) = (S,€).
Clearly, we find that £~ (z) = {&(2)} # {&£(y)} = £ (y). Let now & ~,, &~
and assume that ¢'(z) C ¢'(u) and that for all singleton sets {n}, {n'} such
that n = n' + 1, if {n} C &(u) then {n'} C &(u). Inductively, the latter
assumption ensures that whenever n € &'(u) for some n € N then m € &'(u)
for all m > n. Together with the assumptions that &’'(z) = {£(z)} C &’'(u) and
that £(z) < &(y) this ensures that £(y) € &' (u), which completes the proof.
Conversely, assume that (S7)(€ )(A~) = tt. This implies {&(z)} # {£(y)),
and therefore £(z) # &(y). Moreover, let the valuation £’ ~,, £~ be defined by
¢ (u) = {n € N| &(z) < n}. Obviously, &'(z) = {&(x)} C &'(u). Moreover,
{i +1} C €(u) holds whenever {i} C ¢ (u). Because (S7)¢ )(A7) = tt,
it follows that &'(y) = {&(y)} C &'(u) and therefore {(z) < £(y), and the
assertion follows.
A = 3zB for an (individual) variable z: Then we let A~ = Jz(SING(x)AB™),
and the assertion follows using the induction hypothesis and the definition of =.
A

Lemmas 4.4.3 and 4.4.4 show that the second-order monadic logic Lsor.(SIGv)

and the first-order logic Lror(SIGy,) are equally expressive, over the intended in-

terpretations. Pursuing our goal of establishing a correspondence between Biichi au-

tomata and Lror (SIGy,), we now define a SIGj,-structure Sk for a temporal struc-
ture K, similar to the corresponding definition in Sect. 4.2 for Lgor (SIGv ). Given
K = (10,71, 72, . ..), the structure Sk has |Sk| = |Sk|ser = 2V, the predicate sym-

bols C, SING, and SUCS are interpreted as the subset relation, the characteristic
predicate of singleton sets, and the set-theoretic version of the successor relation,

as required for SIGS, -structures. The interpretations of the constant symbols v are

obtained from the states 7, of K:

v = {i € N|n;(v) = tt}.
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Vg — Uy v A —\’[)f/ —v A\ vy
‘ . ‘ Ut N —\vf/ﬂvf A\ vz/.
(@) Aicy (b) Asina(n) (©) Asves(e,in

Fig. 4.9. Automata for the proof of Theorem 4.4.5

The following theorem, originally established by Biichi, associates a Biichi au-
tomaton {24 with every closed formula A of Lrop (ST G\_,) such that (24 accepts K

if and only if Sl(f)(A) = t, for an arbitrary variable valuation &. In this sense, it
demonstrates that Biichi automata and Loy (SIGy,) are equally expressive.

Theorem 4.4.5 (Biichi). For every closed formula A of Lror (SIGY,) there is a Biichi
automaton {2 4 such that 24 accepts temporal structure K if and only if S(Kg) (4) =ttt

Proof. For the inductive proof, the assertion has to be generalized for formulas of
Lror(SIGy;) that may contain variables z (of sort SET'). The automata (24 will
operate over temporal structures K for the set of propositional constants

V4 = V U/{v, | z has a free occurrence in A},

i.e., V augmented by new propositional constants v, corresponding to the vari-
ables that are free in A. Recall from the definition of SIGy, that the only terms
of Lror(SIGy;) are either constants v € 'V or variables «, which are represented in
V 4 by either v or v,. In the following, we write v; for the propositional constant
that represents the term ¢ of Lror (SIGYy,). We prove that 24 accepts K if and only

if Sff) (A) = tt for any variable valuation £ such that

(z) = {i e N|n;(vy) =1t}

1. A=t C ¢ for terms ¢ and t’: The automaton accepts K if and only if for all
i € N,if n;(v;) = tt then n;(¢') = tt. Formally,

-tht’ = (Vtgt’» {(Zo}a {qﬂ}v J, {‘JO})

where d(qo, o) = v¢ — vy (cf. Fig. 4.9(a)), and the assertion obviously holds.
2. A =t = t": The automaton is similar, except that §(qo, go) = v+ < V.

3. A = SING(t): The automaton checks that the propositional constant v; is true
at precisely one state. Formally,

Qsivay = (Vsiva), {90, a1} {0}, 6, {a})

where §(qo, q0) = 6(q1, 1) = i, (g0, 1) = vi, and 6(q1, qo) = false; cf.
Fig. 4.9(b).
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4. A= SUCS(t,t'"): The automaton verifies that the propositional constants v; and
vy are true precisely once, and that the state where vy is true is the successor
position of the one where v, is true. Formally,

Qsvesry = (Vsvesy 190, a1, 21 {0}, 0, {g2})

where 0(qo, go) = (g2, g2) = —ve A =y, 6(qo, 1) = ve A vy, 0(qu, g2) =
=y A vy, and 6(q, ¢') = false otherwise; cf. Fig. 4.9(c).

5. A= B — C: Then Sff)(A) = tt if and only if Sff)(B) = ffor S(KE)(C) = tt.
By the induction hypothesis there exist automata {25 and {2¢ for Vg and V¢
corresponding to B and C'. Both automata can also be understood as automata
for V 4, and by Theorems 4.3.7 and 4.3.1 the automaton {24 can be constructed
such that it accepts a structure K if and only if K is not accepted by (2 or
accepted by 2¢.

6. A = JzB: Without loss of generality, we assume that x has no free occurrences
in A. By the induction hypothesis there exists 25 for Vg = V4 U {v, } that
corresponds to B. The automaton {24 for V 4 is defined so that it accepts the
projection (L(£25))—.,; see Theorem 4.3.2. A

The final step in proving the expressiveness results announced previously is to
show that the fixpoint logic LTL+1 of Sect. 3.2 is expressive enough to represent
definability of temporal structures by Biichi automata. The proof idea is to encode
the structure and the acceptance condition of a Biichi automaton (2 as a (closed)
formula A, which is initially true if and only if {2 accepts K. In order to define
Ag we need some preparation and assume that 2 = (V, @, Qo, d, Q) where Q) =
{490, q1, - - -, quioc }- We define two formula transformers

(Ziij,@jj D LE (V) — LI (V) (fori,j € {0,...,nloc})

inductively with the help of auxiliary functions k(ﬁgj_ ) for k € {-1,0,...,nloc}, as
follows:
e Fork=-1:
—1@21 F) (5(‘]1; Qz) A OF)

(
D,(F) = 5(q,, ¢j) NOF fori # j,
LB = gs ) A OF.

e Fork=0,...,nloc:
ik (F) = pu(F V p-195;,(u))
where wu is chosen such that it has no free occurrences in F,
kD5 (F) = k1P (1 Prk (F)),
kB (F) = a8 (F) V10t (5B (1 81 (F)))
fori # korj # k.
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e Finally:
Di(F) = nioePis (F),
(Z%(F) = nloc@;;(F).
Observe that the propositional variables free in k@g;r ) (F) are just those that are
free in F'. The idea is that $;;(F') and 45;; (F) characterize those temporal structures
where F' becomes true “after following a path (respectively, non-empty path) from

q; to g;”. The following lemma makes this intuition precise.

Lemma 4.4.6. Let K = (09,171,732 . . .) be a temporal structure, = be a valuation of
the propositional variables, F be a formula of L{+ (V), and m € N.

a) K (@4 (F)) = ttif and only if there exists a finite sequence (qo, . .., Gn) € Q*
where n. > 0 such that Go = ¢;, ¢ = ¢;, E  0(q1, Gi41) holds for 0 < 1 < n,

MNm+1
and K'Z) (F) =t

m-+n

b) The assertion holds similarly for @;;(F), but with n. > 0.

Proof. The two assertions are proved simultaneously for k@ﬁj ) (F) by induction on
k, for arbitrary F, =, and m € N, with the restriction that the sequence of in-
termediate locations contains only locations between ¢o and g;. We call a finite
sequence (qo, ..., qn) With go = ¢, Gn = ¢, (q1,--, @n-1) € {0, -, @&}",
E 5(q, qie1) for0 < 1 < n,and K(=) (F)=ttan (¢,7, k, F, =)-path from state

Nm+1 m+n
m (of length n), and an (4,7, k, F', =) *-path if n. > 0.
For k = —1, the only (4,5, —1, F, )T -paths from state m are of the form

(¢, g;), and such a path exists if and only if lf] 9(¢i, g;) and Kfll(F) = tt. For
i = j, the additional (4,¢,—1, F', =)-path (¢;) exists in case Kgf)(F) = tt. The
definitions of ,1¢§;’ ) (F) clearly correspond to these situations.

For the induction step (k = 0,..., nloc) we first consider (,7, k, F', =)-paths
where ¢ = j = k. Assume that there exists a (k, k, k, F', =)-path from state m of

length n > 0, we will show that KiF) (kPri(F)) = tt, by induction on n.

1. Case n = 0: By definition we have KiF )(F) = tt. This trivially implies that
KE(FV 4101 (6P (F))) = tt and therefore K (@1 (F)) = tt by defi-
nition of ;P (F') as fixpoint.

2. Case n > 0: Because q9 = ¢, = ¢qr and n > 0 there exists some small-
est 0 < | < nsuch that g = qx, and (Gi, Qi41,---,Gn) is a (k, k, k, F, 5)-
path from state m + [ of shorter length. By induction hypothesis it follows that
Kfill(k@kk (F')) = tt. Since [ was chosen minimally, we find that (go, ..., g;) is
a(k,k,k—1,,P(F), Z)"-path from state m, and we may invoke the (main)
induction hypothesis to infer Kgf)(k_lékk(kak(F))) = tt, from which the

assertion K (kP (F)) = tt follows as in the preceding case.

Conversely, assume that K (kPri(F)) = tt; we have to show that there exists
a(k,k, k, F,=)-path from state m. Defining



4.4 LTL and Biichi Automata 141

M = {i € N | there exists a (k, k, k, F', =)-path from state i},
we will prove that
(0 [FVieagh @™ oM.

The definition of ;P (F) as the smallest fixpoint implies that [ Pr; (F)]x C M,
and in particular m € M, from which the assertion follows by the definition of M.

For the proof of (x), assume that i € [F V k,ldizk(u)]]f[“:w‘

o Ific [[F]]E[M:M] then we also have i € [F]g because u has no free occurrences
in F,and (q) is a (k, k, k, F', =)-path from state 4; hence i € M.

o Ifi € [[k_léz'k(u)]]f[u:w then by the induction hypothesis there exists a
(k,k,k — 1,u, Z[u:M])*-path (go,.-.,qn) from state i, and in particular
KEEL“:MD(u) = tt; hence i + n € M. By definition of M, there exists a
(k,k, k, F,Z)-path (g,...,q.,) from state i + n, and therefore the sequence
(Gos---+Gn,> Q1 -5 Gy ) isa(k, k, k, F, Z)-path from state 4, which proves that
1 € M.

We have now shown that @y, (F) characterizes (k, k, k, F, =)-paths. Clearly,
(k, k, k, F, =)*-paths are just those sequences (o, - - -, g ) that can be decomposed
intoa (k, k, k—1, @ (F))T-path (qo, ..., q)and a (k, k, k, F)-path (g, ..., Gn),
for some 0 < [ < n. With the help of the induction hypothesis and the assertion that
we have just proved, this shows that k@:k’ (F') characterizes those paths.

Finally, if i # k or j # k, then an (4,7, k, F', 5)(*)-path exists from state m if
and only if either there exists an (7,7, k — 1, F, Z)(+)-path, or if there exist paths
(¢ .-, qu) and (gg, ..., g;) (with intermediate locations among qo, . . ., gx—1) and
(qk, - - -, qr) (with intermediate locations among ¢, . . ., g) that can be concatenated
to form an (4,7, k, F', =) " -path. (Observe that at least one of these constituent paths
has to be of non-zero length.) These two cases are precisely reflected in the definition
of k@ggz) (F), and the assertion follows with the help of the respective induction
hypotheses. AN

q/
(

From the encoding of finite paths by formulas of LTL+ it is not hard to prove
the desired characterization of Biichi-definable languages by fixpoint temporal logic.

Theorem 4.4.7. Let {2 be a Biichi automaton over V. There is a closed formula
Ag of LIy (V) such that for any temporal structure K for V and valuation =,
K(():) (Ag) = ttif and only if the automaton {2 accepts K.

Proof. Let 2 = (V, Q, Qu, 9, Q) as above and define

Ag= "\ &;(vud)(u).
qi € QO
q € Qr
Assume that Ko(Ap) = tt where K = (19, 71,72, . ..). (For simplicity, we write

Ko instead of Kég) since the evaluation does not depend on = for closed formu-
las.) There exist ¢; € @ and ¢; € @y such that Ko(®;;(vu @;;(a))) = tt. By
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[k [i]s[[s2s(F) simplified  [[«®} (F) \
—1|0|0||FV (true AOF) FvOF OF
0|1|jvAOF v AOF v ANOF
1|0 | false NOF false false
1|{1{|FV(vAOF) FV (vAOF)||lvAOF
0(0]|0| pu(FVOu) OF OCF
0[1]|(vAOF)VO(v AOF)VOO(v AOF) [O(vAOF)  ||O(v AOF)
10 || false V false false false
1|1||FV (vAOF)V false FVv (vANOF)||lvAOF
1{1{1||pu(FV (vAOu)) v unt F v A O(v unt F)
0]0([[CFV<(vAO(v unt false)) OF OCF
0[1]|C(vAOF)V < O(vAO(vunt (vAOF)))|C(v AOF)  ||O(v AOF)
1|0 || false VV v unt false V (v A O(v unt false)) | false false

Table 4.1. Construction of ,®;; (F) for 23 (see Fig. 4.2)

Lemma 4.4.6a) there exists a sequence (go,...,q,) € @ such that g = ¢,
On = ¢j» '771 3(Gr, i+1) forall 0 < I < n, and K, (v @Z(a)) = tt. Applying the
fixpoint law (v-rec), it follows that K,, (&} (vu ®};(u))) = tt, and Lemma 4.4.6b)
ensures that there exists a sequence (g5,...,q,,) € QT with g = 7, = ¢,
- 0@, q1yy) forall 0 < 1 < n/, and again K, (vt @} (u)) = tt. Continu-
ing inductively, we obtain an accepting run of 2 over K.

Conversely, assume that {2 accepts K, via an accepting run ¢ = (go, 71, G2, - - )
where gy € (). By definition, g, € @)y holds for infinitely many £ € N, and because
@y is finite there exists some ¢; € @ such that g, = ¢; for infinitely many & € N.
Defining

M:{k€N|Qk=qj},
it is easy to show from the corresponding segments of o and Lemma 4.4.6 b) that
= [u:M
() Mcef@lc™"

for an arbitrary valuation =. This entails Ml C [ru 45;-; (@)]k. Choosing some k € M
(among the infinitely many elements of that set), we have Ky (va @Z(ﬂ)) = tt, and
the desired conclusion Ko(Ag,) = tt follows using Lemma 4.4.6 a), taking the prefix
(Go, @1, - - -, @) Of the run p as the finite sequence of automaton locations. A

We illustrate the construction of the formula Ay, for the Biichi automaton {23
of Fig. 4.2. Table 4.1 shows the different formulas k@g;r) (F). The column ,P;;(F)
contains the formulas according to the inductive definition. The column to the right
contains an equivalent formula after simplification by laws of propositional and tem-
poral logic; this simplified version is used for the construction of subsequent formu-
lasl. Similarly simplified versions of the formulas kdﬁ(F) appear in the rightmost
column.
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The locations gy and ¢, are respectively the only initial and accepting locations
of {25. The encoding of the Biichi automaton in LTL+ is therefore given by the
formula

Do1 (vu df, (1)) = (v AO(va(v AO(v unt u)))),
which in this case is equivalent to the LTL formula ¢Ow.

Summing up the preceding expressiveness results, we have established the fol-
lowing chain, adapting the notation introduced in Sects. 4.1 and 4.2:

ESOL(S[G\/) < EFOL(SIG‘_,) <y BA(V)
<o Lz (V) < L (V) < Lsor(SIGy)

where BA(V) represents the class of temporal structures that are accepted by Biichi
automata over V. (The relation between LTL+x and LTL+q was already established
by Theorem 4.1.6.) It follows that all these formalisms are actually equally expres-
sive with respect to model equivalence, based on initial validity semantics. In partic-
ular, this holds for LTL+x and LTL+q and means that LTL+x =¢ LTL+q. Because
of Theorem 2.6.4, which we have already remarked to also hold for these two logics,
this actually implies that LTL+x = LTL+q, as was already announced in Sect. 4.1.

Second Reading

A simple consequence of the results described in this section is that Biichi automata can
also be encoded in the logic LTL+q. In fact, the following direct encoding yields a more
succinct formula characterizing the existence of a successful run of a Biichi automaton over
a temporal structure:

nloc
Ao = E|”Uw0"'E|7/4nloc< /\ D‘\(qu/\u]') A

i,j=0

iF ]

\/ u; N

4 € Qo
nloc

0\ (w A6(u, u) AOw) A
4,7=0

\/ DOUJ)

q; € Qy

with a propositional variable u; per automaton location g;. This formula Ay, asserts that
there exists a valuation of the propositional variables ug, . .., Uni that simulates a run:
no two variables are simultaneously true; initially a variable corresponding to an initial
location is true, the transition formulas of the automaton are consistent with the variables
true before and after the transition, and some variable representing an accepting location is
true infinitely often.

Because we also know that every formula of LTL+q can be represented by a Biichi au-
tomaton, it follows that the “pure existential fragment” of £}, (V) in which a series of
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outermost existential quantifiers is applied to a quantifier-free formula is as expressive as
the full logic. A similar remark holds for Lsor(SIGv) in the sense that every formula of
that logic can effectively be transformed into one where a series of existential second-order
quantifiers are applied to a first-order formula.

4.5 Weak Alternating Automata

Biichi automata and their variants are non-deterministic: every automaton location ¢
may admit several possible successor locations for a given state 7, as there may exist
several locations ¢’ such that 57 d(q, ¢'). A temporal structure is accepted if, starting
from an initial location, at every state some successor can be chosen in such a way
that the resulting run (a sequence of locations) satisfies the acceptance condition.

We conclude these considerations by sketching another class of w-automata,
called alternating automata, where every location admits a non-deterministic choice
between sets of successor locations, which will then be active simultaneously. Con-
sequently, a run of an alternating automaton over a temporal structure is no longer
a sequence, but a tree or a dag of locations. The acceptance condition is defined in
terms of the sets of paths through this tree or dag. Alternating automata thus combine
the familiar “disjunctive” branching mode of non-deterministic automata with a dual
“conjunctive” branching mode, empowering the automaton to verify several condi-
tions in parallel. This does not necessarily make alternating automata more powerful
with respect to expressiveness: with suitable acceptance conditions, they again accept
precisely the class of w-regular languages. However, they can be exponentially more
succinct than non-deterministic automata, and this succinctness can yield interesting
trade-offs. In particular, the translation from LTL formulas to alternating automata
is of linear complexity, whereas checking emptiness of alternating automata is an
exponentially hard problem.

As in the definition of Biichi automata, we represent the transition relation of an
alternating automaton via propositional formulas. However, these formulas are now
formed from propositional constants as well as from automaton locations, with the
restriction that all occurrences of the latter are of positive polarity; this property is
defined in the same way as for propositional variables in Sect. 3.2. For example, for
v, v €V, g, ¢1, 2 € @, V and @ as before,

a) = (nAwA@aAg)V (= Vo)A@V a)) Ve

defines the possible transitions from an automaton location ¢: the automaton can
simultaneously activate locations ¢; and ¢» upon reading a state satisfying v; A vs.
It can choose between activating gy or ¢; upon reading a state satisfying —v; V va,
and need not activate any location for a state satisfying vs. Implicitly, no transition is
possible for a state satisfying v; A —vp. For a valuation 7 of V and aset Y C @ of
automaton locations, we define the joint valuation n¥ of V.U Q by n¥ (v) = n(v)
for v € Vand ¥ (¢) = ttif and only if ¢ € Y. A location ¢ that is active at some
point in a run of the automaton may thus activate a set Y of successor locations upon
reading a state 7 of a temporal structure if and only if lf?y d(¢) holds.
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qgo e ° .

q1 0/ .

q2 o\o/o
(a) Transitions from location ¢ (b) Prefix of a run dag

Fig. 4.10. Alternating automata: transitions and run dag

Transitions of alternating automata can be visualized using hyperedges, as shown
in Fig. 4.10(a) for the example.

We will represent automaton runs as dags labeled with automaton locations. For
example, Fig. 4.10(b) illustrates an initial prefix of a hypothetical run dag: initially,
just location ¢ is active, and it is reactivated by the first transition of the automaton.
The state 7; triggers a transition that activates the locations ¢; and ¢, which then
both react to state 75. In our example, ¢; activates locations qo and g¢o, while ¢
activates just go. Observe that since we record only which locations are active at a
given instant, we obtain a single successor node labeled by ¢o. Also, a run dag may
contain finite paths; for example, we have assumed that ¢y activates no successor
locations in the transition for 7s.

It remains to define when a run dag is accepting. This condition is given in terms
of the infinite paths through the run dag. For example, an alternating Biichi automa-
ton would require each infinite path to contain infinitely many accepting locations.
We consider here weak alternating automata whose acceptance condition is defined
in terms of a ranking of locations with natural numbers. This ranking is required to
stratify the set of automaton locations in the sense that if ¢’ occurs in §(¢) then the
rank of ¢’ is at most the rank of ¢. Therefore, if run dags are drawn as in Fig. 4.10(b),
but such that locations are topologically ordered according to their rank, the dag does
not contain any rising edges, and ranks along any path can never increase. Conse-
quently, every (infinite) path in a run dag defines a stable rank such that after some
finite prefix, all locations along the path are of the same rank. A run dag is accepting
if and only if the stable rank of every infinite path is even.

Because locations may occur only positively in transition formulas, it is easy to
see that taking more successor locations cannot invalidate a transition formula: if
E]y 0(¢) holds, then so does iy/ 0(q) for every superset Y’ of Y. However, taking
more successors increases the number of paths through the dag, making the accep-
tance condition harder to satisfy. We therefore assume that for every active location g,
the set of successors is chosen minimally such that §(¢) is satisfied.

Definition. A weak alternating automaton 2 = (V, Q, qo, rk, 0) for a finite set V
of propositional constants is given by

o afinite set Q of locations (where V. N Q = (),
e an initial location qy € @,
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Fig. 4.11. A weak alternating automaton and a prefix of a run dag

a mapping 7k : ¢ — N that assigns a rank to every location,

amapping § : Q@ — Lp.(V U Q) that associates a propositional formula §(q)
with any location ¢ € @, where locations ¢’ € @ occur only positively in d(q)
and such that 7% (¢") < rk(q) whenever ¢’ appears in §(q).

run of (2 over a temporal structure K = (ng,n1,72,...) for V is a dag
= (Yo, Yo, Y1, Y3, Yo, Y5, ...) consisting of configurations Y; C () and sets
i C Y, x Y41 of edges leading from locations of Y; to those of Y, where

e Yo={aq} .
e foreveryi € Nandall g € Y;, theset Y = {¢’ | (¢, ¢') € Y;} is minimal such
that lf]yd(q) holds,

o Viii={d|(q,q)€ Y; for some ¢ € Y;} is the range of Y;.

The run g is accepting and K is accepted if for every infinite path (qo, ¢1, g2, - - .)
through o (i.e., every infinite sequence such that ¢y € Yy and (¢;, ¢;+1) € Y; for all
¢ € N) the minimum rank assumed along that path,

Thinin = min{rk(q;) | i € N},

is even. The language L((2) of 2 is the set of temporal structures for V' which are
accepted by (2.

Figure 4.11 shows an example of a weak alternating automaton over V. = {v}
and a prefix of a run dag belonging to it, where the states 7 and 7 satisfy v and —v,
respectively. The automaton accepts precisely those temporal structures that contain
infinitely many states satisfying v and infinitely many states satisfying —v. For better
readability, we have labeled every automaton location with the temporal formula it
is intended to enforce. (The relationship between temporal logic and weak alternat-
ing automata will be made more precise subsequently.) Thus, the initial location g
is labeled with the formula OCv A OO—wv. Upon reading a state satisfying v, the
automaton reactivates the initial location because the original formula also has to be
true in the remainder of the temporal structure. Moreover, it activates the location ¢;
labeled by <—w; this can intuitively be understood as starting a new thread waiting
for v to become false. In fact, the automaton loops at ¢; as long as v is true, and
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the thread “dies” (by activating the empty set of successors) as soon as v is false.
Similarly, the initial location activates itself and the location ¢, labeled by <wv upon
reading a state satisfying —v, and location ¢» waits for v to become true. The num-
bers written in parentheses indicate the rank assigned to the respective location. In
particular, the locations ¢; and ¢ have odd rank, enforcing that no accepting run dag
contains a path that remains in those locations forever. However, the initial location
has rank 2 because that location is allowed to remain active.

For the analysis of alternating automata and their languages, it is useful to intro-
duce elementary notions of the theory of logical games. The paths through a run dag
of a weak alternating automaton {2 over a temporal structure K can be understood
as the outcomes of the following game G ({2, K), played by two players that are tra-
ditionally called AUTOMATON and PATHFINDER. Intuitively, AUTOMATON tries to
demonstrate that K is accepted by (?2; it makes use of the disjunctive non-determinism
of the transition relation. Dually, PATHFINDER challenges the acceptance of K by (2
and tries to exhibit a path whose stable rank is odd; it chooses some location among
those proposed by AUTOMATON. Continuing in this way, both players construct a se-
quence of “positions”. Either one of the players has no move and therefore loses after
a finite number of moves, or the winner is determined by the parity of the minimal
rank of locations that appear in the sequence.

Formally, the positions of G (2, K) are of the form (7, ¢) when AUTOMATON
draws where ¢ € N and ¢ € Q. They are of the form (i, ¢, Y') when PATHFINDER
has to draw where i and ¢ are as before and Y C (@ is a set of locations. The
initial position is (0, go) where ¢o is the initial location of (2; therefore, player AU-
TOMATON makes the first move. Whenever AUTOMATON draws from some position
(i, ), it chooses some minimal set ¥ C () such that lfvyé (q) holds for the joint val-

uation 1Y, provided some such set exists, producing the position (i, ¢, Y). A move
of PATHFINDER from any such position consists in choosing some ¢’ € Y, provided
Y # (), and yields the position (7 + 1, ¢'), and the play continues from there. Let us
remark that from any position in G({2, K), the player who has to make a move has
only finitely many moves because the set () of automaton locations is assumed to be
finite.

Any infinite play determines a sequence (qo, ¢1, g2, - - -), called the outcome of
the play, of locations determined from AUTOMATON’s positions (0, o), (1, ¢1), - ..
encountered during the play. A play is won by AUTOMATON if either some position
(4, g, ) is reached from where PATHFINDER has no move, or if it is infinite and the
minimal rank of the locations in the outcome is even. Otherwise, the play is won by
PATHFINDER.

We are now interested in the question of whether one of the players can force a
win, assuming optimal play. For the games considered here, it suffices to consider
particularly simple strategies that determine the next move from the current position
alone, without regard to the history of the play. A memoryless strategy (for either
player AUTOMATON or PATHFINDER) is a partial function that, given a position for
that player, determines the next draw, respecting the rules of the game. It is a winning
strategy for the player from a game position if for any play starting from that position
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such that his moves are determined by the strategy is won by him (for arbitrary moves
of his opponent); in particular, the strategy must always be defined in such a play.
It is a winning strategy for the game G({2,K) if it is a winning strategy from the
initial position. Because the rules of the game mirror the definition of a run, player
AUTOMATON has a winning strategy if and only if K is accepted by 2.

Lemma 4.5.1. A temporal structure K is accepted by the weak alternating automa-
ton §2 if and only if player AUTOMATON has a memoryless winning strategy for the
game G(£2,K).

Proof. Assume first that K € £({2), and let o = (Yo, Yo, Y1, Y1, .. .) be an accept-
ing run dag of {2 over K. Define a strategy str for player AUTOMATON that, given a
position (4, ¢), returns the successors of the node labeled ¢ at the ith configuration
of the dag, i.e.,

str(i,q) ={d'| (¢.¢') € Vi}

so that (4, ¢, str(i, ¢)) will be the next position in the play. By applying this strategy
starting at the initial position (0, go), AUTOMATON thus forces the play to follow a
path through the run dag p, i.e., ¢ € Y, holds whenever the strategy str is applied
to position (7, ¢). Because ¢ is a run dag, Y = str(i, q) is therefore a minimal set
such that lf]y d(¢) holds, and thus str determines a valid move for AUTOMATON.
Either the sLtrategy computes the empty set at some point, and PATHFINDER loses
immediately, or the outcome of the play is an infinite path through p, and therefore
the minimal rank assumed along that path must be even; hence AUTOMATON wins
in this case, too.

Conversely, assume that AUTOMATON has a memoryless winning strategy str
for G(£2,K), and inductively construct a dag o = ( Yy, Yo, Y1, Y1, .. .) as follows:

e Yo={q} .
If Y; has been constructed, define V; = {(¢,¢') | ¢ € Y;and ¢’ € str(i, q)}
andlet Y1 = {¢' | (¢,¢') € Y, for some ¢ € Y;} be the range of Y;.

As before, the paths in the resulting dag correspond exactly to the plays in G(£2,K),
and therefore p is an accepting run dag of {2 over K. A

We will now define a translation that associates a weak alternating automaton
2p to any formula F' of LTL such that £L(2r) = {K | Ko(F) = tt}. It follows that
weak alternating automata are at least as expressive as LTL.

The basic idea of the translation is to have locations of {27 enforce the truth of
subformulas of F, as was already indicated in the example automaton of Fig. 4.11
corresponding to the formula OO v A OO —w. The transition formulas of 25 are de-
fined by induction on the structure of the temporal formulas: propositional connec-
tives are directly provided by the combinational structure of alternating automata,
and temporal connectives are decomposed according to their recursive characteriza-
tions.
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location ¢ ‘ 3(q) ‘ rk(q) ‘
Qtrue true 0
Gralse false 0
@ (v EV) v 0
Gq-v (v € V) - 0

qanB 8(qa) Nd(gp) | max{rk(qa), 7k(q5)}

qavs 8(qa) vV 8(qp) | max{rk(qa), 7k(qn)}

qoa qa rk(qa)
goa qoa A 6(qa) [7k(qa) Teven
qoA goa V 6(qa) [7E(qa)Todd

Fig. 4.12. Transition and ranking functions for automaton {2p

More formally, we assume F' to be given in positive normal form, that is, built
from propositional constants or their negations by applying the connectives A, V, O,
0, and <. Every formula of LTL can be rewritten in this form by eliminating im-
plication and negation (other than applied to propositional constants) using standard
laws of propositional logic and the laws (T1), (T2), and (T3). The weak alternating
automaton (2 contains a location ¢4 for every subformula A of F', with gz being
the initial location. The transition formulas (¢4 ) and the ranks rk(g4) are induc-
tively defined as shown in Fig. 4.12 where [n]oqq and [n]even denote respectively
the smallest odd and even number greater or equal than n. Observe that the ranks of
successors are non-increasing, so {2y is a well-formed weak alternating automaton.

Theorem 4.5.2. For any formula F' of LTL, the weak alternating automaton §2p ac-
cepts precisely the temporal structures K such that Ko(F) = tt.

Proof. Let 2 = (V, Q, qr, 9, 7k) be the weak alternating automaton associated
with F' and K be some temporal structure for V. We show by induction on the sub-
formula A of F that for any ¢4 € @ and any ¢ € N, player AUTOMATON has a
(memoryless) winning strategy from the position (7, g4) in the game G(2p,K) if
and only if K;(A) = tt. From this, the claim follows with Lemma 4.5.1.

1. A € {true, false} or A € {v, v} for some v € V: In these cases, 6(¢gs) = A.
If K;(A4) = tt, the trivial strategy that returns () for the position (7, g4) and is
undefined otherwise determines a valid move in G({2p, K), and AUTOMATON
wins at the successor position (i, g4, () because PATHFINDER has no move. If
K;(A) = ff, player AUTOMATON has no move in G(£2r, K), so PATHFINDER
wins immediately. In particular, AUTOMATON does not have a winning strategy.

2. A = BA C:Then §(ga) = 6(qB) A 0(qc). Assume that K;(A) = tt; thus
Ki(B) = K;(C) = tt. By the induction hypothesis, AUTOMATON has winning
strategies strp and str¢ from the positions (4, ¢z ) and (4, ¢¢ ). Then the strategy
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strp (i, qp) U strc (i, qc) if (4, ¢) = (4, qa),
str(j,q) =} stre(j, q) else if strp is defined for (7, q),
stre (4, q) otherwise

obviously defines a winning strategy for AUTOMATON from position (7, g4).
Conversely, a winning strategy str for position (7, g4) gives rise to strategies
strp and stre for positions (7, gg) and (i, ¢¢) since all minimal sets Y such
that ljlyé(q,q) are of the form Y5 U Y where lflyBé(qB) and )77%6((]0). There-
fore, say, strp is defined to produce a minimal set Y; C str(qa, ¢) such that
E]yl(s(qB), and equals strq on all other positions, and similarly for stro. In
this way, strp and str¢ become winning strategies for positions (4, ¢z) and
(4, gc), so by the induction hypothesis we have K;(B) = K;(C) = tt, implying
Ki(A) = tt.
The case A = B Vv (' is analogous.
A = OB: Then AUTOMATON has no choice but to move to (7, g, {qz}), from
where PATHFINDER must move to position (i+ 1, ¢g). By induction hypothesis,
AUTOMATON has a winning strategy for (i+ 1, ¢g) if and only if K, 1 (B) = tt,
which implies the assertion for position (7, g4).

= OB: Then 6(¢ga) = qa A 0(¢p). Assume that K,;(A) = tt, and therefore
K;(B) = ttforall j > i, and by induction hypothesis AUTOMATON has winning
strategies str, for (4, gp), for all j > i. Define the strategy

{aa} Ustry(j, ap) if ¢ = qa.
str(j,q) = < strr(4, q) otherwise, where k > i is the largest
index of a position (k, g4).

A straighforward induction on the positions of the game shows that str produces
legal moves for player AUTOMATON from position (7, g4) onwards. If player
PATHFINDER chooses positions (j, g4) for all j > ¢ then AUTOMATON wins
because the rank of ¢4 is even. Otherwise, AUTOMATON follows the strategy
strg from the last position (k, g4) of that form onwards, which by induction
hypothesis is a winning strategy for AUTOMATON.

Conversely, assume that K, (A) = ff, that is, K; (B) = ff for some j > ¢. By in-
duction hypothesis, AUTOMATON has no winning strategy from position (5, ¢5).
Now, PATHFINDER can force the play to reach position (5, ¢4) by choosing po-
sitions (k, g ) for all 4 < k < j, since any (minimal) model of 6(¢4) must ob-
viously contain ¢4. At position (j, ¢4), AUTOMATON must produce the position
(4,94,{ga} U Y) where Y is a (minimal) non-empty set such that Ifljy 5(qp),

and PATHFINDER will choose some ¢ € Y to reach the position (5 + 1, q).
Clearly, any winning strategy from that position would determine a winning
strategy from (j, ¢p), so we find that AUTOMATON does not have a winning
strategy from (i, ga).

The case of A = OB is similar. A
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location ¢ ‘ 5(q) ‘ k(q) ‘

qAuntil B g8V (ga A qaunis) | [max{rk(qa), rk(gs)}]owu

q Aunless B qs Vv ( qa N unnlessB) ’Vmax{ rk ( qa ) 5 rk ( qB ) }—| even

Fig. 4.13. Automaton construction for LTL+b

The construction of {25 ensures that its size is linear in the size of F'. The con-
struction extends in the canonical way to LTL+b. For example, Fig. 4.13 shows the
definitions of §(q) and rk(q) for the binary operators until and unless.

In order to decide emptiness of a weak alternating automaton {2, one can con-
struct a Biichi automaton that accepts the same language. Because this conversion
relies on a subset construction, the Biichi automaton will in general be exponentially
larger than (2. However, minimizations can be performed on (2 as well as during
the construction of the Biichi automaton, and this approach to computing Biichi au-
tomata in practice outperforms direct techniques based on the tableau construction
as described in Sect. 4.4.
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5

First-Order Linear Temporal Logic

Temporal logic — studied so far in its propositional form — can be developed to a
predicate logic in a way analogous to how this is performed in classical logic.

We present temporal predicate logic only in a first-order version and in a first
step with the basic temporal concepts of LTL (as an extension of both LTL and
FOL). This basic first-order linear temporal logic FOLTL can easily be augmented
with the propositional extensions introduced in Chap. 3, and we will also discuss in
Sects. 5.4-5.6 some more predicate logic additions.

When passing from propositional to first-order logic in the classical framework,
decidability gets lost. As the main theoretical result of this chapter we will show
that this “gap” is even more essential in temporal logics: FOLTL turns out to be
incomplete.

5.1 Basic Language and Semantics

In propositional temporal logic the propositional constants (which are the only basic
building blocks) are “time-dependent”. In a predicate logic, formulas are built from
function and predicate symbols (and variables), and there is a free choice of which
of these basic atoms are to be interpreted differently in different states. The symbols
which are chosen for this to establish the temporal aspect are called flexible; the
others are interpreted “time-independently” and are called rigid.

The most widely used choice is to take particular individual and propositional
constants as the flexible symbols called flexible individual constants and flexible
propositional constants, respectively. (Alternatives will be sketched in Sect. 10.1.)
To put it formally, a temporal signature TSIG = (SIG,X, V) is given by

a signature SIG = (S,F,P),
X = USES X where X, for every s € S, is a set of flexible individual con-
stants,

e aset V of flexible propositional constants.
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For TSIG = (SIG,X,V) let SIG" be the (classical) signature resulting from
SIG = (S,F,P) by joining X, to F(=:*) forevery s € Sand V to P(*). In SIG™ the
view of the flexible symbols of X and V as individual and propositional constants
is established. As we will see shortly from the semantical definitions, the flexible
propositional constants will play the role of the propositional constants of LTL while
rigid propositional constants in the sense of classical PL are, as in FOL, available as
elements of P(¢). Note moreover, that T'SIG is just another form of SIG+ displaying
X and V explicitly.

Given a temporal signature TSIG = (SIG,X,V), SIG = (S,F,P), let
LroL(SIGT) be a first-order language in the sense of Sect. 1.2 (over the signature
SIG™ defined above) with X' = | J, cg Vs being its set of variables. The alphabet of a
(basic) language LrormL( TSIG) (also shortly: Lrormy) of first-order linear temporal
logic is given by

e all symbols of Lo (SIGT),
e the symbols O and O.

Terms (with their sorts) and atomic formulas of Lrorry.(TSIG) are the terms and
atomic formulas of Lrop (SIG™). In particular this means that every a € X is a term
and every v € V is an atomic formula.

Inductive Definition of formulas (of LrorrL ( TSIG)).

1. Every atomic formula is a formula.

2. false is a formula, and if A and B are formulas then (4 — B), OA, and OA are
formulas.

3. If Ais aformula and z is a variable then JzA is a formula.

It is obvious that every formula of the classical language Lror (SIG™) is a formula
of LrourL(TSIG) as well. These formulas contain no temporal operators and are
called non-temporal. Terms and formulas containing no flexible symbols are called
rigid. The rigid and non-temporal formulas are just the formulas of Lror (SIG).

All abbreviations, the notions of free and bound variables and of closed formulas,
and the conventions about notation introduced in Sects. 1.2 and 2.1 are carried over
to LrorrL. For better readability we will additionally bracket atomic formulas in
formulas of the form O(a < b), 3z(z = a) and the like.

For the definition of semantics for LrorrL, the notion of temporal structures
(serving again as interpretations) has to be adjusted to the first-order situation. A
temporal structure K = (S, W) for a temporal signature TSIG = (SIG,X, V) con-
sists of

e astructure S for SIG (in the sense of Sect. 1.2), called the data component of K,
e an infinite sequence W = (ng, 71,72, . . .) of mappings

ni: XUV = |S| U {ff, tt)

with 7;(a) € |S|s for a € X, s € S, and n;(v) € {ff,tt} for v € V for every
1 € N. (The 7, are again called states; 1y is the initial state of K.)
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A temporal structure K = (S, W) together with a variable valuation £ with respect
to S (which is a mapping £ : X — |S]| as in Sect. 1.2) defines, for every state 7);
of W, mappings S(¢7) which associate values S(67)(¢) € |S| for every term ¢ and
S&m)(A) € {ff, 1t} for every atomic formula A. The inductive definition runs quite
analogously as in FOL:

1. s<5m() &(r) forw € X.
2. S&m)(a) =n;(a) forac X.
3. S&m )(v) 7i(v) for veV.
4. S&m) (f(tl, S tn)) = f3(SEm) ( t1),...,SEm)(t,)) for f € F.
5. SEM) (p(ty, ... 1)) = pS(S(’E M) ( 1) ., S "l)(t )) forpeP.

6. SEM) (4 = tg) =tt < SE)(4) and S(ém) (ty) are equal values in [S|.

S(&m) plays the combined role of S(¢) in FOL and 7; in LTL and can now be induc-

tively extended to the definition of Kgé) (F) € {ff, tt} for every formula F (the “truth
value of F in 7); under £”) transferring the according clauses from FOL and LTL:

K E)( A) =SEm)(A)  for every atomic formula A.
K (false) = ff.

D(4—B)=tt & KYUA) =1f or K(B) =tt.
K, (04) = K(S, (4).
K¥(04) =tt & K9(4) =tt forevery j > i.

6. K¥(3z4) =tt < thereisa & with & ~, € and K¢ (4) = tt.

MRS
=

(
z
:
z
z
5

For the other logical operators (in particular < and V) the definitions carry over as in
FOL and LTL, i.e.,
7. KO(0A) =t & KO(4) =1t for some j > i.
8. K9 (vad) =tt & KE)(4) =tt forall & with € ~, ¢
Note that for rigid terms ¢ and rigid formulas A these evaluations do not depend
on 7);, so we have in such cases S(6)(¢) = S(&m)(¢) and Kgf)(A) = K]@)(A) for

arbitrary 4,7 € N. If A is a rigid and non-temporal formula then, viewing A as a
formula of Lrop (SIG), we can also evaluate S©€)(A) in the sense of classical FOL,

and comparing the respective clauses in Sect. 1.2 with those for KEE)(A) above, it

follows immediately that Kgg)(A) = S(&)(A) then holds for every K = (S, W), &,
and 7 € N.

Example. Let TSIG = (SIGnqt,{a, b}, {v}) be atemporal signature with STG .
being a natural number signature and let x, y be variables (of sort NAT). Then

A=3Tz(a=z+y)ANOv—0O(b<7)

is a formula of Lropr (T'SIG). Furthermore, let K = (N, W) be a temporal structure
with the standard model N of natural numbers and W given by



156 5 First-Order Linear Temporal Logic

n

—
no

2 M3 1
8 5 7 3 ...(arbitrary)...
7 9 5 5 ...(5forever)...
tt tt ff tt tt ... (arbitrary)...

38
=

NP

a
b
v
and let £ be a variable valuation with £(y) = 3. Then

KO (En(a=2+y)) =tt & thereisa ¢ with £ ~, ¢ and
ni(a) =& (z) + 3.

This means Kéf)(ﬂx(a =z +y)) = ff and Kég)(ﬂx(a =z +y)) = tt (with
&' (x) = 2). So we get

K (4) =tt,
K& (0v) = no(v) =1 = KI¥(4) =tt,
K (0v) = n3(0) = tt, K (b < 7) = 1, K (O(b < 7)) = ff

= K (a) =ff,
KO@b <) =tt = K94) =tt fori>3. A

Definition. A formula A of Lrorr. (T'SIG) is called valid in the temporal structure
K for TSIG (or K satisfies A), denoted by II=(A, if Kgs)(A) = tt for every i € N and
every variable valuation £. A is called a consequence of a set F of formulas (F EA)
if (Z))T<A holds for every K with )T<B forall B € F. Ais called (universally) valid (F A)
if ) EA.

These definitions are the obvious adaptations from FOL and the (normal) validity
concept of LTL. Clearly, FOLTL can alternatively be equipped with initial validity
semantics as well by modifying the notion of validity in a temporal structure accord-
ing to Sect. 2.6.

Example. The formula 320A < OFzA is valid since for every K, i € N and £ we
have

K (3204) = tt < thereisa & with € ~, & and K¢ (04) = tt
& thereisa & with € ~, ¢ and K$)(4) = tt
& K9 (324) = tt
& KO (03z4) = tt.
(Observe that in this calculation we have just rephrased the validity proof of the
axiom (qltl2) of LTL+q in Sect. 3.3.) A

Formulas A and B with F A «— B (like 32O0A and O3zA in the example) are
again called logically equivalent, denoted by A = B.

Validity of a formula A means that A “holds for all data interpretations and all
state sequences”. We still introduce as a weaker notion that A “holds for all state
sequences for a fixed data component”.
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Definition. Let T'SIG = (SIG,X,V) be a temporal signature, S a structure for
SIG. A formula A of Lrorr ( TSIG) is called S-valid if E(A holds for every temporal
structure K for 7'SIG with data component S.

Example. The formula A = O(a + ¢ = a) — = = 0 over a natural number
signature with @ € Xy and z € Xya7 is N-valid (N being the standard model of
natural numbers) since, for every K = (N, (70,11, 72, --.)), &, and i € N, we have

K¥O(a+2=a)=tt = ni11(a) +£(z) = nis1(a)
= {(2) =0
which means ’T(A' o

In case A is a rigid and non-temporal formula, S-validity is already given by
validity in a single temporal structure with data component S. Moreover, such a for-
mula is a classical first-order formula over the underlying signature SIG. So, for A
we have also the notion of being valid in S as defined in Sect. 1.2, and it is quite
trivial to compare this classical validity with S-validity in the present context.

Lemma 5.1.1. Let TSIG = (SIG,X, V) be a temporal signature, S be a structure
Sfor SIG, K = (S,W) be a temporal structure for TSIG, and A be a rigid and
non-temporal formula of Lrorr.(TSIG). Then

)?A & AisS-valid < Aisvalid in S (in the classical first-order sense).

Proof. As already noted above, Kgg)(A) = S(&)(A) holds for every ¢ and arbitrary
K = (S,W) and i € Nif A is rigid and non-temporal. So we have

© _ :
RA & K> (A) =1t forevery ¢, i
& SEO(A) =tt forevery &

and from this we obtain
)T<A < Aisvalidin S

and

A & F, A for every temporal structure K’ = (S, W) for T'SIG
& Ais S-valid.

Together, this proves the claim. A

The formula A,(t) — JzA is a typical classically valid formula as seen in
Sect. 1.2. In general, it is no longer valid in FOLTL. Consider, e.g., the formula

A=2c=aN0O(z#a)
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with a € X. Let b € X and K be such that ng(a) = 19(b) = n1(a) # n1(b). Then
A (b) = b=aNO(b # a) and, for arbitrary &,

K (44(b)) =t
but

K (3zA) = ff

since otherwise there would be a ¢’ with &'(z) = ng(a) and £'(x) # 11 (a) which
contradicts 1g(a) = n1(a).

The problem illustrated here arises from the too liberal substitution of the flexible
constant b for the rigid variable z in A. In order to avoid it, a reasonable restriction
could be formulated as follows.

Definition. Let A be a formula of Lrorrr. A term ¢ is called substitutable for x in
Aif A, (t) has no new occurrences of flexible individual constants in the scope of a
temporal operator as compared with A.

Example. In the situation above, the term b is not substitutable for z in A since in
A, (b) there is a new occurrence of b in the scope of O. However, for

B =z=aN0O(y+#a)
we get
By(b) = b=aAO(y # a),

so b is substitutable for z in B. It is easy to compute that B, (b) — JzB is valid.
More generally, if a term ¢ is substitutable for = in a formula A of Lropry then the
formula

Az (t) — JzA
is valid. In fact we have for arbitrary K, 7 € N, and &:

KO U, (1) =tt = KE(4) = KO (4,(1) =t
for & ~, &, &'(x) = SEM (1)

= K®@Ez4) =1t. A
We still note that the LTL relationship
FU{A}EB & FEOA—B

has to be modified as in Sect. 1.2 (it holds if A does not contain free variables),
and extend the list of laws (T1)—(T38) carried over from LTL by some more valid
formulas as “typical” laws of FOLTL (also repeating the one proved in an example
above).
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(T39) 3204 > OFzA,
(T40) VzOA < OVzA,
(T4]) FzOA « OTaA,
(T42) VYzOA < OVzA.

We mentioned already that FOLTL can be augmented with the propositional ex-
tensions of Chap. 3 in the same way as LTL. For example, the logic FOLTL+b is
FOLTL with the addition of binary operators described in Sect. 3.1 and contains
formulas like

Jz(A unless B), A atnext (VzB).

With such extensions, new temporal logical laws arise. We only give some examples
in the line of (T39)—(T42) and conclude this section by proving one of them.

(Tb30) Jz(A unl B) <> A unl (I2B)

if there is no free occurrence of z in A,
(Tb31) Vz(Aunl B) < (VzA) unl B

if there is no free occurrence of z in B,
(Tb32) 3Jz(A atnext B) < (JzA) atnext B

if there is no free occurrence of z in B,
(Tb33) Vz(A atnext B) < (VzA) atnext B

if there is no free occurrence of z in B.

Proof of (Tb32). If there is no free occurrence of x in B then for any temporal struc-
ture K, 7 € N, and variable valuation £ we have:

K¢ (32(A atnext B)) = tt
< thereisa & with £ ~, & and Kgél)(A atnext B) = tt

& thereisa & with £ ~, £ and

(€
K;

K (A) =1t for the smallest & > i with K\ (B) = tt
& thereisa & with £ ~, ¢ and

(B) = ff forevery j > i or

(3] _ S
K> (B) = ff forevery j > i or
K;f )(A) = 1t for the smallest & > 7 with KE)(B) =1t
() _ S
< K (B) = ff forevery j > i or
there is a & with & ~, ¢ and
K{$)(4) = tt for the smallest k > i with K{¥(B) = tt

& K )(B) = ff forevery j > i or

(€
J

K\ (3z4) = tt for the smallest k > i with K{¥(B) = tt

= Kgg)((HxA) atnext B) = ft. A
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5.2 A Formal System

A reasonable formal system Yoy, for FOLTL can be given as an extension of 3,
in the following way.

Axioms

(taut)  All tautologically valid formulas,

(tl)  —OA — O-A4,

(t12) O(A — B) — (OA — OB),

(t13) OA — AAODA,

(1t14) A, (t) — JzA if t is substitutable for z in A4,
(1t15) OdzA — Jz0A,

(1t16) A — OA if Aisrigid,

(eql) T =,
(eq2) z=y — (A— A;(y)) if Aisnon-temporal.
Rules

(mp) A,A— B+ B,

(nex) A+ OA,

(ind) A— B,A—-OA+A— OB,

(par) A — B + JzA — B if there is no free occurrence of z in B.

YrorLTL 1s essentially a conglomeration of Xy and the classical first-order system
YrorL shown in Sect. 1.2. The only new items are (Itl5), combining temporal and first-
order operators, and (1tl6), expressing the fact that all symbols except the flexible
ones are equally interpreted in all states.

Theorem 5.2.1 (Soundness Theorem for Yxopry). Let A be a formula and F a set
of formulas. If F EFOLTLA then F E A.

Proof. The proof runs again by induction on the assumed derivation of A from F.

1.

A is an axiom of YgorrL: It suffices to show that A is valid. For the axioms
(taut), (1tl1), (1t12), (1t13) of Xy1r this can be taken from Sect. 2.2 and for (1t14)
and (1t15) this was shown in Sect. 5.1. For (Itl6) it is clear since if A is rigid then
KEE) (A) = Kgi)l (A) = Kgf) (OA). The validity of the equality axioms (eql) and
(eq2) is also obvious according to the semantical definition for =.

A € F: In this case F E A holds trivially.

A is a conclusion of a rule of Ygory: The rules (mp), (nex), and (ind) of Yt
are treated exactly as in the proof of Theorem 2.3.1. For the rule (par) we may
assume the induction hypothesis F = A — B. To show F F JdzA — B,
let K be a temporal structure, ’T( C for all C € F. Then I|=(A — B. Assume
K324 — B) = ff, ie., K (3z4) = ttand K\¥(B) = ff for some i € N
and variable valuation £. Then there is some & with £ ~, £ and Kgf )(A) = tt.
Since B does not contain free occurrences of = we get Kg£ )(B ) = KE&) (B) =ff

and therefore Kgg/)(A — B) = ff, which is a contradiction to & A — B.
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Thus, Kgé)(al’A — B) = tt for every 7 and &, i.e., E( JdzA — B and hence
F E3d2A — B. YAN

We can transfer all logical laws and derived rules from LTL to Yoy since Xy,
is a part of YporrL. Moreover, we may incorporate classical first-order reasoning into
derivations within Yo because of the first-order axioms and the rule (par). So,
analogously to the derived rule (prop) we may use an additional rule

(pred) Aq,..., A, F B if Bis a “first-order consequence” of Ay,..., A,.

A formal definition of the notion “first-order consequence”, however, is not as easy
as it was for the “tautological consequence” in (prop). In particular, due to the restric-
tion in (1tl4) we have to be somewhat careful in the case when flexible symbols are
involved. The simplest precise meaning of (pred) is taking its application as a short-
cut of a derivation of B within YXgorr, which uses the assumptions 44, ..., A, and
only (taut), (1tl4), (eql), (eq2), (mp), and (par). Examples for (pred) are the following
rules, which can easily be verified in this sense:

A — B + A — VaB if there is no free occurrence of z in A,
A+ VzA,

ti=1 F t5 =1,

o=t to =13 F t; = t5.

e o o o

The laws (T39)—(T42) introduced in the previous section (and others of this kind)
can also be derived in Yporr. As a sample derivation we show this for (T42).

Derivation of (T42).

() —-0A — Jz—-04 (1t14)

(2) OA— 004 (prop),(1t13)

(3) VzOA — OOA (prop),(1),(2)

(4) VzDA — V2OOA (pred),(3)

(5) O3z-04 — 3z0-0A (1tl5)

(6) OFz—0A — Jz—0OA (pred),(1tl1),(5)
(7) VzOOA — OVzOA (prop),(1tl1),(6)
8) VzOA — OVzOA (prop),(4),(7)

(9) VzOA— A (prop),(1t13),(1)
(10) V2OA — VzA (pred),(9)

(11) Vz0A — OVzA (ind),(8),(10)
(12) =4 — Jz—A (1t14)

(13) OVzA — OA (prop),(T19),(12)
(14) OVzA — VzOA (pred),(13)

(15) VzOA «— OVzA (prop),(11),(14) A

The Deduction Theorem 2.3.3 of LTL can be transferred to Ygorr, with some

restriction, as discussed in Sect. 1.2.
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Theorem 5.2.2. Let A, B be formulas, F a set of formulas. If F U{A} b B and this
derivation of B contains no application of the rule (par) for a variable occurring

freein A, then F - 0OA — B.

Proof. Performing an induction on the presupposed derivation of B from F U {A},
the cases that B is an axiom or B € F U {A} or B is the conclusion of (mp), (nex),
or (ind) can be taken word for word from the proof of Theorem 2.3.3. It remains to
consider rule (par). Let F U {A} + C — D, z not free in D, such that 3zC' — D
is derived by (par) and there is no free occurrence of z in A. By the induction hy-
pothesis we know that 7 - 0OA — (C — D); hence F + C — (0A — D)
by (prop). From this we obtain F F J2C — (OA — D) by (par) and finally
F F0OA — (3zC — D) by (prop). A

As before, the variable condition in this theorem is trivially fulfilled if A is closed
and, of course, the converse assertion

F+OA—B = FU{A}FB

holds again without any restrictions and can be proved exactly as in Theorem 2.3.4.

5.3 Incompleteness

Propositional linear temporal logic LTL and classical propositional logic PL are both
decidable. PL can be completely axiomatized and for LTL this is possible at least in
the weak form described in Sect. 2.4. Comparing linear temporal and classical logics
in their first-order versions, FOL is undecidable and hence FOLTL is undecidable
as well. The main difference appears with respect to axiomatizations. In contrast to
FOL, FOLTL can not be completely axiomatized, not even in the weak form. More
precisely: FOLTL is incomplete in the sense defined in Sect. 1.4. We may show this
following the pattern given there by proving that, roughly speaking, the standard
model of natural numbers can be “characterized” in FOLTL.

To make this argument precise, let SIG,: be the natural number signature with
the function symbols 0, SUCC, +, x and T'SIGna: = (SIGnar, {num}, () with the
flexible individual constant num (of sort NAT'). We consider the following formulas
of LrorrL(TSIGNat):

P, = SUCC(z) #0,

Py, = SUCC(z)=8SUCC(y) — z =y,

P3s = z+0=uz,

P, = ¢4 SUCC(y) =SUCC(z +y),

Py = 2x0=0,

Py = ¢+ SUCC(y) = (z*y)+ =,

P; = O(num = 1),

Pg = num =z — O(num =0V num = SUCC(x)).
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Note that P;—Fg are axioms of the first-order theory Nat considered in Sect. 1.3 and
are (as classical FOL formulas) valid in the standard model N of natural numbers.

Furthermore, let ¢; = j(j + 1)/2 for every j € N and P = (N, Wy ) be the
temporal structure for T'STG g with W na: = (10,71, 72, - - -) such that

mi,(num) =0 for every j,
Mi+k(num) =k for i; < ij + k < ij11.

More intuitively, ip = 0, i1 = 1, 49 = 3, i3 = 6, . . ., so W y,; may be depicted by

Lemma 5.3.1. The formulas P1—Ps are valid in P.

Proof. P1—Pg are rigid and non-temporal, valid in N and hence in P by Lemma 5.1.1.
The validity of P7 and Ps in P follows from the definition of W y;: if () = n then
Mips1+n(num) = n and if n;(num) = n and ;41 (num) # 0 then 7 = 4; + n for
some j and ¢ + 1 = 4; + n + 1 # ;113 hence 1;41(num) = n + 1. So we get
Pif)(P7) = ttand ng)(Pg) = tt for every 7 and &. A

The temporal structure P has N as its data component. Let now K = (S, W) be
any temporal structure for T'SIG ;. We define the mappin :IN| — |S| b
y temp pping x y

x(0) = 0%,

x(n+1) = SUCCS(x(n)).
Lemma 5.3.2. If the formulas P; and Pg are valid in K then there is k € N such that
a) ny,(num) = 0,
b) for every i > k, n;(num) = x(n) for some n € N.

Proof. Let P; and Pg be valid in K. Then KS(P7) = tt for ¢ with {(z) = 0 and
this implies 73 (num) = 0° for some & € N. So this & has the property a), and b) is
shown by induction on ¢.
1. For i = k we have 1;(num) = n(num) = 05 = x(0) from a).
2. For i > k we have n;,_1(num) = x(m) for some m € N by the induction
hypothesis. Since £ Ps, we have K?_I(Pg) = tt for £ with £(z) = x(m); so
n:(num) = 0% = x(0) or n;(num) = SUCCS(x(m)) = x(m + 1). A

Lemma 5.3.3. If the formulas Py, P>, Pr, and Pg are valid in K then:

a)m#n = x(m)# x(n) foreverym,n € N.
b) For every d € |S| there is an m € N with x(m) = d.
Proof. a) Let n # m. We show x(n) # x(m) by induction on n + m.

1. If n = 0, m # 0, and Py is valid in K then x(n) = 0% # SUCCS(x(m —1)) =
x(m). The case m = 0, n # 0 is symmetrical.
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2. If n # 0and m # O then x(n—1) # x(m—1) by the induction hypothesis and if
Py is valid in K then we get x(n) = SUCCS(x(n—1)) # SUCCS(x(m—1)) =
x(m).

b) Assume that there is some d € |S| such that x(m) # d for every m € N.
If P; and Pg are valid in K then by Lemma 5.3.2b) there are k,n € N such that
ni(num) = n(n) for ¢ > k. This means that n;(num) # d for i > k. Moreover,

because of Pz, K;P(O(num = z)) = tt for £ with £(z) = d; hence 7;(num) = d
for some ¢ > k and this is a contradiction. AN

Lemma 5.3.3 says that y is a bijective mapping and by the next lemma it is, in the
terminology of classical logic, even an “isomorphism” (if K satisfies the respective
formulas).

Lemma 5.3.4. If the formulas P3s—Pg are valid in K then for every m,n € N:

a) x(m +n) = x(m) +° x(n).
b) x(m * n) = x(m) > x(n).

Proof. a) The assertion is proved by induction on n.

1. If Ps is valid in K then we have d +° 0° = d for arbitrary d € |S|; so we get
X(m +0) = x(m) = x(m) +° 0> = x(m) +> x(n).
2. Utilizing the validity of P, and the induction hypothesis we get
x(m+(n+1)) = x((m+mn)+1)
= SUCCS(x(m +n))
= SUCC®(x(m) +° x(n))
= x(m) +° SUCC®(x(m))
= x(m) +° x(m +1).
b) The proof of this part runs analogously, using the validity of P5 and Pg. AN

In isomorphic structures the same (closed) formulas are valid (in the FOL sense).
We transfer this property to the present situation.

Lemma 5.3.5. Let K = (S, W) be a temporal structure for TSIG gt in which the
SJormulas P1—Ps are valid and A a closed formula of Lror.(SIGNat). Then

E\IA & %A.

Proof. For any variable valuation £ with respect to N let y o€ be the variable valuation
xo&(z) = x(&(x)) with respect to S. (Note that all notations in the assertion of the
lemma and in the following proof are from classical first-order logic.)

a) We first show by induction on ¢ that

X(N© (1) =509 (1)

holds for every term of Lror (SIG ) and for every &.
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1. If ¢ is a variable 2 then x (N (t)) = x(&(x)) = SX°9)(¢).
2. t=0: x(N©(2)) = x(0) = 05 = SXx°9)(¢) by definition of .
3. t = SUCC/(t1): Then by definition of x and the induction hypothesis we have

X(NO() = x(NO(#) +1)
= SUCCS(x(N® (1))
= SUCCS(S™°8) (#))
= S0 (¢).

4. t =t + tp or t = &1 * tp: Then, in the first case,

XNO() = XN (1) + NO (1)
= X(N© (1)) +° x(N©)(t2))
— S(XO&)(tl) 455s XO&)(tQ)
= S0 (¢)

with Lemma 5.3.4 a) and the induction hypothesis. The second case runs analo-
gously with Lemma 5.3.4b).

b) Let now A be a formula of Lror (SIG yat). We show by induction on A that
N(g)(A) — 5(XO§)(A)

holds for every &.
1. A = t; = to: Then with Lemma 5.3.3 a) and a) we have
NE(A) =tt & N(5)(t ) = N© ()
X(N®(#1)) = x(N© (1))
o 5(xo£)(t1) = S(x°8) ()
& Skt (4) =tt.

2. A = false: N(&)(A) = ff = SX°9)(4),
3. A= B — (' Then with the induction hypothesis we have

NE(A) =tt & NEO(B)=ff or NO(C) =1t
& S8 (B) = ff or SX°O((C) = tt
& Shed)(4) =1t

4. A=3zB: 1§ ~; ¢ then x0&(y) = x(§(y)) = x(€'(y)) = x o (y) for every
variable y other than z; so Yo& ~, yo&’. On the other hand, for any variable
valuation " with respect to S, let £’ be the variable valuation with respect to N
with x(£'(y)) = &"(y) for every y, i.e., & = xo&’. & is well defined because
of Lemma 5.3.3b). Then, for xo& ~, &” and y different from z, we have
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x(&'(z)) = x(&(y)) which implies £(y) = &'(y) by Lemma 5.3.3 a); hence
& ~; & Altogether we get with the induction hypothesis

NE(A) =tt < thereisa & with & ~, & and N (B) = tt
& thereis a &’ with & ~, ¢ and SX°¢)(B) = tt
& there is a & with yof ~, & and S€")(B) = tt
& Sked)(4) =1t

c) With b) we finally get the assertion of the lemma: if A is closed then N(¢)(A)
and S(x°¢)(4) do not depend on & and y o, respectively; so we have

KA < N (A) = tt for every &
& S8 (A) = tt for every &
& EA A

Recalling the discussion in Sect. 1.3, Lemma 5.3.5 informally says that the for-
mulas P,—Pg “characterize” the standard model N of natural numbers (up to isomor-
phism). This provides the key argument to the desired incompleteness result which
can now easily be formalized.

Theorem 5.3.6 (Incompleteness Theorem for FOLTL). The logic FOLTL is in-
complete.

Proof. The result follows from the Godel Incompleteness Principle pointed out in
Sect. 1.4 if we can find a (decidable) set F of formulas of Lrorrr(TSIGNat) such
that

FEA & KA

holds for every closed formula A of Lror (SIGNqt). In fact this works with F being
the set of formulas P;—Pg: A is a rigid and non-temporal formula of the language
LrorrL(TSIGnar); so if F F A then );A by Lemma 5.3.1 which implies ':NA by
Lemma 5.1.1. If, on the other hand, i A and K = (S, W) is a temporal structure for
TSIG N, which satisfies the formulas of F then %A by Lemma 5.3.5; hence IT<A by
Lemma 5.1.1, and this means F F A. VAN

The preceding discussion shows that FOLTL is a bit comparable with classical
second-order logic. We remark, however, that FOLTL is still “weaker” than SOL:
there are properties of structures which can be characterized in SOL but not in
FOLTL.

A proof-theoretical indication of the difference between FOLTL and SOL is the
following observation. In Sect. 2.4 we remarked that weakening the concept of for-
mal systems to semi-formal ones may bridge the gap between weak and full com-
pleteness in LTL. In fact, the “much bigger” step from incompleteness to (full) com-
pleteness in FOLTL (but not in SOL) can be achieved in the same way. Interestingly,
it is even the same w-rule
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(w-ind) A—OiB, icN F A— OB

9

(appropriate in the LTL case) which works here. Replacing (ind) by (w-ind) in
YroL1L provides a (sound) semi-formal system which is complete in the sense that

FEA = FrA

then holds for arbitrary F and A.

Second Reading

Besides the consideration of semi-formal systems, there is another concept of weakening
completeness called relative completeness. Originally introduced for Hoare logic, this mod-
ification can also be defined in the present context.

Focusing on weak completeness, the question of whether some formal system X' is
weakly complete can be reduced to the question of whether any valid formula A is derivable
in X' (cf. the proof of Theorem 2.4.10). The basic idea of relative completeness is induced
by the observation that in applications one often does not want to derive universally valid
formulas, but formulas which hold in the context of concrete data types. For example, if
A is a formula expressing some property of temporal structures with the natural numbers
as underlying data, i.e., a formula of some language Lrorr(TSIGnat), then the relative
completeness question for X' is as follows:

e Provided A is valid in every temporal structure for T'SIGn,: which has the standard
model N of natural numbers as its data component, is A derivable in X' if every non-
temporal formula of this kind may be taken as assumption?

In other (informal) words: can we derive any formula which holds for arbitrary state se-
quences and data from N if we need not care about how to derive classical first-order for-
mulas valid in N, but may use these just as assumptions in the derivation?

In general, and using the terminology introduced in Sect. 5.1, let T'SIG = (SIG,X, V)
be a temporal signature and C be a class of structures for SIG. For S € C we denote the set
of all non-temporal S-valid formulas of Lrorr.(TSIG) by Th(S). Then a formal system X
for FOLTL is called relatively complete with respect to C if

Th(S) K A

holds for every S-valid formula A and every S € C.

In Hoare logic it turns out that (an analogously defined) relative completeness can be
achieved — apart from other trivial cases — for the class of arithmetical structures. Such a
structure presupposes that the signature SIG contains the sort NAT and the usual symbols
0,SUCC, +, * of SIGnat, and S restricted to this part of SIG is the standard model N.
For FOLTL we call a formal system arithmetically complete if it is relatively complete with
respect to the class of arithmetical structures.

In fact it is possible to give a sound and arithmetically complete axiomatization for
FOLTL. Informally this means that an axiomatization with the property

Ais S-valid = Th(S)FA

is possible if the temporal logic language is rich enough to contain formulas which express
statements about natural numbers and the interpretation of these formulas by S is the “stan-
dard” one.
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As in the case of a semi-formal axiomatization briefly mentioned in the main text above,
the induction rule (ind) of temporal logic plays the crucial role in an approach to an arith-
metically complete formal system. One essential part of the modification of Yrorr. could
be to replace (ind) by the rule

(ar-ind)  A,(0) — B, A,(SUCC(y)) — OA + VyA — OB

in which y is a variable from Xy, and B does not contain y. This rule describes just an-
other inductive argumentation (“over the natural numbers”) which is easy to understand
informally. It obviously corresponds to the basic semantical fact that the states in a state
sequence W = (19, 11,72, . ..) are indexed by the natural numbers. (Examining the con-
siderations of this section, it is easy to see that this fact is, on the other hand, essentially
responsible for the incompleteness of FOLTL.) Interestingly, we will encounter a similar
line of argumentation (for another purpose) in Sect. 5.5.

Observe finally that the rule (ind) is just a trivial case of (ar-ind): if A does not contain
the variable y then (ar-ind) reduces to

A— B,A—-0A + A— OB

which is in fact (ind).

5.4 Primed Individual Constants

We now want to introduce some (predicate logic) extensions of FOLTL and we begin
in this section with the observation that there is a special difference between the two
kinds of flexible constants of FOLTL. A flexible propositional constant v € V allows
a direct access to “its value in the next state”. Since v is a formula we may write

Ow
to describe this. A simple (but typical) application is a formula like
Ov & —wv

expressing that
“moving from the present to the next state the value of v will be negated”.

For a flexible individual constant @ € X such a direct denotation of a’s next state
value is not possible, its usage has to be encoded into an appropriate formula with O.
For example, a phrase like

“moving from the present to the next state will increase the value of a by 1”
can be expressed by
Jz(O(a=2) ANz =a+1).

Assertions of this kind occur frequently in applications and in order to make their
formal description more convenient we extend FOLTL by a linguistic feature allow-
ing the direct application of the next time operator to flexible individual constants.
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We write o’ (instead of the direct transcription Oa) for such new syntactic entities
and call them primed (flexible) individual constants. With this extension the sample
phrase is simply expressible by

a =a+1.

Note that the next time operator is not really transferred in its full power. We allow
only “one priming”, so there is no analogy to OOwv. Our approach will be sufficient
for the usual applications.

Formally we extend FOLTL to a logic FOLTL' the language Lpopq of which
results from Lgor7L. by adding the prime symbol ’ to the alphabet and the clause

e If a € X then a’ is a term of the same sort as a

to the syntactical definition of terms.

For defining the semantics of Ly wWe slightly modify our technical apparatus.
Up to now terms and atomic formulas were evaluated in states (and with respect
to some variable valuation &) whereas general formulas were interpreted over state
sequences. This conceptual difference is emphasized by the different “interpretation
functions” S(&7) and KEE), respectively. Primed individual constants and, hence,
terms and atomic formulas of Ly s contain a temporal aspect as well referring
not only to one but also to the next state in a state sequence. Accordingly, we omit

here the separate mapping S(¢7) and use KEE) instead from the very beginning of
the inductive definition.
So, given a temporal structure K = (S, W) for the underlying temporal signature

TSIG = ((S,F,P),X, V), a variable valuation ¢ for the set X of variables, and
i € N, we define Kgg)(t) € |S| for terms ¢ inductively by the clauses

L. KEE)(x) =¢(z) forzeX.

2 KEE)(a) =n;(a) foraeX.

3 KEE)(a’) =ni+1(a) fora e X.

4. KOty ) = 1SKE (1), KD (1)) forf € F.

For atomic formulas A, K\*)(A) € {{f, tt} is defined by

1. EE)( )=mni(v) forveV.
2. KOty 1)) = PP (KO (1), KO (1)) forp € P.
3. KE&)(tl =) =1t < K(&)(tl) and K(é)(tg) are equal values in |S|.

Finally, the additional clauses defining KEE) (F) for general formulas F' and the no-
tions of validity and consequence are adopted from FOLTL.
It is evident that for formulas F' without primed individual constants, KEO(F)

according to this definition coincides with Kgf) (F') when F' is viewed as a formula
of FOLTL and evaluated as before.



170 5 First-Order Linear Temporal Logic

Example. Fora € Xandz € X, A=d =a+land B=z%a < a+ a are
formulas of Ly (with an obvious signature). Assuming N to be the underlying
structure, we get

KO () =1t & nipa(a) = mia) + 1,

KE(B) =tt & &(a) % mi(a) < mila) + iy (a)

So, if £(z) = 3 and K is given by

(
(
K3

then we obtain
K (4) = 1, KO (4) = tt, KO (4) = 11,
K$?(B) = tt, KV (B) = ff, K (B) = ff, A

Above we discussed already that the new formula @’ = a + 1 can also be ex-
pressed in FOLTL by 32(O(a = z)Az = a+1). Actually it turns out quite generally
that FOLTL' does not really produce more expressibility than FOLTL.

Theorem 5.4.1. In any Lgopr/, for every formula A there is a formula A* such
that A and A* are logically equivalent and A* does not contain primed individual
constants.

Proof. a) We define A* inductively according to the syntactic structure of A.

1. Ais atomic: Then A = p(ty,...,t,) or A = t; = to. If A does not contain

primed individual constants then A* = A. Otherwise, let af,...,al ,m > 1, be

»'me

the primed individual constants occurring in ¢, ..., ¢, (or ti, o, respectively)
and 21, . .., z,, be variables not occurring in A. Then

A* = day . 32, (O(ar =21 A v o A gy, = ) A A)

where A results from A by replacing a/ by z; for 1 < i < m.

2. A = false: Then A* = false.

3.A=B— CorA=0Bor A=0B:Then A* = B* — C* or A* = OB* or
A* = OB*, respectively, where B* and C* are the results of this construction
for B and C.

4. A = JzB: Then A* = JxB* where B* is the constructed formula for B (and
this construction does not use the variable z in step 1).

Obviously, A* does not contain primed individual constants.

b) Let now K = (S,W), W = (no,71,72,--.), be a temporal structure, £ a
variable valuation, and ¢ € N. For the formula A* defined in a) we show by the same
induction that

K (4%) = K (4)

from which the assertion of the theorem follows immediately.
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1. A is atomic: We treat only the case A = p(#1,...,t,). Thecase A = t) = b
runs in quite the same way. If A does not contain primed individual constants
then the assertion is trivial. Otherwise, A in the above construction is of the

form p(t;,...,t}) where, for 1 < i < n, t; results from ¢; by the replacement
ofthe af,...,al, by a,..., &y.So,abbreviating B = a1 = 11 A. .. Aty = Ty
we have

Kgg)(A*) =tt < thereisa & with £ ~,, & and
KE) (3. 30, (OB A A)) =t
< there are &', &" with & ~,, &, & ~,, & and
K Qw3 ... 32, (OB A A)) =t

& thereare &, €7, ..., &™) with
f ~axy 5/’ fl ~ g fﬂ’ B {(m—l) N, f(m) and
K€ (0B A ) = tt

& there are &, ¢", ..., 0™ with
Ervg, &8 ~g, &L vy €0 and
KE™ ) (p(tr,...,12)) = tt and
£ (25) = niga(a;) = miaj) for 1 <j <m

& there are &, &", ..., €0 with
§vgy £, gy &, 6T~y €M) and
PP (K (1), K (1)) =

e K9 =1t

2. A = false: In this case the assertion is trivial.

3. A=B — (C, A= 0B, or A = 0OB: Using the respective induction hypothesis
in each case, we have

KO =tt & KB =1 or KO (C*) =tt

forA=B — C,

K (47) = KB = KE1(B) = KP(4)

2

for A = OB, and

KES)(A*) =tt KJ(-E)(B*) =tt foreveryj > i
©) _ S
& K (B) =1t foreveryj > i

e KO =t
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for A =0OB.
4. A = FzB: Using the induction hypothesis, we have:

KO (A%) =tt < thereisa & with & ~, ¢ and K& (B*) = tt
& thereisa & with £ ~, ¢ and Kgg/)(B) =t
e KO =1t A

Example. Let A=a' = a+1and B = y * a < a + a’ be the formulas from the
previous example. The construction of Theorem 5.4.1 yields

A*=3z(O(a=z) ANz =a+1)
which is just the formula from the beginning of our discussion and
B*=3z(0(a=2)ANy*xa<a+z).

Note that the result of the general construction can often be simplified. For example,
for C = 0(a’ > 1) we obtain

C*=32(0(a =) ANO(z > 1)),
and this is logically equivalent to OO(a > 1). A

If we now transfer the expressivity notions from Sect. 4.1 to the present logics
then an immediate corollary of Theorem 5.4.1 is that FOLTL' is not really more
expressive than FOLTL.

Theorem 5.4.2. FOLTL and FOLTL' are equally expressive.

Proof. FOLTL < FOLTL' is trivial since FOLTL C FOLTL' (defined analogously
as in Sect 4.1). Theorem 5.4.1 shows that FOLTL' < FOLTL; so together we obtain
FOLTL = FOLTL'. A

This fact means that we can view FOLTL' as “the same” as FOLTL and formu-
las A with primed individual constants as abbreviations for the corresponding A*.
Formal derivations with such “primed” formulas can use

A — A*
as an additional axiom. Consider, for example, the formula
A=a=yNd =a—d =y.

Forgetting for a moment that we deal with temporal logic, A looks like a simple
FOL formula (with variables or individual constants ¥, a, and a’) which should be
derivable within Xggr. Now

A" = a=yNTFz(Orz=a)Nz=0a) — 2Oz =a) Nz =1y)
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and therefore a derivation of A as a FOLTL’ formula could consist of the two steps

() a=yAFz(O(z=a) Nz =0a)—
Fz(O(x =a) ANz =1y) (pred)
2 a=yANd=a—d =y axiom A « A*,(prop),(1)

To summarize, we will freely use in the following primed individual constants
within FOLTL without explicitly considering this as a change of the logic (from
FOLTL to FOLTL') and we will directly use formulas like the above-derived A in
derivations as applications of (pred). Clearly, non-temporal formulas of a respective
language do not contain primed individual constants.

Furthermore, for sake of uniformity we will frequently extend the priming nota-
tion to flexible propositional constants v € V using v’ as a synonym for Ov:

v = Ow.

5.5 Well-Founded Relations

In certain applications one is interested in proving formulas of the form
A — OB.

Looking into the repertory developed so far we find only rules like

(som) A—OBFA— OB,
(chain) A— OB, B—-COCHFA—-OC

(see Sects. 2.3 and 2.4) which are rather weak, and we mentioned already in Sect. 3.1
that in propositional temporal logic there is no induction rule like the ones for for-
mulas A — OB, A — B unless C, etc. A vague informal argument for this fact is
that the formula A — < B is logically equivalent to O0—B — — A and therefore, by the
Deduction Theorem and its converse, the problem of deriving A — < B amounts to
the problem of proving =B F —A or, say,

C+D.

We cannot expect to be able to formulate a single proof principle as a rule (within
one of the propositional temporal logics) for deriving D from C' for arbitrary C' and
D.

However, there is a general device for proofs of A — & B which lies “outside”
the propositional proof systems but can be formulated within the linguistic means
of FOLTL by a special extension. In order to illustrate the intention of this proof
method let A be a formula of the particular form

A=A Na=y

where a € Xyar and y € Xyar. Suppose we know that
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AANa=yANy#0—-0(A1 ANa=y—1)
and
AiNa=0— B

hold in every state. Then it is intuitively clear that whenever A holds in some state 7);
(with £(y) = n) then the formulas Ay Aa=y—1, A4 Na=y—2,...,41Aa=0
hold in the states 7,1, 712, - - - , Ni+n, respectively, and therefore B holds in 7;,,.
This means that A — < B holds indeed in every state.

The main principle in this argumentation is a sort of induction “over the value of
the variable 3" expressed by arguing that successively decreasing an arbitrary natural
number will sometimes lead to the number 0. (Note that there is some similarity with
the situation in the Second Reading paragraph of Sect. 5.3.) We formally develop this
basic idea now in a very general setting.

Definition. Let D be a set. A binary relation R on D is called well-founded if there
is no infinite subset {dy, d, da, ...} C D such that (d; 11, d;) € R forevery ¢ € N.

As an example, the order relation < on N is well-founded. The usual mathematical
induction on natural numbers (with respect to <) is generalized for well-founded
relations as follows.

General Induction Principle. Let R be a well-founded relation on a set D and
D’ C D. If, for every d € D, d € D’ can be concluded from the assumption
that d’ € D’ for every d’ with (d’, d) € R then D’ = D.

Proof. Assume D’ # D, i.e., there is some dy € D with dy ¢ D’. Then there must
be some d; with (di,dy) € R and d; ¢ D’ since otherwise dy € D’ could be
concluded. This argument can be applied infinitely often yielding infinitely many
elements dy, dy, da, ... of D with (d;41,d;) € R for every ¢ € N and contradicting
the well-foundedness of R. A

Let now Ly (TSIG) be an FOLTL language such that the signature SIG
of TSIG contains a particular sort WF and a predicate symbol <(W¥ WF) The
logic FOLTL+w is defined by such a language and the additional condition that in
every temporal structure K = (S, W) for TSIG, <3 is a well-founded relation on
|S| wr. Note that, given some LgorrL, this language may already contain WF and
< with the requested interpretation and is then (without any extension) already an
FOLTL+w language, or it has really to be extended to obtain an L}, ; by adding
some appropriate sort and predicate symbol.

In FOLTL+w we can postulate an additional axiom reflecting the semantical re-
quirements. The consideration above implies that the formula

(gip)  Vy(Vy(y <y — Ay(y)) — A) = A fory,y € Xwyr

which formalizes the general induction principle is sound. The extension of the for-
mal system YZrorrr by the axiom (gip) will be denoted by XF, 1 -

In a logic FOLTL+w we are now able to formalize and prove the announced
proof principle as a derived rule in the following general form:
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(wfr) A—=<O(BVIYY<yNAy(y)) FIyA — OB
if B does not contain ¥,

fory,y € Xywr.
Derivation of (wfr).
(H A—-<SBVvIY(y<yANA, () assumption
@ 04— O(BVIYG <y A A7) (T36).(1)
3 CA—=OBVIO(Y<y)ANCA(T)) (T19),(T25),(T41),(2)
@ ~(y=<y)—=0~(y=<y) (1t16)
S ~(F=<y) —0-(y=<y) (ind1),(4)
© CH=<y) —y=<y (prop),(T2),(5)
(1) CA—=CBVIY(Y <y AOA(Y)) (pred),(3),(6)
®) 3y <y ACAy(Y) A
Vy(y <y — (CA4y(y) = ©B)) — OB (pred)
©) CAANVY(y <y — (CAy(y) — ©B)) = OB (prop),(7),(8)
(10) V(g <y — (©Ay(y) — ©B)) — (CA — OB)  (prop).(9)
(11) ©A— OB (mp),(gip),(10)
(12) A — OB (prop),(T5),(11)
(13) dyA — <©B (par),(12) A

It should be noted that the premise in (wfr) is a formula of the form C' — <D itself;
so this rule still needs other means like (som) or (chain) for its application. In line
(12) of the derivation of (wfr) the conclusion A — < B is achieved which was the
starting point of our discussion. We prefer to take 3yA — OB as the conclusion of
the rule since in this latter formula the “auxiliary technical variable” y is “hidden”
by the existential quantification, i.e., there is no free occurrence of y in it.

As a simple application we want to show that repeated application of the rule
(chain) can be encoded into one application of (wfr). Suppose we are able to prove

B() — <>B1, Bl — <>BQ, ey Bk—l — <>Bk

for formulas By, ..., B, k > 1, of some language Lrorrr. Applying (chain) £ — 1
times we get By — <Bj. Let now L1 be the language Lrorr. extended (if
necessary) by NAT as the sort WF' and by < which is taken for <. Consider the
formula

A = (y:k/\Bo)\/\/(yil/\Bk_l)

(y € Xwr). Obviously, A, (1) is logically equivalent to Bj,_; for 1 < i < k; the
assumptions B; — OB 1,0 < j <k — 1, translate to

Ay(i) = CAy(i — 1)
for 2 <4 <k and

A,(1) — OBy
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and the conclusion By — < By, becomes A,(k) — <By. This formula can be
derived with (wfr) as follows:

(H Ay(i) = QA (i—1) for2<i<k assumption

2 Ay(1) — OBy assumption

B A—y=kv...vy=1 (taut)

@ A=Ay k)Vv...vVA,/() (pred),(3)

(5) A— OBy vIYG < yAAy(7))) (pred),(1),(2),(4)
(6) JyA — OBy (wir),(5)

(7)  Ay(k) — IyA (1c14)

®) Ay(k) — OBy (prop),(6),(7)

As can be seen, (wfr) is in fact the only proper temporal logic rule occurring in this
derivation.

5.6 Flexible Quantification

In Sect. 3.3 we described quantification over (“flexible”) propositional variables.
This extension can be transferred to FOLTL providing a logic FOLTL+q. Conse-
quently, however, quantification should then also be allowed over “flexible” individ-
ual variables. We do not repeat the details of Sect. 3.3 but describe only this latter
extension.

Let TSIG = (SIG, X, V) be some temporal signature, where SIG = (S, F, P).
A language L} (TSIG) of FOLTL+q extends Lrovr(T'SIG) by additional sets
X1 of flexible individual variables for every s € S and two additional syntax clauses
(with X7 = (J, . X

e Every flexible individual variable of X7/ is a term.
e If Aisaformula and z is a flexible individual variable then 324 is a formula.

Again we write VzA for —32—A4 and adopt notions like free and bound (flexible)
variables and notations like A, (¢) from FOLTL.

Given a temporal structure K = (S, W) for T'SIG, we define (analogously to the
notions in Sect. 3.3) a flexible (individual) variable valuation (with respect to S) to
be an infinite sequence = = (&o, &1, &a, . . .) of mappings

& X S|

with &;(2) € |S|; for z € Xf, i € N. For two such valuations = = (£, &1, &, .. )
and =/ = (&),&},&,,...) and z € X' let

En~, 5 e &(Z) =E(z) forall z € X' other than z and all 7 € N,

With a given & = (&,&1,&,...), the evaluation mappings S(&7) and KEE) of

FOLTL are now replaced by mappings S(6:¢:) and K'¢-=)

definitions and the additional clauses,

with, adapting the earlier
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o SELM) () = &(2) for z € AT,
° KEg’E) (3zA) =tt < thereisa =’ such that £ ~, =’ and Kgg’g )(A) =1t

For VzA we clearly obtain
o K& (vad)=tt & KE=)(4) =1t forall =’ with = ~, =.

The definition of validity in K is adapted accordingly: k A if K{*=)(4) = tt for
every 7, &, and =\

Analogously to the propositional quantification described in Sect. 3.3, a formula
32A informally means a quantification over a sequence of values (from |S|) instead
of the “normal” quantification 3zA over single values.

Example. For z € X,z € X,anda € X, A =32(z >2A0(z < a))isa
formula of £} 1y (with some natural number signature). Let K be such that

8 39 7 7 ...(7forever)...

and {(z) = 3. Then (for arbitrary =)
K= (4) = K& (4) = ff

since for =/ with = ~, =" and i = 1,2, &/(z) > &{(x) = 3 implies &;(2) > m(a);
hence KEE’E )(z >z AO(z < a)) = ff. For i > 2 we get

K& (4) = tt

since, for such i, K= (2 > 2 AD(z < a)) = ttfor =/ with3 < £'(2) < 7. A

In many respects this form of quantification behaves like “normal” quantification
in FOLTL. In particular, the formulas

o A, (t)— 324
o 3204 « OFz4

(z € XMy are valid in FOLTL+q (we even need here no restriction on ¢ in the first
formula), and the particularization rule holds as consequence relationship in the form

e A—BEIzZA— B (z€ X7 znotfreein B).

So, a (necessarily incomplete) axiomatization of FOLTL+q could contain these for-
mulas as axioms and (“flexible”) particularization as a rule. We do not pursue this
aspect in more detail; instead we want to illustrate the expressive power of flexible
quantification by an example which continues the observations made in Sect. 5.3.

We found there that the (standard model N of) natural numbers can be character-
ized in FOLTL. Recall, e.g., that the formulas P3—Pg described laws about addition
and multiplication. Let now F', 44 be the FOLTL+q formula
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Fadd = 321322(21 =21 N\ 22 = 0A
D((Zg = T2 — 21 — ZL’3) AN
(22 # 12 = Vi Vip(zn = 1 Ao = Yo —
O(Zl = SUCC(yl) AN
7 = SUCC(y2))))))-

This formula “defines” addition within a language based on a signature containing
only 0 and SUCC in the sense that

Foqq “expresses” x1 + 10 = 3,

or, formally:

KOS (Foaa) =tt & &(n) + €(22) = E(23)

for arbitrary K = (N,W), &, =, and ¢ € N. In fact, it is easy to see that with
&(x1) = m and &(22) = n we have

Kgé’E)(Fadd) =tt & thereisa =/ = (&), &), &, .. .) such that
§i(a1) = m, §i() =0,
i(z) =m+1& () =1,

€ (21) = m o+, €y (22) = 1o €y (21) = E(23)

& &) + &(22) = &(z3).
The “satisfying” =’ can be depicted by

o & & o oo Eign
2l... m m+1 m+2 ... m+n ...
20... 0 1 2 n

and the analogous matrix

El é—l / /

S S Sl i+2 0 Sitn
20... 0 0 m m+m ... mxn ...
2l... 0 1 2 n

shows that multiplication can obviously be defined according to the same pattern by
the formula

Foga = 3213(n1 =0A20=0A
D((ZQ =Ty — 21 = .CL'3) AN
(2 #m = V(= Ao =1y —
O(Fadqa(y1, 11, 21) A
7 = SUCC(y2))))))-

Actually, even 0 and SUCC' can be expressed (even by FOLTL formulas) which
results in the fact that in FOLTL+q the natural numbers (with 0, SUCC, +, %) can
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be (uniquely) characterized in a language L} 1, (T'SIG) where TSIG is based on
the “empty” signature SIG = ({NAT'}, 0, 0).

In applications mainly pursued in this book, this result is only a side remark and
quantification over flexible (individual or propositional) variables does not play an
important role in the form described here. However, we will come back to it in a
modified version in Sect. 9.5 where it will turn out to be a very useful tool.

Bibliographical Notes

From the very beginning, temporal logic was also given in first-order versions and at-
tempts were made for their axiomatizations, starting even with semi-formal systems
in [78, 79]. A formal system analogous to XrorrL can be found in [99].

First-order temporal logic was proved incomplete in [141, 146]. The result was
sharpened in [107]: FOLTL is decidable over a signature that contains no function
symbols and only unary predicate symbols (and no equality); the addition of a single
binary predicate symbol leads to incompleteness. Complete axiomatizations, either
using w-rules or via arithmetical completeness, were proposed in [1, 142, 143]. More
recently, a decidable, so-called monodic fragment of first-order temporal logic was
proposed [63].

Well-founded relations have been used in program verification for a long time.
The first formulations of temporal proof principles embodying induction based on
well-founded relations appear in [80, 97].

The use of flexible quantification for the specification of reactive systems in com-
puter science was first proposed by Lamport [88] who also popularized the use of
primed individual constants. The characterization of natural numbers in FOLTL+q is
due to [81]. This result can be generalized to obtain precise specifications of induc-
tive data types [91, 144]; cf. also the Second Reading paragraph of Sect. 6.1.
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State Systems

Temporal logic languages as described in the preceding chapters provide general
linguistic and deductive frameworks for state systems in the same manner as clas-
sical logics do for mathematical systems. The notion of state systems — or state-
based systems — is used here not as a technical term but only informally, referring
to “systems” which characteristically involve “states” and exhibit “behaviours” by
“running” through sequences of such states. Many computer science systems such as
software modules, transmission protocols, database systems, circuits, and comput-
ing machines are of this kind, and we could also call them dynamic or imperative
systems, contrasting them with the more static or functional mathematical systems.

We represent state systems formally by (state) transition systems and address in
this chapter their specification with temporal logic.

6.1 Temporal Theories and Models

Following the patterns of classical logic outlined in Sect. 1.3, the concrete temporal
logic language for dealing with a particular state system is obtained by (choosing
an appropriate language version and) fixing its linguistic parameters. In the case
of a (possibly extended) propositional language L1, (V) these parameters are the
propositional constant of V, and in a first-order language Lrorr(TSIG) they are
comprehended in the temporal signature TSIG.

Consider, e.g., the Towers of Hanoi system mentioned already in Sect. 2.1. An ap-
propriate temporal logic language for this system could be some (possibly extended)
EFOLTL( TSIGTOH) with

TSIGTOH = (SIGTOH, Xa @),
SIGrom = ({STONE, PILE}, F, {<(STONE STONE)7DECR(PILE)})’
F = { TOWER=PILE) pNpPTY (€. PILE)

PUSH(PILE STONE,PILE) pp(PILE.PILE) m(p(PILE,STONE))

X = Xpie = {ph, pl, pl}.
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The flexible individual constants ply, pls, pls represent the three places. Their possi-
ble values during a sequence of moves are piles — represented by the sort PILE — of
stones of sort STONE. The “less than” symbol < is taken for the size comparison
of stones; DECR stands for the property of piles to be decreasing in the size of the
stones from bottom to top. TOWER is for the pile which stands on one of the places
at the beginning and has to be moved to another place, EMPTY is for the empty
pile, and PUSH, POP, and TOP stand for the obvious operations of placing a new
stone on the top of a pile, taking away the top stone of a pile, and selecting a top
stone, respectively. The latter operations are the same as the usual operations of a
stack.

These informal interpretations are formalized by giving a structure H for the first-
order signature SIGr,p. Let n be the number of stones. Representing them by the

natural numbers 1, 2, ..., n — 1, n and piles by finite sequences of such numbers we
could fix
Hlsrone = {1,...,n},

|H|PILE = {1, ey n}*,

TOWERM = (n,n —1,...,2,1),

EMPTYH = ¢,

PUSH" = push,

POPY = pop,

TOPH = top,

<Hi, )=t & i<y,

DECRU(iy, ... ip) =t & iy <idp_1 <...<1i

where € € {1,...,n}* is the empty sequence and push, pop, and top are defined as
usual (as for a stack), e.g.,

push((iny -y im), 1) = (i1, -+, im, 1).

(Note that the symbol < on the right-hand sides of the last two clauses denotes the
usual “less than” relation on the natural numbers 1,...,n.)

Any first-order structure S for SIG 7,z (e.g., H) extends to a temporal structure
K = (S,W) for TSIG 1,y with W being an infinite sequence (1o, 71,72, ...) of
mappings

n; : {ph, pl, pl3} — {1,...,n}".

Each n; (being a state in the technical sense of the formal definitions) obviously
formalizes the informal notion of “state of the puzzle” determined by what piles are
standing on the three places. The sequence W represents a “run” of the system. (Note
that these runs are infinite, i.e., we consider the system as “never ending”. We do not
pay regard at this moment to the proper goal of the puzzle and the fact that a run can
be ended when this goal is reached. We will come back to this aspect later.)

Within Lrovr(TSIGrom) We are able to formulate assertions about such runs.
For example, the formulas



6.1 Temporal Theories and Models 183

pl; # EMPTY A pl; # EMPTY A TOP(pl;) < TOP(pl;) —
(pli # EMPTY — TOP(pl;) # TOP(pl;))

for i,j € {1,2,3}, i # j, (using the priming notation introduced in Sect. 5.4)
formalize the phrase

“if the top stone ¢s on some (non-empty) place is bigger than the top stone on
another (non-empty) place then in the next state ¢s cannot be the top stone (if this
exists) on this latter place”

mentioned in the introduction of Sect. 2.1. The phrase

“in all states, on each of the three places the stones will be piled up with decreas-
ing size”

from there is formally described by
O(DECR(ply) AN DECR(ply) AN DECR(pls)).

Not every temporal structure K = (S, W) for T'SIG 1,y is a proper interpretation
of the Towers of Hanoi system: of course, the data component S has to be a “correct
data type” for the stones and piles and, moreover, W has to represent a run according
to the rules of the puzzle. The desired distinction, i.e., the specification of the system,
is performed — as in classical logic theories — by particular non-logical axioms. Typ-
ically, one part of such axioms would deal with the data types involving no temporal
aspects, e.g., axioms like

DECR(TOWER),
POP(PUSH (z,y)) = z,
etc.

which can be formulated in classical FOL. The second part of the axioms should
distinguish the possible state sequences W and really use the proper temporal logic
means.

Before we treat this in more detail, let us first generalize the discussion. We
write L7 for any language Lrorr with or without one or more of the extensions
discussed in the preceding chapters. If not stated differently, we always assume L.
to be equipped with normal semantics. Theorems, logical laws, etc. which hold for
all the respective logics (or for particular ones in restricted contexts) will freely be
used as required.

Definition. An FOLTL-theory Th = (L1L(TSIG),A) is given by a language
L1.(TSIG) and a set A of formulas of Ly (TSIG) called non-logical axioms. A
temporal structure K for T'SIG is called a model of Th if every formula of A is valid
in K.

If C is a class of temporal structures for some T'SIG (such as H together with
“all possible runs” in the Towers of Hanoi example) then we are interested in a
specification of this class (making up the state system in question), i.e., in a the-
ory Th = (L1L(TSIG),.A) such that every temporal structure of C is a model of
Th. Such a theory is called a C-FOLTL-theory.
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Example. Let TSIG = (SIGngt, {a},0) and C = {Ky, Ko} with

Ky =(N,W; = (77(()1),7751),77;1)7 e ))s nj(-l)(a) =2x7j foreveryj € N,

Ky = (N, Wy = (77(()2)»7752)»7152)7 e ))s T)J(-Z)(a) =2x%j+1 forevery j € N.
Informally, W; and W5 look like

[ng” " mgt) .

al 0 2 4 6

and

2) (2) (2) (2
g i s ng” ..

ol 1T 3 5 7

i.e., a runs through all even or odd numbers, respectively. An appropriate C-FOLTL-
theory could take a language Lk (T'SIG) and contain the following non-logical
axioms:

e Axioms for N,
e init—a=0VvVa=1,
e O(d' =a+2).

The axioms for N are left open at the moment, we will come back to this issue
more generally in the subsequent section. The two latter axioms describe the state
sequences W, and W It is obvious that K; and K3 are models of this theory. A

As discussed in Sect. 1.3, axioms of first-order theories may contain free vari-
ables or — equivalently — one can take their universal closures instead, providing
closed formulas as axioms. It is obvious that the same holds for axioms in FOLTL-
theories, but even more, there is a direct analogy to this concerning temporal closures.
For every formula A and every temporal structure K, we have

bKA & EKDA

by Theorem 2.1.3 and (T4) and this means that A and its temporal closure OA are
valid in the same temporal structures. So axioms may always be given in one of the
two forms A or O A.

In the example above, the axiom in the second line could be given as

O(init - a =0V a=1).
The last axiom is the temporal closure of
ad=a+2

which could be taken itself as an axiom. Subsequently, when writing axioms, we will
throughout prefer the “non-closed” formulation.
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The relationship between A and JA discussed here may be put into a more gen-
eral setting indicated already in Sect. 4.1. We say that two formulas A and B of the
underlying language L1 (TSIG) are model equivalent, written

A~ B,

A & EB

holds for every temporal structure K for 7'SIG, which means that A and B are valid
in the same temporal structures and is obviously the same as saying that

AFEDB and B FEA.

So, if we replace an axiom A of a theory Th by a formula B with A ~ B then the
resulting theory has the same models as Th.

Model equivalence is a slight generalization of logical equivalence. It is obvious
that it is an equivalence relation and that logically equivalent formulas are model
equivalent. The case of A and OA shows that the converse does not necessarily
hold. Moreover, the model equivalence of the latter two formulas is just a special
case of the more general fact that for formulas A and B to be model equivalent it
suffices that OA and OB are logically equivalent. This is easy to see by applying
(T4), Theorem 2.1.2, and the “if” part of Theorem 2.1.6:

FOA— OB = FOA—0OB and FOB — OA
= AFOB and BEUOA
= AEB and B EA.

(It should be noted that if we take L. with initial validity semantics then the two
notions of model and logical equivalence are the same (for closed formulas). On the
other hand, if some A is to hold in every state of a temporal structure we then have
to express this by JA. Another formula OB (A and B closed) expresses the same if
and only if OA and OB are logically equivalent.)

FOLTL-theories are first-order temporal theories. Of course, we can carry the
definition over to the propositional case: an LTL-theory Th = (L1.(V), .A) is given
by a language L1 (V) (denoting some possibly extended Ly (V)) and a set A of
formulas of L11.(V') as non-logical axioms. A model of Th is a temporal structure
for V in which all formulas of A are valid. A C-LTL-theory for a class C of temporal
structures for V is a theory which has all elements of C as models. Such propositional
temporal theories are of great interest in computer science since they are tractable
by algorithmic means. They arise by encoding “appropriate” first-order theories (cf.
Sect. 1.3 for a first hint and Sect. 11.1) or even “directly” by the state system under
investigation.

A typical example for the latter case is given by circuits. Consider the simple
synchronous circuit in Fig. 6.1 which continuously oscillates between a 3-bit binary
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sl

\/

b1

ba

Fig. 6.1. An oscillator circuit

number and its two’s complement. The “circuit variables” by, by, bo (representing the
binary number bs by by) are boolean valued, so an appropriate temporal logic language
for this system is some L1, (V) with V = {by, b1, b2 }.

A specification of the circuit (more precisely: a C-LTL-theory for the class C of
the temporal structures for V representing all possible runs of the circuit) is given by
the non-logical axioms

()6 — bo,
o bl > (bgV bi)A=(byAby),
[ ] bé<—>(bo\/bl\/bg)/\_'((bo\/bl)/\bg)

which describe the change of by, b1, b2 in “one step”” and may be shortened to

° b(’) < by,
b{ — by < b1),
bl — (b V by < ba).

Of course, the above definition and the meaning of model equivalence of formu-
las can be literally transferred to the propositional case.

Second Reading

The intention of the usage of temporal logic is to specify state systems and the basic formal
notion for this is that of an (FOLTL- or LTL-) theory: the non-logical axioms describe the
“behaviour” of the system, formally given by the state sequences of temporal structures K.
If FOLTL is to be applied then K = (S, W), and the data component S of K describes
the underlying data type of the system, the specification of which is the typical realm of
classical logic as sketched out in Sect. 1.3.
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In Sects. 5.3 and 5.6 we have indicated by means of the natural numbers that temporal
logic could be used for such data type specifications as well (possibly achieving results
which cannot be obtained by classical logic specifications). In fact, the considerations car-
ried out there precisely fit into the concept of FOLTL-theories. For example, the set Ay
consisting of the formulas P1—Pg given in Sect. 5.3 constitute, together with an appropri-
ate language Lrorr, an FOLTL-theory Thy = (LrovrL, An). According to the results of
Sect. 5.3, Thy specifies the standard model N of natural numbers in the sense that there
exists a model (N, W) of Thy, and even more: for any model (S, W’) of Thy, S and N are
“isomorphic”.

So, while the FOLTL-specification of state systems mainly intends to describe the com-
ponents W of models K = (S, W), temporal logic specifications of data types would allow
us also to address the data component S. For example, in the “even and odd number” system
in the above main text the axioms for N could be given just by the formulas P;—Pxs.

The general notions for this approach are easy to define in the framework of this section.
Let TSIG = (SIG,X, V) be a temporal signature, S be a structure for SIG, and Th be an
FOLTL-theory. S is called a model structure of Th if there exists a model of Th which has
S as its data component. (Observe that this definition includes the classical specifications of
Sect. 1.3 since the non-logical axioms of Th could be only non-temporal formulas.)

Let us illustrate this method by a further example. In Sect. 1.3 we have specified stacks
within classical FOL by the axioms

PUSH (z,y) # EMPTY,
POP(PUSH (z,y)) = z,
TOP(PUSH (z,v)) = y

formulated in a language Lror (SIGs:) where SIGs; contains the sorts OBJ and STACK.
As with natural numbers, this specification has “non-standard” models. Using temporal
logic, it is possible to specify stacks uniquely (up to isomorphism). Actually, there are
several approaches to achieve this. One simple way is to choose the temporal signature
TSIGs(SIGst,0,0) and a language Lo, 1 (TSIGst) of the logic FOLTL+q with flexible
quantification. Let then Ths; be the FOLTL-theory with the three axioms above and the
additional axiom

J2(z = EMPTY AO(z = 2) A (2 # x — Fy(2' = PUSH(2,y))))

(where z € XgTACK, r € Xsrack,y € Xops and the priming notation of Sect. 5.4 is
extended to flexible variables in an obvious way). The “standard model” S of stacks (where
elements of |S|srack are finite sequences of elements of |S|ops) is a model structure of
Ths: and, in fact, all other model structures of Ths; are isomorphic to it. The idea of the
additional axiom is quite simple: it says that every stack z is “generated” by subsequently
“pushing” some finitely many elements from |S|op, to the “empty stack”.

6.2 State Transition Systems

The discussions in the previous section indicate a first main application area for
temporal logic in computer science: the specification of state systems by temporal
theories for (mainly) the class of all runs of such systems. A (possibly informally
given) state system is formally described by such a specification. For a systematic
approach to this application (and for applying particular techniques, cf. Chap. 11) it
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is helpful to represent state systems — besides the “descriptive” definitions through
specifications (and other possible formal representations like the circuit example in
the previous section) — also in a separate uniform formal way.

A very general and powerful concept for formally representing state systems is
that of a (state) transition system which, roughly speaking, is a “generating mech-
anism” for the runs of a state system. Transition systems are used widely and in
various different versions. We adjust the definition here in a way such that their rela-
tionship to temporal logic specifications becomes very close.

Definition. Let SIG = (S, F,P) be a signature and S a structure for SIG. A first-
order (state) transition system (briefly: STS) I' = (X, V, W, T') over SIG and S is
given by

o X = Uses X, with sets X, forevery s € S,
e asetV,
e aset W of (system) states

n: XUV — |S|U{ff tt}

with 7(a) € |S|; for a € X, s € Sand n(v) € {ff,tt} forv e V,
e atotal binary relation 7' C W x W, called transition relation.

(A binary relation R over some set D is called total if for every d; € Dthereisa ds €
D with (dy, d2) € R.) Elements of X and V are called (individual or propositional,
respectively) system (or state) variables. An execution sequence of I" is an infinite
sequence W = (10, 11, 72, - . .) of system states such that (n;,7n,+1) € T for every
i € N.Forany (n,n') € T,/ is called a successor state of 1).

To indicate the basis of an STS I" we will also write I'(SIG, S). Furthermore, we
will often write SIGr,Sp,¥p,Ppr,Sp, Xp, VP, Wp, T, Wy for the single con-
stituents of a given I'(SIG, S) and depict an execution sequence (1o, 11, 72, - - -) by

Mo =M1 —>M2 —>....

Basing " on a signature and a structure informally means that I" uses a fixed
underlying data type. Notice, however, that in the definition of an STS I the sets F
and P of SIG and the interpretations of their elements in Sy are not (yet) rele-
vant. They will come into play subsequently and are included already here in order to
provide a common framework. One first trivial outcome can be noted immediately:
following patterns given in Sect. 5.1, the signature SIG induces a (classical) first-
order language Lror (SIG™) where SIG™ results from SIG by adding the elements
of X and V to the individual and propositional constants, respectively. In order to
meet our general assumption about countable languages in this definition we will
assume throughout that the sets X and V' are at most denumerable. (Actually, in ap-
plications X and V' will usually even be finite, but we leave it with the more general
assumption in order to maintain the close correspondence to the logical framework.
This will particularly be used in the subsequent Theorem 6.2.1.)
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We call Lror (SIG™) a first-order language of I" and denote it by £ . Formulas
of L are called state formulas (of I'). Given a variable valuation ¢ for the variables
of L, the structure Sy together with £ and any state n € Wp defines a mapping

555’7') which associates a truth value ng’")(A) e {ff,tt} with every atomic formula

A of L as in Sect. 5.1. As usual (cf. Sect. 1.2), 5}5,77) can be extended to all state
formulas of L. If A is a closed formula then S}E"") (A) does not depend on ¢ and

we will sometimes write 5517) (A) instead.

An STS is called first-order in our definition because of the set X of individ-
ual system variables ranging over arbitrary sorts. If X = () then the STS is called
propositional. In this case, of course, SIG and S are completely irrelevant and can
be omitted from the definition. We will also write I"( V') for a propositional STS I” to
indicate the underlying set V of state variables. For I'( V') the language £ reduces
to a language Lpy (V') of (classical) propositional logic in an obvious way.

An STS I represents a state system in a formal way, the execution sequences
of I' are the runs of the state system. As a first simple example consider a natural
number counter which can be switched on and off. As long as it is on its value
increases by 1 in each step. Switching it off “freezes” the value which then remains
unchanged until it is switched on again in which case the value is reset to 0. This
informal description is formalized by the STS I'count (SIGnat, N) consisting of

X = Xyar ={c},

V ={on},

W={n: XUV - NU{fftt} | n(c) € N,n(on) € {ff,tt}},

T = {([tt, n], [tt, n + 1)), ([tt, n], [ff, n]), ([ff, n], [ff, n]), ([ff, n], [tt,0]) | n € N}

where we represent in T a state n by the pair [(on),n(c)] so that, e.g., [tt, n] de-
notes the state n with n(on) = tt and n(¢) = n. W comprises all possible values
of ¢ and on, and the four kinds of pairs of states (for every n € N) listed in 7" de-
scribe all possible transitions (one-step changes) of the system variables on and c:
counting, switching off, pausing, and switching on, respectively. A possible execu-
tion sequence of I'coynt 1S

[ff, 7] — [tt, 0] —» [tt, 1] — [tt, 2] — [tt, 3] —» [ff, 3] — [ff, 3] — ...

expressing that the counter starts switched off and with value 7, is switched on,
counts up to 3, is switched off, remains off, and so on.

By definition, execution sequences of STSs are infinite (and for generating them,
transition relations are total). In fact, many real systems, often called reactive sys-
tems, are intended for “running forever” (“reacting” with the environment). Other
systems (usually calculating some input-output relation and called transformational
systems) like the Towers of Hanoi, for which we indicated this discussion already
in Sect. 6.1, are intended to terminate. They provide finite runs and seem, at a first
glance, not to be covered by our formalization. However, such systems may be “en-
coded” very easily in the given framework: a finite run terminating with some state
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7 is represented by the infinite one which is obtained by repeating 1 forever when it
is reached.

Consider, as a simple example, a modified counter [7.,,,; Which terminates
whenever it reaches some value, say, 100. (If it never reaches this value it still runs
forever.) Reasonably, the states 7 are then restricted to those with n(¢) < 100. A
finite run could (informally) look like, e.g.,

[ff,32] — [tt,0] — [tt, 1] — ... — [tt, 99] — [tt, 100]

where the counter, after being switched on, counts from 0 to 100 and then terminates.
Such runs are generated by the (non-total) transition relation

T = {([tt, n], [tt, n + 1)), ([tt, n], [ff, n]),
([ff, n], [ff, n]), ([ff, n], [1,0]) | n € N, n < 99}.

In order to cause infinite repetitions of the state in which the counter value 100 is
reached, 7" has to be enriched by the pair ([tt, 100], [tt, 100]), and in order to make
T’ total, ([ff, 100], [ff, 100]) has to be added as well. For subsequent, more general
use we define the roral closure tot(R) of a binary relation R over a set D by

tot(R) = RU{(d,d) € D x D | there is no d’ € D such that (d, d") € R}.
Then

Wr,p = An € Wr,,,., | n(c) <100},
Tr,,.,. = tot(T")

(with X and V asin I'.,,,¢) obviously define I} .., in the desired way. The above
sample run is formally represented by the execution sequence

[ff, 32] — [tt,0] — [tt, 1] — ... —
[tt, 99] — [tt, 100] — [tt, 100] — [tt, 100] — ...

generated by T, . ..

It should be clear that the examples of Sect. 6.1 can also be formulated as STSs.
While the Towers of Hanoi and the system with the even and odd number sequences
have additional properties which will be addressed in the next section, the oscillator
circuit can be reasonably represented in the uniform STS framework and according
to the present definitions by a propositional STS I'ps.( V), V = {bg, b1, b2}, with

W={n:V - {fftt}

and

(bo) # n(b1),
= tt if and only if 7(by) = n(b1) = ff}.
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A possible execution sequence of [, is
011 — 101 — 011 — 101 — 011 — ...

where, with regard to the concrete background, we represent states by binary num-
bers: e.g., the entry 011 for 1y means 19 (by) = tt, no(b1) = tt, no(b2) = ff.

In preceding sections we have stressed several times a certain contrast between
state systems and mathematical systems which are just data types in a functional
setting. However, data types in computer science can be viewed and handled both
in a functional and in an imperative way. In fact, the counters above are simple
data types which could also be viewed (and algebraically specified) in a functional
framework. The other way round, consider, e.g., the algebraic stack specification in
Sect. 1.3 given by the (classical) first-order theory Stack with the characteristic sig-
nature SIG,;. Taking this data type in an imperative view as a “pushdown storing
device” the “contents” of which may “change in time” by executing the typical stack
operations we obtain a state system.

An STS I'; describing a stack in such a way is based on the signature S1Gg; and
some structure for SIG,;. To make it concrete here, let this structure U be given by

[Ulogs =N,
|U|sTack = N¥,
EMPTYVY = ¢,
PUSHY = push,
POPY = pop,
TOPY = top,

where € € N* is the empty sequence of natural numbers and push, pop, top are the
usual stack operations on N*. Then we let I's;(SIGst, U) consist of

X = Xgrack = {pd},

V=10,

W ={n:X — N},

T={(nn)eWxW/|n'(pd) = push(n(pd), m),m € N} U
{(n,n') € W x W |n'(pd) # e and 1)’ (pd) = pop(n(pd))}.

The system variable pd represents the pushdown store which carries stacks of natural
numbers as its value. The states of W map all such values to pd. T' comprises all
possible transitions: in a single step, some natural number m can be “pushed” on pd,
or pd can be “popped”.

An example of an execution sequence of I'; is

(7,13) — (7,13,5) — (7,13,5,21) — (7,13,5) — ...

where states are represented by their values of pd. In the initial state pd contains the
numbers 7 and 13, then 5 and after that 21 are pushed to pd, then pd is popped, and
SO on.
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As indicated already, the definition of STSs perfectly fits the temporal logic
notions. Let I' = (X, V, W, T) be an STS over some SIG and S. A language
L. (TSIGr) where TSIGr = (SIG, X, V) and L1 denotes a language as intro-
duced in Sect. 6.1 is called language of linear temporal logic of I" and denoted by
Lror. Thus, L1y takes over the signature SIG from I" and identifies the flexible
individual and propositional constants with the individual and propositional system
variables from X and V, respectively. Clearly, the state formulas of I are just the
non-temporal formulas of Lty 1.

It is obvious that, for every execution sequence Wy of I', K = (Sp,Wp) is a
temporal structure for TSIGp: S is a structure for the underlying SIG and Wp
is just an infinite sequence of states in the sense of the semantical definitions in
Sect. 5.1. The class

Cr ={K=(Sr,Wpr) | Wr is an execution sequence of "}

then represents “all possible runs” of the state system formalized by I". Note that in
Cr,asin I itself, Sp is fixed.

As mentioned already, any state formula A of I" can be evaluated by S, a vari-
able valuation &, and 1y € W (denoted by S}E’n) (A)). So, if K € Cr, this evaluation
is possible for a state 7; of W and obviously coincides with evaluating “in K”, i.e.,

K (4) =& (4)

holds for every &.

Definition. Let I" be an STS. A formula A of Lty is called I'-valid (denoted by
F.A)if Ais valid in every K € Cp.

Of course, all these notions can be transferred to the case that I” is propositional.
Then L1 reduces to some Ly (V') taking the system variables of I” as the proposi-
tional constants of the language, £ is the “sublanguage” of L1y without temporal
operators, every W is a temporal structure for V, and Cr is just the class of all such
Wr.

A Cp-FOLTL-theory (or Cp-LTL-theory in the case of a propositional ") will
be briefly called a I'-theory and denoted by Th(I') = (LrLr, Ar). As mentioned
already, it can be understood as a temporal logic specification of (the state system
represented by) I

If we want to specify a state system given by an STS I in this sense we have
to find an adequate language version Ly and, more essential, appropriate non-
logical axioms. We remark again (cf. Sect. 1.3) that a I'-theory does not necessarily
“characterize” I'. The only requirement for Ap is that its formulas are ["-valid, so
even Ar = () would be a sound choice. It is clear, however, that we should try to
make A as “powerful” and “close to distinguish” the system I as possible.

Looking for appropriate axioms, a first observation is that .4, should contain
axioms for the data involved in I” through the structure S (provided I is not propo-
sitional). Since the specification of (functional) data types is not the subject of this
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book and we therefore do not care (except for some remarks already made) about
how this is possible, we help ourselves by simply taking every state formula of I”
which is Sp-valid as an axiom of A without any regard to how this formula could
really be derived. So, any A will contain the axioms

(datar) All S p-valid state formulas of I”

and we will freely use these axioms without explicitly justifying them. For example,
if S = N as in the counters above then (datar) contains formulas like

T+ 2 =22 + 11,
21 * (T2 + 23) = 21 * 22 + 11 * I3,
etc.

Clearly, in the case of a propositional STS there is no need of such axioms.

The axioms in the proper focus of our investigations are those which specifty
the execution sequences W of I'. We call them femporal axioms (of I'), and they
should reflect the sets W and T of states and transitions of I'. We illustrate this
for the four examples introduced in this section.

For the counter I'.,,,,: the two obviously I,,,¢-valid formulas

0’rL—>(On//\c’:c—&—l)\/(—@n’/\c':c%
—on — (mon/ Ad' =¢)V (on' A =0)

could be taken as temporal axioms. They reflect the possible counting and switch-
ing off transitions if the counter is on and the possible pausing and switching on
transitions if it is off.

For the terminating counter [..,,: these axioms can be easily modified and
extended to

¢ <100,

onAc <100 — (on’ AN =c+ 1)V (mon' AN =c),
—on A ¢ <100 — (mon’ A’ =c¢)V (on' A =0),

¢ =100 — (on' < on) A ' = c.

Note that the first axiom reflects the restriction of the state set Wr, .
Appropriate temporal axioms for the oscillator I',. could be just the three for-
mulas

by < bo,
bi s ﬁ(bo — bl),
bé g _|(b0 V bl g bg)

already shown in Sect. 6.1. Their I',4.-validity is clear.
For the stack I'; a reasonable specification could be given by the single I'y;-valid
axiom

Ay(pd’ = PUSH (pd,y)) V (pd # EMPTY A pd’ = POP(pd))
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describing the disjunction of the two possible kinds of transitions: pushing some y
to pd or popping the (non-empty) pd.

Note that in the counter systems as well as in I'y; the temporal axioms do not
need all elements of the respective signatures. So for the exclusive use as a specifica-
tion language, a less extensive signature would suffice for L1y . The full language,
however, could be necessary for additional purposes such as the formal description
of further “properties” (actually pursued in the following chapters). Instead of basing
transition systems and their specification on a “minimal” signature which will then
have to be enriched for other applications, we always will assume for simplicity that
the signatures SIG are suitable for all intended investigations of I

We conclude this section with a general discussion about the concept of transition
systems. In fact, these could directly serve as the basic semantical vehicle for tempo-
ral logic insofar as the validity notions could be equivalently based on them instead of
using the concept of temporal structures developed in our approach in the preceding
chapters. To put this formally, consider a temporal signature TSIG = (SIG,X,V)
and a language L1y (TSIG) of first-order linear temporal logic. We call any STS
I' = (X, V, W, T) over SIG and some structure S for SIG (which takes X and
V as its sets of individual and propositional system variables) a 7'SIG-STS. For ev-
ery such STS, the language Lt obviously coincides with L1, (7SIG) and every
K € Cr is a temporal structure for TSIG.

Theorem 6.2.1. Let TSIG = (SIG,X, V) be a temporal signature. A formula A of
L1 (TSIG) is valid if and only if A, viewed as a formula of Ltvr, is I'-valid for
every TSIG-STS I'.

Proof. Let Abe valid and I" be a T'SIG-STS. Then IT<A for every temporal structure
K = (S, W) for TSIG; hence F A for every K € Cr which means that 4 is [™-valid.
Let, conversely, A be I'-valid for every T'SIG-STS I" and K = (S, W) be a temporal
structure for T'SIG. We have to show that II=(A. To this end, we define the TSIG-
STS I'* = (X, V, W, T) over SIG and S with W being the set of all possible states
(with respect to X and V) and T'= W x W. Then K € Cp~ since W is obviously
an execution sequence of I'*. From the assumption we get EF*A which means %«‘A
for every K* € Cp~ and implies k- A. A

According to this theorem, validity of formulas of L1 (TSIG) (defined with
respect to all possible temporal structures) is equivalent to I'-validity for all STSs
with fixed X, V, SIG taken from T'SIG. Moreover, the proof shows that this could
also be modified to the assertion that validity is equivalent to I'*-validity for all
STSs I'* as defined in the proof (with “full” state set and transition relation and
ranging over all structures S for SIG). In fact, 7' = W x W generates all possible
state sequences W for temporal structures. Note that every I'* is specified only by
(datap+) but no temporal axioms.

Of course, Theorem 6.2.1 can be transferred to the propositional case in an ob-
vious way: a formula A of some propositional temporal logic language L1 (V) is
valid if and only if A is I"-valid for every propositional STS I = (@, V, W, T)) or,
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alternatively, if and only if A is I'*-valid for I'* = (), V, W, T') where W is the set
ofall statesn : V — {ff,tthand T = W x W.

6.3 Rooted Transition Systems

Transition systems as defined in the previous section are our basic representations of
state systems. In the following we investigate some variants and extensions of STSs
which will enable us to model typical additional features of state systems.

A first very simple extension can be motivated by the Towers of Hanoi example.
An execution sequence of an STS so far can start with an arbitrary initial state. In the
puzzle, however, any sequence of moves is to start in a state where the full tower is
piled up on one place and the other two places are empty.

Such restrictions on particular initial states occur very frequently in state systems
and can be treated by the following version of STSs.

Definition. A rooted (state) transition system (briefly: rSTS)
I'=(X,V,W, T, start)

(over some SIG and S) is an STS I''(SIG,S) = (X, V, W, T) together with a
closed state formula start of I'' called initial condition. An execution sequence of I"
is an execution sequence (7o, 71, 72, - - .) of I with S(0) (start) = tt.

Observe that an rSTS could also very easily (and maybe “more naturally”) be
defined to consist of an STS (X, V', W, T') together with a distinguished subset W,
of W the elements of which are to be understood as the initial states. For a reasonable
specification of the system, W should then be “describable” by a formula. We have
chosen here to provide the desired restriction directly by a (for simplicity: closed)
state formula which must be “satisfied” by the initial state of any execution sequence.

Of course, the definition can easily be adjusted for propositional systems. We
adopt all notational conventions introduced for STSs and extend them by fixing that
we will write startr for the initial condition of some I" and L for L.

The Towers of Hanoi puzzle can be represented as an rSTS I'ro g (SIG 101, H)
where we take SIG 7,y and H as defined in Sect. 6.1. The system variables (follow-
ing the discussion in Sect. 6.1) and the initial condition of I'7,; are obvious:

X = Xpre = {ph, pk, pl3},

V=0,

start = ply = TOWER A plo = EMPTY A pls = EMPTY
(assuming that at the beginning the tower is standing on place ply). For the set of
states the choice is not so clear since we could think of restricting W somehow to

those states which will really occur in playing the puzzle. The easiest way, however,
is to let W contain again all possible mappings from X to |H|p/1z, i.e.,

W={n:X—-{1,....n}"}
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and treat the non-accessible states appropriately in the transition relation 7'. A first
approach to the latter is

T'={(n,n)e Wx W |
n 7é Mfin
n(pli) # €, top(n(pli)) < top(n(ply)) if n(pl;) # e,
' (pli) = pop(n(pli)),n' (pl;) = push(n(pl;), top(n(pl))),
0 (ple) = n(plx.),
i,7,k € {1,2,3} pairwise distinct}.

where 75, is the “final” state in which the tower is standing on the desired destina-
tion, say, place ply:

nﬁn(pZQ) = (n’ n — ]-7 ceey 27 1); nﬁn(pll) = T)ﬁn(pIS) =&

Every (n,7n’) € T’ represents a possible move according to the rules of the puzzle:
the non-empty pile on some place pl; is popped, its top stone is put on the pile of
pl; provided it is smaller than the top stone there, and the pile on the third place plj
remains unchanged. By excluding pairs (7, 1) we express that when reaching 7,
no more moves are to be done. As illustrated in Sect. 6.2 the termination in 75, is
represented by adding the pair (1), 75in ) to T’ with the effect that whenever ng,, is
reached in an execution sequence it has to be repeated forever. However, even with
this addition, 7" is not yet total because of the definition of W. For example, the
state . € W with n.(ply) = n-(pl) = n-(pls) = ¢ has no successor state. This is
a state which will obviously never occur in an execution sequence, so we solve this
(purely technical) problem by simply adding the pair (7)., 7)-) to the relation to make
it total. Summarizing, 7T is built as the total closure of 77, i.e.,

T = tot(T")

(and contains then also many other elements (1, 7) with states (with “incorrect”
piles) which will never be reached).

The execution sequences of this rSTS represent the possible runs and contain the
reachable states of the system. An example of a (successful) execution sequence for
n = 3is

[321,¢e,¢] — [32,1,¢] — [3,1,2] — [3,¢,21] —
[€,3,21] —[1,3,2] — [1,32,¢] — [¢,321,¢] — [¢,321,¢] — ...

where, e.g., the shorthand [3, €, 21] denotes the state n with n(pl ) = (3), n(pk) = ¢,

Briefly examining the examples of Sect. 6.2, modified counter and stack systems
with distinguished initial states could also be reasonable. In both counters one could
require that at the beginning the counter is off and has value 0. This would be for-
malized by an rSTS which extends [ ;oynt (O count) by the initial condition

start = —on A ¢ = 0.
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For a stack, an analogous requirement could be that the stack is empty initially, ex-
pressed by

start = pd = EMPTY .

Specifying an rSTS I, the additional initial condition startp restricts the set of
execution sequences of the underlying STS. This restriction can be captured by a
particular axiom uniformly given by

(rootr) init — startr .

Note that for this purpose L1 has to contain at least the extension “i” and that
startp, as a formula of Lp, is also a formula of L1y p; hence, (rootr) is really a
formula of ACTLF~

Theorem 6.3.1. For every rSTS I the axiom (rootr) is I'-valid.

Proof. Let K € Cp, £ be a variable valuation, 7 € N. starty is a state formula; so,
according to the remark about evaluation “in K” and “in S;” in Sect. 6.2, we have
K(()g)(startp) = Sgé’%)(startp) = tt. Thus, K(()g)(init — startr) = ttand, for i > 0,
Kgg)(init — startr) = tt because of Kgg)(init) = ff. This shows that (root) is valid
in K and proves the theorem. A

This theorem (the proof of which could easily be adjusted if I" is propositional)
means that (root) can be added to the set A of non-logical axioms of a specifica-
tion of any rSTS I'. For example, in the counter and stack rSTSs the specification
given in the previous section could be enriched by the axioms

init - —on Ac=0
and
init — pd = EMPTY

respectively.

The Towers of Hanoi system can now be specified as follows: besides the ax-
ioms (datar,,, ), the axiom (rootr,,, ) is taken to specify the initial condition. For
describing the possible transitions let

Ay = pl; £ EMPTY A (pl; # EMPTY — TOP(pl;) < TOP(pl;)) A
pli = POP(ply) A plj = PUSH (pl;, TOP(pl;)) A ply, = pli

and
Agn = phh = EMPTY A ply = TOWER A pls = EMPTY .

For pairwise distinct ¢, 5,k € {1,2,3}, A describes the move of putting a stone
from pl; to pl; and Ag, describes the final state with the goal of the game. Together,
therefore the axioms
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init — ply — TOWER A ply = EMPTY A ply — EMPTY,
—Afy, — A1a3 V A13a V Aoz V Aazi V As12 V Asaq,
Aﬁn — OAﬁn

are appropriate temporal axioms for I, z7. The second formula describes all possible
moves of the puzzle which can be performed when the goal is not yet reached. By
the third formula, the repetition of the final state is expressed.

These axioms are directly drawn from the definition of the transition relation
Tr,,, - Note that, translating T, , completely, one would expect additional axioms
like

B — OB

with (e.g.) B = ply = EMPTY Aply = EMPTY Apls = EMPTY , expressing the
full effect of the total closure operation in the construction of 71, ,,. These formulas,
however, have no influence on the execution sequences and can therefore be omitted
in the specification.

6.4 Labeled Transition Systems
An execution sequence

No —>M —>=12 —> ...

of an (r)STS “records” the states which are visited during a run of the system. (The
notation (r)STS means an STS which may be rooted or not.) In many applications
the single transitions from 7; to 1,4 are caused by distinguished “actions” and it
might be desirable to record the information about which actions are carried out in
each step as well. This can informally be depicted by

)\0 )\1 )\2
No —>M —>=12 —> ...

where the labels \; denote the actions leading from 7; to 7, 1.
Again the Towers of Hanoi system is a good example: a single action is a move
i putting a stone from pl; to pl; (i € {1,2,3}). The execution sequence

[321,¢e,e] — [32,1,¢] — [3,1,2] — [3,¢,21] — ...

exemplifying the rSTS I'r,y in the previous section is caused by the sequence of
moves A2, A\13, A23, A12, . . ., depicted by

321,¢,¢] 243 [32,1,] 2% [3,1,2] 225 [3,,21] 2% .

and, in fact, the information about the moves might be even more interesting than the
intermediate states.
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A formalization of this concept of including actions into the execution sequences
is usually performed by labeled transition systems. We investigate two slightly dif-
ferent variants of such systems and again we adjust their definition here such that
they can easily be translated into the temporal logical framework. The discussion is
carried out for first-order systems but, as before, everything can easily be transferred
also to propositional systems.

Definition. A simple labeled (state) transition system (briefly: 1;STS)
I'=(X,V,W,T, Act)

is given by a finite set Act of actions and an STS I'" = (X, V, W, T) with V
containing elements ezec A for every A € Act and such that, if (n,1") € T and
n(exec\) = ff for every A € Act, then 1y’ = 1. An execution sequence of I is an
execution sequence of I,

The idea of this definition is that with every action A\ of the system a particular
propositional system variable ezec\ is associated and a transition
A
n—1
is formalized by (n,n") € T (as before) and n(ezecA) = tt. So the informal reading
of exec\ is

“the action A is executed (in the present state)”.

Having this in mind one would expect the additional requirement that, in every state,
n(exec\) = tt should hold for exactly one A € Act. For capturing terminating
system runs, however, we allow that n(ezec \) = ff for every A € Act (i.e., no
action is carried out) and, as before, the state 7 has to be repeated then forever. More
interestingly, we also allow that 7(exec A) = tt may hold for more than one A, i.e.,
that more than one action may be executed in a state 7. (In the usual concept of
transition systems one would have to distinguish such joint executions of actions as
additional actions of their own.)

Obviously, this definition can be transferred to rooted transition systems provid-
ing systems denoted by rlsSTS, and all notational conventions from before (including
optional notations like (r)IsSTS or r(l5)STS) can be reused.

Considering the Towers of Hanoi example we can model this as an rlsSTS '},
by taking SIG 1,4, H, and

X = Xpre = {pl, pl, pls},
start = ply = TOWER A plo, = EMPTY A ply = EMPTY

as in the rSTS ',z of the previous section and defining the set of actions by
Act = {12, A\13, A21, 23, Az1, Az2

where every A;; has the informal meaning introduced above. Furthermore, we let
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V = {exech; | Aij € Act},
W={n: XUV —={1,...,n}U{fftt} |
n(pli) S {1, RN n}* for pl; € X,
n(exech;;) € {ff, tt} for \;; € Act,
n(execA;;) = tt for at most one \;; € Act,
if n(exec);;) = ff forall \;; € Act then n = nfin,
if n(exzecA;) = tt then
n(pli) # e, top(n(pli)) < top(n(pl;)) if n(pl;) #
for )\ij € Act}

where 75, is now defined by

ﬂﬁn(Plz) = (n7 n—1,...,2, 1); nﬁn(pll) = Uﬁn(Pls) =&,
Nfin(exec ;) = ff for every Ay; € Act.

Finally, for the definition of the transition relation 7', consider the relation

T'={(nn)e Wx W|
n 7& Nfins
if n(exec);;) = tt then
n'(pli) = pop(n(pl)), n' (pl;) = push(n(ply), top(n(pl))),
' (pli) = n(ply) for k # i,k # j}.

Together with the restrictions on states in W, the pairs of 7" describe again all
possible moves and as before we can define then

T = tot(T").

The successful sequence of moves for the tower of three stones shown in the previous
section is now formalized by the execution sequence

[321»5357)\12} - [32717€a)\13] - [3a1727>\23] -
[3,5,21,)\12] — [6,3721,)\31] —_— [1,372,>\32] —_—
[1,32,e, A\12] — [¢,321,¢,—] — [¢,321,¢e,—] — ...

where the \;; in a state 7 denotes the action with n(ezec\;;) = tt and the notation
[e,321, ¢, —| describes that n(ezec ;) = ff for every A;; € Act.

In the above definition of I'L, ,;, W is not the “full state space”, but restricted
according to the intuition of the system variables of V' in an evident way. One of
these restrictions, expressed in the clause

if n(ezecAy;) = tt then n(pl) # €, top(n(pl)) < top(n(pl)) if n(pl;) # ¢,

states that any A;; is only “enabled” to be executed if the pile on pl; is not empty
and its top stone is smaller than the top stone of the pile on pl; (if this is not empty).
The existence of such “enabling conditions” for the actions is characteristic for many
systems and leads to a second version of labeled transition systems where such con-
ditions are explicitly displayed.
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Definition. For an I,STS IV = (X, V, W, T, Act) let £ = {enabledy | A\ € Act}
be a set of closed state formulas of I. A state n € W is called admissible (with
respect to I and &) if Sgﬂ)(ea:ec)\ — enabledy) = tt forevery A € Act. I'' together
with & defines an extended labeled (state) transition system (briefly: 1.STS)

I'=(X,V,W,T,Act,E)

if every € W is admissible. Each formula enabled) is called enabling condition

(of \).

According to this definition the states of an [, STS are (at least) restricted such that, in
every state, only “enabled actions” may be executed and the requirements for an ac-
tion for being enabled are expressed by special formulas of £ (which will then also
be denoted by L ). Like initial conditions in the case of rSTSs, these enabling con-
ditions are directly suited for specifications. Of course, an 1STS could alternatively
also be defined by displaying, for every action A, a subset W) of W comprising
those states in which A is enabled.

The formalization of the Towers of Hanoi system as an I,STS is very similar to
the 1,STS I'Y,, ;; considered before; we only add the set

£ = {enabledy

)‘ij S ACt}
where the enabling conditions are defined by
enabledy, = pl; # EMPTY A (ply # EMPTY — TOP(pl;) < TOP(pl;))

for A\i; € Act. The execution sequences are obviously the same in both formaliza-
tions.

(Of course, we could also define further variants of such systems distinguishing
other restrictions on states, e.g., the “single action” condition that in every state at
most one action may be executed. We leave it here with the restriction installed in
1.STSs which will play a useful role in subsequent considerations.)

It should be clear that the other preceding examples could also be modeled as
ISTSs (i.e., either 1;STSs or 1.STSs). We still show this for the (non-terminating)
counter and define an 1,.STS I", ... (SIGnq:, N) with the set

count
Act = {Xon, Aogrs Aes Ap}

of four actions which represent switching on, switching off, counting, and pausing,
respectively, and the enabling conditions

enabledy, = —on,
enabledAoﬁ = on,
enabledy, on,

enabledy, = —on

expressing for which truth values of on the actions may be executed. The proper STS
is then given by
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X = Xyar = {c},
V = {on, execon, exech oy, execA., exechy },
W={n: XUV - NU({ff,tt} |
n(c) € N,n(v) € {ff,tt} forv e V,
1 admissible,
n(exec)) = tt for exactly one A € Act},
T={mn)eWxW|
if n(exec,,) = tt then 1'(¢) = 0,7 (on)
if n(execopy) = tt then n'(¢) = n(c),n'(on) = ff,
if n(ezecA.) =tt then n'(c) =n(c) + 1,7 (on) = t,
if n(exech,) = tt then 7/(c) = n(c),n’'(on) = ff}.
Note that in the definition of W we simply wrote “n admissible” instead of the
respective explicit restrictions on the states. 7' collects the effects of the four actions

in ¢ and on. In a notation analogous to that above the execution sequence of I'.,yn¢
shown in Sect. 6.2 is represented by the execution sequence

(1,7, Aon] —> [tt, 0, \.] — [tt, 1, Ao] —
[tt, 2, Ao] — [tt, 3, Aog] —> [,3, A\,] — [ff,3,...] — ...

l
of Fcount or

[ff, 7] 22 [tt, 0] 25 [tt, 1] 25 [tt, 2] 25 [tt, 3] 22 [ff, 3] 25 [ff, 3] <>

in another notation.

Let us turn now again generally to the specification of labeled transition systems.
For any (0)ISTS I" with Acty = {)1,..., A, } we introduce the abbreviation

nilp = —evecAi N ... A\ —exec,

informally expressing that “no action is executed”. Intuitively it should be clear that
whenever nilr holds in some state 1) then 7 is the only possible successor state of 7.
So every state formula of I" which holds in n will also hold in “the next state”. This
characteristic feature is captured by the following axiom.

(nilp) nilp N A — OA if Ais a state formula of I'.
Theorem 6.4.1. For every (r)ISTS I’ the axiom (nilyp) is I'-valid.

Proof. LetK = (Sr,Wr) € Cr, Wr = (10,71, 72, - - -), £ be a variable valuation,
i € N, and Kgg)(m'lp A A) = tt. Since nilp and A are state formulas we obtain
ni(ezech) = S (exec A) = ff for every A € Acty and S'$7)(A) = tt. Because
of (n;,ni+1) € Tr we have 1,1 = n; from the definition of ISTSs and this implies
K& (4) =S¢+ (4) = S8 (4) = tt. Thus, (nilp) is valid in K which proves
the theorem. AN
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The theorem implies that (nil;) can be added to the set A, of non-logical ax-
ioms of a specification of any (r)ISTS. It should be noted that (nil;) could even be
strengthened. It is I'-valid not only for state formulas but for many other formulas
A of L. A counterexample, however, is given by A = init. If 1y (nilp) = tt then
nilp A A — OA would get the value ff in 7 because of 7o(Oinit) = ff. We have
chosen the above simple form of (nil) since it will be sufficient for our applications.

If " is an 1.STS then we get the further evident axiom

(action) erec A — enabledy  forevery \ € Actp .

It can be added to a specification of any (r)lSTS according to the following quite
trivial justification.

Theorem 6.4.2. For every (r)I.STS I’ the axiom (actiony) is I'-valid.

Proof. Forevery K= (Sp,Wp) € Cp, Wy = (770,771,7]2, ...), variable valuation &,

and ¢ € N we have K(g)(ea:ec)\ — enabledy) = Sy (&:m:) (exech — enabledy) = tt for
every A € Actp, which proves the assertion. A

We briefly show now specifications of the examples FlTo 5 and I'! The tem-

count*
poral axioms for the (rooted) labeled Towers of Hanoi system could be

init — ply = TOWER A ply = EMPTY A pls = EMPTY,

nilpy NA— OA if Ais astate formula of rk .,

nilpy, > ph = EMPTY A ply = TOWER A ply = EMPTY,

exechi; — pl; # EMPTY A (pl; # EMPTY — TOP(pl;) < TOP(pl;))
for )\ij S ACtFlT o

evec\ij — plj = POP(pl;) A plj = PUSH (pl;, TOP(pl;)) A ply, = ply
fOI'/\ij S ACtF%Hak 7& i,k %j

The first two axioms are (root r, H) and (nil rl, H), the next two (sets of) axioms reflect
restrictions on Wy . and the last one is translated from T}, . The fourth axiom is

just (actionp; ) if we consider Ik . as an 1,STS. One might miss axioms
o.
erec Ay — TeTec Ay

for A\ij, A € Actpz 1o , Aij 7 Ak, expressing that in every state at most one action
is executed (which is included as a restriction in sz ) It is evident, however, that
these formulas can be derived from the other axioms. Moreover it is not necessary
to include

Aﬁn — OAﬁn

for Ap, = phh = EMPTY A ply = TOWER A pls = EMPTY as an axiom
since this formula can now be easily derived as well: Asn, — nilpy A Afin follows
with (prop) from the third axiom and this implies Az, — OAg, with (nil r, H) and
(prop).
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The counter I},

. 1s specified by

exec Ny, — —on,
exec Ao — on,
execA, — on,
execA, — —on,

—nilp

Luuut

exech,y, — on' Ac' =0,
ezec Aoy — —on' A =c,
erecA. — on' AN = c+1,
exech, — —on’ A ¢ = c.

The first four axioms explicitly write out (action re ) The axiom (nil ) is not

necessary since it follows from the fifth axiom which reflects that in every state at
least one action is executed, and the last four axioms are translated from 7'

coun 1

Again, formulas of the form ezecA — —ezec for A # X can be derived.

Second Reading

State transition systems are formal representations of state systems. There are other for-
malizations of such systems; prominent examples are all kinds of automata (machines) and
(Petri) nets. Although technically defined quite differently, these formal “systems” can be
viewed as particular transition systems as well. They pursue, however, different goals (in
contrast to what we do here) and possess their own powerful repertories of special methods
for dealing with them so that we do not want to advocate their temporal logic treatment. But
it is at least interesting to see how they fit into our general framework.

In Chap. 4 we have already discussed some relationship between temporal logic and a
special version of finite automata. Let us now consider “ordinary” (non-deterministic) finite
automata (NFA) as state systems.

Such an NFA Aut = (A, Q, qo, 9, Qf) is given by a finite alphabet A, a finite, non-
empty set @) of locations, an initial location qo € (@, an (automaton) transition relation
0 C Q x A x Q,andaset Qf C Q of accepting locations.

The figure

shows an NFA with
A ={a b},
Q = {q07 q1, q2}3

d = {(g0,3, ), (9,b, @), (q0,b, q1), (q1,2, g2), (g2,3, 1), (g2, b, g2) },
Qr = {a}

in its usual graphical representation.
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Forany ¢ € Q and a € A, the set a(q) of successor locations of q reading the symbol
a consists of all locations ¢’ such that (q,a, ¢’) € 6. A run of Aut for a given input word
ai...ar € A” is a finite sequence (qo, - . ., ¢) of locations such that g;+1 € a;1(¢:) for
0 < i < k—1andeither | = kora;+1(q) = (. The word is accepted by Aut if there is a
run (qo, ..., qr) with gz € Qy.

Let now Aut = (A, @, qo, 9, Qs ) be an NFA. Let SIG = (S, F, () be the signature with

S {SYMB LOC, WORD},
{a e,SYMB) q(a LOC’)

EMPTY(E WORD) PREF[)((&YMB WORD,WORD) |a c A g€ Q}
and S be the structure for SIG with
|S|symB = A, |S|roc = Q. |S|lworp = A”,
a>=a forac A,
¢®=q forgeq,
EMPTY® =&,
PREFIX®(a, by ...b;) = prefiz(a, by ...b;)
where prefiz(a, by ...b;) = abi...b;. Aut (together with an input word a; . ..ap € A™)
can be viewed as an rlsSTS I'aye = (X, V, W, T, start, Act) over SIG and S with
Act = A
Xsymp =0, Xroc = {cs}, Xworp = {rw},
V ={ezeca|a€ A},
W={n: XUV — QUA"U({fftt} |
n(es) € Q, n(rw) € A", n(execa) € {ff, it} fora € A,
n(ezxeca) = tt if and only if
n(rw) = prefiz(a, z) for some x € A* and a(n(cs)) # 0},
={(n.n)e Wx W|
n(ezeca) = tt for a € A and
n(rw) = prefiz(a,n’(rw)) and n’(cs) € a(n(cs))
or
n(ezeca) = ff forevery a € A and n’ = n},
start = ¢s = go A rw = PREFIX(ai,... PREFIX (ay, EMPTY)...).

The system variables cs and rw carry the current automaton location and the rest of the
input word (still to be read), respectively. Note that, as in preceding examples, the finite
runs of the automaton are represented as infinite execution sequences repeating the “last
state” forever.

It is easy to translate these definitions into a general form of temporal logic specifica-
tions. We only show appropriate temporal axioms (besides (rootr,,,) and (nilr,,,)) for the
example:

exzeca < Jz(rw = PREFIX (a, z)),
eveca — (cs =qo — ¢’ = q@)AN(cs=q — cs' = q)A(cs =g — cs' = q1),
execb « Jz(rw = PREFIX (b,z)) A ¢s # ¢,
evecb — (cs =qo — cs' = qoVes' = q) A(cs = g — cs' = q).
The acceptance of the input word w by Awut can be expressed by a formula of Lrrry,,,
in the example by

start — O(es = g2 A rw = EMPTY).
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Petri nets exist in various versions. We consider place-transition nets (briefly: PTNs)
Net = (Pl, Tr,6) which are usually defined to consist of a finite, non-empty set Pl
of places, a finite, non-empty set 1r of net transitions, and a (net) transition relation
0 C (Pl x Tr)U (Tr x Pl). A marking of Net is a mapping M : Pl — N.

The figure

shows a typical graphical representation of a PTN with

Pl = {al,ag,ag},

Tr = {01, B2, B3, Ba},

d = {(a1,B1), (a1, B2), (az, B3), (as, Ba), (B1, a2), (B2, az), (B3, az),
(B3, a3), (B4, a2)}

together with a marking M (indicated by the bullets associated with the places) with
M(al) = 1, M(ag) = 3, M(ag) = 0

For 3 € Tr,the sets o3 = {a € Pl | (a,3) € 6} and Be = {a € Pl | (3, a) € &} are
the pre-set and post-set of [3, respectively. For a marking M, 3 is called fireable under M if
M (a) > 0 forevery a € o3. If (3 is fireable under M then the firing of 3 transforms M to
its successor marking 3(M) defined by

M(a)—1 if acef\ e
B(M)(a) = ¢ M(a)+1 if a€ Be) ep
M(a) otherwise.

In the example, (31, B2, and 33, but not 34 are fireable (under the given M). Firing of (33
transforms M to M’ with M'(a1) = 1, M’ (a2) = 3, M’ (a3) = 1.

A run of a PTN Net is a sequence (Mo, M1, Mo, . ..) of markings such that for every
1 € N, M1 is a successor marking of 1; if there is a fireable net transition under M;, and
M;+1 = M; otherwise.

Let now SIG = (S, F, P) be the signature with

S = {NAT},
F = {O(E,NAT)7 SUCC(NAT’NAT), PRED(NAT’NAT)},
P = {POSWNAT)Y

and S be the structure for SIG with

IS| = |S|nvar =N,

05 =0,

SUCC®(n) =n + 1,

PRED®*(n) =n —1ifn >0, PRED®(0) =0,
POSS(n) =tt & n>0.
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A PTN Net = (PI, Tr,¢) can be viewed as an 1eSTS I'yet = (X, V, W, T, Act, £) over
SIG and S with
Act = Tr,
X = Xyar = PI,
V ={execf | B € Tr},
enableds = POS(ai1) A... AN POS(a;) forevery 8 € Tr,ef={a,...,a},
W={n: XUV - NU/{fftt} |
n(a) € Nfor a € Pl, n(ezxec3) € {ff, tt} for 3 € Tr,
7 admissible,
n(execB) = tt for at most one 3 € T,
if n(execB) = ff forevery 8 € Tr then
for every 3 € Tr there is some a € o3 with (a) = 0},
T=A{(nn)eWxW|
n(execB) = tt for 3 € Tr and n'(a) = B(n|pi)(a) forevery a € Pl
or
n(execB) = ff forevery 3 € Tr and 0’ = n}.

(17| pi denotes the restriction of 77 on Pl and is just a marking of Net.)

Again it is easy to translate these definitions into a general form of temporal logic speci-
fications of such systems. Appropriate temporal axioms (besides (nilr,,,) and (actionr,,,))
for the example could be:

evecf1 — a; = PRED(a1) A a3 = SUCC(a2) A a3 = a3,
evecB> — a; = PRED(a1) A a3 = a2 A a3 = SUCC (a3),
evecfs — a; = a1 A ap = az A a3 = SUCC(a3),

evecfs — ai = a1 A ab = SUCC(a2) A a3 = PRED(a3).

6.5 Fairness

The definition of (all the variants of) state transition systems accomodates non-
determinism: in general, any state of the system may have more than one possible
successor state according to the transition relation and runs may “branch” in such
states following different successors. In fact, most of the examples of state systems
so far are of this nature.

In a non-deterministic system the choice of the “next step” is free by definition.
Sometimes the particular real-world application, however, imposes some restrictions
upon this freedom. For example, in the Towers of Hanoi system most of the possible
runs do not lead to the proper goal of the puzzle, so the choice of a real player would
be goal-oriented in every step, trying to leave all useless transitions aside.

An important kind of restriction in many state systems is subsumed under the
notion of fairness. Consider, as a simple example, the following propositional 1.STS
Iy rinter formalizing a printer which, requested from two “users” Uy and Us, period-
ically executes printing jobs for U; and Us. I'),piner 18 given by

Act = {041701236176%7}’
X =0,
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V = {exec | X € Act} U {req, rega},

enabled,, = —req,

enabled,, = —reqa,

enabledg, = reqi,

enabledg, = reqo,

enabled, = true,

W ={n:V — {ff,tt} | n admissible,

n(exec) = tt for exactly one \ € Act},

T=A{(mn)eWxW|
if n(erecay) =
if n(execay

(reqy) = tt, 1 (reqa) = n(regqa),
= tt then 0/ (req1) = n(reqr), 7' (regz) = tt,
if n(ezec) = tt then n'(req;) = ff,n (rqu) = n(reg),
if n(ezecfs) =tt then n'(req1) = n(req1),n (regz) = ff,
if n(ezecy) =t then 7' (req) = n(reqi),n (7"€Q2) = n(regz)}-

The actions «; (i = 1,2) have the informal meaning “the printer is requested by
user U;”, the (3; stand for “the printer is printing for U,”, and v means “the printer
does nothing”. The system variables req; informally read “there is a request from
U,”. With this in mind, the other definitions can easily be understood. Note that the
definition of enabled, means that there is no restriction for the execution of .

Iy inter 1s non-deterministic since in 7' it is not fixed which action is executed
in a next state. A possible execution sequence could be

0o 02 (1) 23 q1,9) B o) 2 qy 0y By B

where the states 7o, 71, )2, . . . are represented by sets containing those i € {1,2}
with 7); (reg;) = tt. At the beginning of this run there is no request and the printer is
not printing. Then U; and Us request the printer successively, the printer prints for
Uy, another request from U; arrives, the printer prints for Us, then for U;, and so on.
This is a quite reasonable behaviour of the printer. Consider, however, the execution
sequence

00 (1) 2 (1,2} O
(23 2 (1,2} B 23 1,2 B g2y O

where Us has requested the printer but only the permanently arriving requests of U;
are served forever. This execution sequence describes an “unfair” behaviour of the
printer since Us will never be served. An even “worse” behaviour would be given by

020 2% (1) 25 {120 - {1,2) - {1,2)

never executing the requested jobs of U; and U, at all. Of course, it might be desir-
able to exclude such behaviours.

In general, restrictions in this sense are called fairness requirements and are ex-
pressed by connections between the enabledness of actions and their actual execu-
tion. They can be treated easily in the framework of labeled transition systems (in

—_— — — ~—
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the extended version) since there the enabledness of actions is explicitly given by
the enabling conditions. Among the several possibilities of how to reasonably fix the
requirement we choose the following. (Again everything is treated in the first-order
framework and can easily be adjusted for the propositional case.)

Definition. Let I" be an (1)l,STS. An execution sequence Wr = (19, 1,72, . ..) of

I is called fair if it has the property that, for every A\ € Actr, if S}m) (enabledy) = tt
for infinitely many j then 7y (exec \) = tt for infinitely many k. A fair (r)l.STS
(briefly: f(r)l,STS) is an (r)l.STS I" where the execution sequences are restricted to
the fair execution sequences of .

Informally this fairness definition requires that, in every run, actions which are
enabled infinitely often will be executed infinitely often, and it is easy to see that it
excludes in fact the undesired execution sequences of the printer we showed above:
in both runs, 35 is enabled infinitely often but never executed.

The restriction of the set of execution sequences of an f(r)loSTS I" can be cap-
tured by the particular axiom

(fairp) OO enabledy, — OexecA  forevery A € Actp

which informally reads (for every A\ € Actr)
“if A is enabled infinitely often then it will eventually be executed”.

This is not the direct transliteration of the above definition which would be given by
the seemingly stronger

OOenabledy — OOexecA  forevery N € Actp

but these formulas can trivially be derived from (fair;) with (T35), and are therefore
model equivalent to those in (fairp).

Theorem 6.5.1. For every f(r)l.STS I' the axiom (fairr) is I'-valid.
Proof. Forevery K= (Sp,Wr) € Crr, Wpr = (10,71, 712, - . .), variable valuation &,
1 € N, and \ € Actr we have:
Kgg)(DOenabled,\) =tt = Kﬁ-g)(enabled,\) = tt for infinitely many j > i
= ng)(ena,bledx) = tt for infinitely many j
= Kg)(exec/\) = ni(execA) = tt
for infinitely many &

= Kf)(emec)\) = tt for some k > i

= Kgé)(Oexec)\) =t A
According to this theorem, (fairp) can be added to the specification of I'. As an

example, the specification of the above printer as a fair system could contain the
following temporal axioms:
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erecay — Treqy,

erecay — Tregs,

exec¥, — reqy,

exec Py — reqs,

OCenabledy, — Oexech  for A € {ay, ag, 81, 52,7},
execay — req; A (regh < reqs),

execay — (req] < reqr) A regs,

execB1 — —reqy A (regh < reqs),

exec By — (req) < reqr) A —regs,

execy — (req] < req1) N (regh < reqs).

The first four axioms are (actionr, , ... ) for i, as, #1, fo. (actionr, , ... ) for v reads
enabled, — true and can be omitted since this is tautologically valid. The next ax-
iom is (fairr,,,,,,) and the remaining ones are directly translated from the definition
of Tr,...- As in the examples in Sect. 6.4, formulas evec A — —ezec \ can be
derived. One would still expect the axiom

(x)  —nilp

printer

to describe that at least one action is executed in every state (which also implies
(nilp,, . ... ). However, () can be omitted if fairness is presupposed: it can be derived
from (fairp ). More generally, and for further usage we derive the formula

printer
(progress ) enabledy — —nilp  forevery A € Actp
from (fairy). This formula expresses that the system “may not stop executing actions

if there are still enabled actions”. In the printer example, (x) follows immediately
applying (progress, ) with A=1.

rinter

Derivation of (progress ).

(1)  nilp A enabledy — O(nilp A enabledy,) (prop),(nil ;)

(2) nilp A enabledy — O(nilp A enabledy) (ind1),(1)

(3)  O(nilp A enabledy) — Onilp A Oenabled), (prop),(T18)

(4) Oenabledy — O enabledy (T5),(T22)

(5) Oenabledy — OexecA (prop),(fairy),(4)
(6) nilp A enabledy — Onilp A Cexec (prop),(2),(3),(5)
(7)  Onilp A Cexec\ — O(nilp A exec\) (prop),(T34)

(8) DO—=(nilp A execA) — (enabledy — —nilr) (prop),(T2),(6),(7)
9)  —(nilr A ezec)) (taut)

(10) O—(nilp A exec)) (alw),(9)

(11) enabledy — —nilp (prop),(8),(10) AN

The fairness restriction defined above and axiomatized by (fairy) is also called
strong fairness. As remarked already, other notions of fairness might be chosen in
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particular applications. We briefly indicate one different approach called weak fair-
ness.

An execution sequence W = (10,11, 72, . . .) of an (1)l.STS I is called weakly
fair if it has the property that, for every A € Actr, if there is a jo € N such that

Sg?’)(enabledA) = tt for every j > jy then 1y (exec A) = tt for infinitely many k.
A weakly fair (r)loSTS is an (r)loSTS I restricting the execution sequences to the
weakly fair ones.

This fairness notion can be captured by the axiom

(wfairp) Oenabledy — <CexecA  forevery \ € Actp

(these formulas and the more direct formalizations COenabledy, — exec A are
model equivalent) the correctness of which is shown as follows:

K (Oenabledy) = tt = Kg(‘g)(enabledh) =Mt forj =i
= ng]-’)(enabledA) =1t forj >

= K,(f)(exec)\) = ni(exzecA) = tt
for infinitely many &

= Kgf)(exec)\) = tt for some k > i
= KEE)(Oe;cec)\) =tt.

Every (strongly) fair system is weakly fair, which may easily be seen from the
definition or, alternatively, by deriving (wfair) from (fairy):

(1) O<Cenabledy — OexecA (fair)
(2) Oenabledy — O enabledy (T5),(T22)
(3) Uenabledy — Oevech (prop),(1),(2)

It should also be clear that weak fairness is really weaker than strong fairness. A
trivial example to show this is a system with a system variable a € X of sort NAT,
and two actions « and (§ with enabled, = true and enableds = EVEN (a) such
that the effect of « is increasing a by 1 (the predicate symbol EVEN means “to be
an even number”). In any execution sequence

« « « «
Mo —>M —> N2 —>=nN3 —> ...

where 79 (a) is an even number, (3 is enabled in states 7); with even ¢ (and no others),
so these execution sequences are obviously weakly fair but not (strongly) fair.

In the printer system, however, weak fairness would be sufficient to exclude un-
desired execution sequences as those noted above. Furthermore, a close look to the
derivation of (progress -) shows that weak fairness is also sufficient to derive this for-
mula. Line (6) in the derivation is directly found from lines (2) and (3) by applying
(prop) and (wfair). The lines (4) and (5) can be omitted.

The two concepts of fairness considered here are uniform in the sense that the
axioms (fairr) and (wfairr) apply to all actions A € Actr. For the printer example,
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they imply that the printer idles (i.e., executes the action ) infinitely often because
idling is always enabled. It is a natural generalization to indicate for each action
whether weak or strong fairness is assumed for it. We will consider an example in
Sect. 9.2.
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Verification of State Systems

The non-logical axioms of a system specification as studied in the preceding chapter
describe distinguished “characteristic” assertions about the “behaviour” of the runs
of the system, i.e., “properties” of state sequences which hold for every run. As men-
tioned already several times it is one of the very aims of temporal logic to express,
quite generally, such properties in a formal way.

Together with the logical (“reasoning”) means this leads immediately to a next
major area of application: the verification of state systems, i.e., the formal proof that
certain (further) properties hold for (every run of) the system. One natural approach
to perform this is to use the proof-theoretical means of the logic and derive the for-
mula which describes the property from the specification axioms within the available
axiomatization.

We study in the present chapter this kind of deductive verification for some typi-
cal classes of system properties. Another approach will be treated in Chap. 11.

7.1 System Properties

Some examples of system properties (beyond specification axioms) were already
given in Sects. 2.1 and 6.1 for the Towers of Hanoi system; we only repeat the phrase

“in all states, on each of the three places the stones will be piled up with decreas-
ing size”

expressed by the formula
O(DECR(pl) N DECR(pl) AN DECR(pl)).
Another property is

“proceeding from a state in which the tower is on place 1, it will eventually be
moved to place 2”
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describing that the proper goal of the puzzle is reached sometime. This can be ex-
pressed by

startry,, — OAfn

(with Agy, = ply = EMPTY A ply = TOWER A pls = EMPTY) but, as opposed
to the former one, it does not hold for every run of the system but only for the
“successful” ones leading to the desired state.

In general, given (a state system represented by) a transition system I' (with
or without extensions), a system property describes a behaviour of I satisfied by
certain (possibly not all) of its runs. More formally, the property can be identified
with the subset of the set of all execution sequences of I" for which it is satisfied.
Every formula F' of Ly specifies such a property: the property identified with the
set of those execution sequences W of I" for which F' is valid in K = (Sp, Wp).

A property specified by the formula F' (briefly: the property F') is a valid property
of I' (or: I' has the property F) if it comprehends all execution sequences of I,
i.e., if F'is I'-valid. In this general setting the non-logical axioms of I are valid
properties of I'. Note that, by the definition given in Sect. 6.1, model equivalent
formulas specify the same property.

In this formal wording the Towers of Hanoi system ',z has the property

O(DECR(ph) N DECR(pk) N DECR(pls))
but it does not have the property
startry,, — OAfn.

Every formula of L1 specifies some property for a system I, but in general —
if I" has infinitely many execution sequences — the number of properties (i.e., sets of
execution sequences) is uncountable and not all of them are expressed by formulas
the number of which is denumerable. Besides this trivial fact, the amount of prop-
erties specifiable by formulas clearly depends on the actual choice of the language
L1, i.e., the linguistic equipment of extensions added to the basic temporal logic
language and thus achieving different expressiveness of Ly .

The different “description languages” Lt i also provide a first very rough clas-
sification of properties given by their syntactic membership to these languages. For a
systematic treatment of properties it is useful to classify them with respect to the syn-
tactic form of the formulas in a more detailed manner. We briefly describe (a part of)
such a frequently used classification within the language L = EESLTL( TSIGr)
(or Lo = LI‘}’L( V) if I is propositional), i.e., the basic language extended by
binary and past operators (including binary past operators as discussed in Sect. 3.6).
For illustration we supplement the cases with a very simple ISTS example 7,3 con-
taining two actions « and 3 such that exec v and exec 8 cannot become true in the
same state.

The classification differentiates properties expressible by formulas of the form

pref A



7.1 System Properties 215

where pref is one of the four “significant” O-O-prefixes O, <, &0, and O< accord-
ing to Theorem 2.2.3 and A is a past formula, i.e., a formula containing no future
operators.

e A property specifiable by a formula
OA

(or just by A since A ~ A) with a past formula A is called safery property. An
example in I, g is

O(ezec — ©execa)
reading
“whenever [ is executed, o was executed before that”.
e A property specifiable by a formula
CA
with a past formula A is called response property. An example in I,z is
O(©execa — exec3)
reading
“eventually a former execution of o will be responded to by executing 3.
e A property specifiable by a formula
oOA
with a past formula A is called persistence property. An example in I3 is
OO—execa
reading
“eventually « will never more be executed”.

The fourth O-O-prefix OO does not provide a new class since OO A ~ G A. So the
properties OO A (with past formulas A) are just the response properties.

These three classes of properties are not disjoint. Every safety property is in fact
a response property and a persistence property as well since we have

0A ~ &HA
and
O0A ~ COBA.

These model equivalences are easily proved, e.g., the first one:
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(&) _ .
ROBA & K(OCBA) =1t forevery § and i
& K§5)(EA) =1t for some j > ¢ and every £ and ¢
= Kgf)(A) =1t forevery £ < 7 and every £ and ¢
& Kgf)(A) = tt for every £ and k
& RDA

The classification given here can be refined and extended. We do not follow this
line but rather pick out now some simple cases of the classes for further treatment in
the subsequent sections. A first kind are properties given by formulas

A— OB

where A and B are state formulas of the system I". They are called invariance prop-
erties and form a subclass of the safety properties. This follows from

Kgf)(A — OB) = ff for some i
= Kgg)(A) =tt and Kgg)(DB) = ff for some ¢
& Kgg)(A) = tt and K](.g)(B) = ff for some i and some j > i
& Kj(g)(@A) =tt and K;g)(B) = ff for some j
& K§5)(®A — B) = ff for some j
which shows that A — OB ~ ©A — B and therefore

A— OB ~ 0(¢4 — B)

because of ©A — B ~ O($A — B).

Note that invariance properties are expressible in the basic temporal logic without
any extensions. A special case is given by formulas true — OB which can simply
be written in the form of the logically equivalent

OB

and then are directly in the original form of safety properties. The specification with
the model equivalent formula B would be even simpler but, unlike when writing
axioms, here we mostly will prefer the notation with the temporal closure since it
makes the temporal character a bit more apparent. If a system /" has such a property
OB then B is also called a global invariant of I'. As an example, the Towers of
Hanoi property

O(DECR(ph) A DECR(ply) A DECR(pls))

describes a global invariant of I'7, .
Using the extension “b” by binary operators, formulas

A— Bop C
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where op is a weak binary operator (unless, unl, atnext, etc.) and A, B, and C are
state formulas of I specify another kind of property called precedence properties.
All of them are again safety properties: for example,

A — B before C ~ O(C — B after A)

because of

Kgé)(A — B before C) = ff for some i
& Kgg)(A) =it and Kgg)(B before C') = ff for some i

& K¥(4) =tt and K{¥(C) =1t for some i and some j > i
and K\Y(B) =1f fori <k < j

& K§£)(C) =tt and K§§)(B after A) = ff for some j
& K§§)(C — B after A) = ff for some j

which shows that A — B before C' ~ (' — B after A and proves the assertion.
According to the results of Sect. 3.1 this model equivalence can immediately be
extended to the other strict binary operators. For the reflexive operators the argument
runs analogously.
A simple example is

start — =il unl A4
FIZ—‘TO B Fll—‘ToH ﬁn

H

(with A, as before) specifying for the labeled Towers of Hanoi system I}, ; that

“when starting to play the puzzle, in each step a move has to be made until the
tower is on its destination place”

which is in fact a valid property of the system.
Note that the formula

init — —ndlp  unl Ag,
ToH

would be another formalization of the informal phrase. It does, however, not fit into
our syntactical framework since init is no state formula. So we choose here and in
all analogous cases in the following (also with the other kinds of properties) the
formulation with the initial condition start instead of init. Observe that in the case
of invariance properties of this form it is easy to see (with the axiom (root) and the
logical rules (init) and (alw)) that

init — OB - 0OB - start — OB F init — OB

which means that start — OB and init — OB are model equivalent and, moreover,
both are model equivalent with O B.



218 7 Verification of State Systems

Properties of the third kind we will consider are of the form
A— OB

with state formulas A and B of I". They are called eventuality properties and are ex-
pressible again without any extensions of the basic temporal language. The property

startry,, — OAfn
describing the goal of the Towers of Hanoi system is an example. Properties
OB

which are logically equivalent to true — < B are special cases and are of the form
of a response property. In fact, all eventuality properties belong to this class because
of

A — OB ~ &(—A backto B)
which is proved by
K94 — oB)=ff = K¥(4) =tt and K!¥(B) = ff forevery j > i
K;g)(ﬁA backto B) = ff forevery j > i+ 1
Kj( ) 1(O(—A backto B)) = ff
and
K& (0 (—A backto B)) = ff
= K§§)(ﬁA backto B) = ff foreveryj > i
= for every j > i there is some k£ < j such that
K(A) =tt and K\¥(B) =1f fork <1<
= K(,f)(A) =t and Kgg)(B) = ff for some k and every [ > k
= Kgf)(A — OB) = ff for some k.

Summarizing, invariance, precedence, and eventuality properties are particular
cases of safety and response properties. Although rather simple, these three kinds
of properties have many interesting applications some of which will be investigated
subsequently.

We recall at this point our decision to perform all these investigations in the
framework of normal semantics. Of course, they could be transformed appropriately
if initial validity semantics is used. For example, invariance properties would then
have the general form

0(4 — OB)

(with state formulas A and B) and a similar adaption has to be performed for the
other properties and all the other preceding and still following discussions.
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Second Reading

We have classified system properties with respect to the syntactical form of their speci-
fying formulas. There is another widely used semantical distinction of just two classes of
properties. We consider this classification again only for the case of properties specified by
formulas F' of the language EESLTL. Such a property for a given transition system I is called
safety property if, for every K = (Sp, W), W = (o, 71,72, ...), &, and i € N,

KEE) (F)=tt & forevery k > i there are infinitely many system states
Thes Mo 1> T2 - - - Such thathg)(F) =ttforK = (Sr,W)
with W = (00, - s M1, T, My 15 Thgas - - -)-

Informally this means that every run (1o, 71,72, . . .) of the system for which F' does not
hold in some 7; has a finite prefix (1o, ..., 7, ..., Mk—1) Which cannot be “extended” to a
run which has the property, even more intuitively: after some finite number of steps some-
thing “bad” must have happened in such a run which cannot be remedied by any further
behaviour. Turning it around, a safety property means that “nothing bad ever happens”.

The property is called liveness property if, for every K = (Sp, W), W = (1o, 71,172, - - ),
&, and @ € N, it is the case that

there are infinitely many system states 7,7, .1, 7, 1o, - - - such that
(&) I T\ wirh 7 _ _
K> (F) = ttfor K = (S, W) with W = (0o, .. ., Mk~ 1, T, Mg 15 Mpas - - -)-

This means informally that every finite prefix of a run can be extended such that it has the
property, intuitively: “something good will happen”.

Some interesting facts about these classes of properties can be proved. Some examples
are:

e F'isvalid if and only if F' is both a safety and a liveness property.
e There are properties which are neither safety nor liveness properties.
e If Fy and F3 are safety properties then so are F'1 A F5 and Fy V Fj.

Referring to the system /s in the main text of this section for some simple examples,
the formula
erecc unless ezec3
is a safety property, while
OerecS
is a liveness property. The formula

ereca until exec3

is neither a safety nor a liveness property.

In general, the safety properties of this classification are exactly the safety properties of
the syntactical classification. Liveness properties, however, are “not comparable” with the
classes of that classification. Actually, every response or persistence property is logically
equivalent to the conjunction of a safety and a liveness property. For example, the above
formula ezec o until ezec 3 specifies a response property and is logically equivalent to
execca unless exec3 N\ Cexec[3.
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7.2 Invariance Properties

Let (L11,.A) be a C-FOLTL- (or C-LTL-)theory for a class C of temporal structures.
If Y is the formal system for the temporal logic with language L1, and F' is a
formula of L then A 5, £ implies A E F because of the soundness of X7, and
the latter implies £ F' for every K € C by definition. So we have

Ak, F = EF foreveryKeC

which means that a sound way to prove a formula F' to be valid in every temporal
structure of C is to derive F' within Xt from A.

This general observation can be directly applied to the verification of state sys-
tems. To show that such a system I has a property F' means to prove that F' is valid
in every K € Cp. Thus, a possible method for doing this is to show that

ApFF

within the formal system for the chosen temporal logic of I".

In the following we want to introduce and discuss some basic verification meth-
ods for such derivations for the three kinds of properties picked out at the end of the
previous section. We begin with invariance properties.

Verification methods for state systems depend (for all kinds of properties) on
how the system is to be understood in the sense of the distinctions made in Chap. 6,
formally: on the kind of the formal transition system representing it. To derive an
invariance property

A— OB

for a (non-labeled) STS I" the main proof method is to apply one of the induction
rules

(ind) A— B,A—OCAFA— OB,
(indl) A —OAFA— OA,
(ind2) A— B,B—OBFA— OB

introduced in Sect. 2.3. The particular rule (ind1) can be applied to the frequently
occurring case of safety properties of the form

A—OA

expressing that whenever A holds in some state it will then hold permanently.

Example. The terminating counter [ co.n: specified in Sect. 6.2 by (datar, ) and
by the temporal axioms

(TC1) ¢ < 100,
(TC2) onAc<100— (on' A" =c+1)V (mon' Ac =¢),
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(TC3)  —onAc<100— (mon' A" =c¢)V (on' A" =0),
(TC4) ¢=100— (on’ < on)ANc' =c¢

has the property
¢ =100 — O(c¢ = 100)

which is almost trivially derived with (ind1):

(1) ¢=100— ¢ =100 (pred),(TC4)
(2) ¢=100— O(c = 100) (pred),(1)
(3) ¢=100— O(c = 100) (ind1),(2)

Note that line (2) only describes the obvious transformation from the priming nota-
tion of line (1) into a formula with the operator O as required in (ind1). VAN

In the general case of properties
A— OB

one of the rules (ind) or (ind2) is adequate, but in most applications these rules cannot
be directly applied with A or B taken from the given property: usually, the premises
A — OA or B — OB will not be derivable. In fact, the crucial point of a derivation
mostly will be to find an appropriate formula C' for which A — C and ¢ — B and
(as the main task)

C —0OC

can be derived. Applying (ind) we then get C' — OB from which the desired formula
A — OB is trivially obtained with (prop).

Example. The terminating counter above also has the property
¢ < 100 — O(c = 100 — on)

expressing that if ¢ < 100 in some state then whenever ¢ will (subsequently) have
the value 100 the counter will be on. To derive this let

C = ¢<100V (on A ¢ =100).

We clearly have
(1 ¢<100— C (taut)
(2) C — (¢=100— on) (taut)

The main part of the proof is to derive C' — OC:

3) onAc<100— (on’ Ad'=c+1)V < <100 (pred),(TC2)
4) onAec<100— (on' A(c" <100V ¢ =100))V ¢’ < 100 (pred),(data),(3)
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(5) onAec<100— ¢ <100V (on’ A’ =100) (prop),(4)

6) —onAc<1l00—c =cVc =0 (prop),(TC3)
(7) —onAc<100— ¢ <100 (pred),(data),(6)
(8) —onAc<100— ¢ <100V (on’ A ¢’ =100) (prop),(7)

(9) ¢<100— ¢ <100V (on’ A ¢’ =100) (prop),(5),(8)
(10) on A ¢ =100 — (on’ A ¢’ =100) (pred),(TC4)
(1) C — ¢ <100V (on’ A ¢’ =100) (prop),(9),(10)

(Note that for brevity we write only (data) to indicate the usage of (datar,, ,).)
Again the derivation is performed in a notation with primed constants. The formula
¢’ <100V (on’ A ¢’ = 100), however, is logically equivalent to OC, so we finally
obtain

(12) ¢ —OC (pred),(11)
(13) C — O(c =100 — on) (ind),(2),(12)
(14) ¢ <100 — O(c = 100 — on) (prop),(1),(13)

(In subsequent derivations we will not explicitly note a “translation” step as in line
(12) but apply a rule like (ind) directly to the primed constant notation.) A

Turning now to the question how to derive global invariants, i.e., properties of
the form

0A

we remark once more that such a property is specified by A as well, and this fact
immediately indicates that the above induction rules are of no use in this case. For
example, trying to apply (ind) for proving true — OA we had to prove the premises
true — A, which is equivalent to A, and the trivial true — O true. For (ind2) the
premises would be true — A and A — OA. So in both cases we had to prove A
from which (if wanted) O A is derived directly with the rule (alw).

In fact there is no general temporal logic device for deriving such a property
OA (or A) in an STS [ if this is not rooted. Being a state formula, A will usually
express some valid assertion about the involved data in this case and be an instance
of (datar).

The situation changes, however, if I" is rooted with an initial condition starty.
In this case we obtain another useful induction rule

(indstart ) startr — A, A — OA +0OA

which can easily be derived with the axiom (rootr) and the rule (indinit) shown in
Sect. 3.5.

Derivation of (indstart).

(1) startr — A assumption
2) A—-0A assumption
(3) init — startp (rootr)
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4) init — A (prop),(1),(3)
B A (indinit),(2),(4)
(6) 0OA (alw),(5) A

Example. We now prove the property O A where

A = DECR(ph) AN DECR(ply) N DECR(pls)
for the rooted Towers of Hanoi system I,z of Sect. 6.3 with

startr,,, = ph = TOWER A ply = EMPTY A ply = EMPTY
and the axioms

—Afn — A123V Ai32 V A213 V Aoz V Azia V Asoq,
where

Ay = pli £ EMPTY A (pl; # EMPTY — TOP(pl;) < TOP(pl;)) A
pli = POP(pl;) A pli = PUSH (pl;, TOP(pl;)) A ply, = pli,
Afin = pl = EMPTY A ply = TOWER A pls = EMPTY .

The derivation runs as follows:

(1) startp,,, — A (data)

2 Afn— A (data)

(3) OAg, — OA (T30),(2)

4) Agn — OAgy (I

(5) A, NA—OA (prop),(3),(4)
6) —Agm AA— OA (data),(I")

(7 A—0OA (prop),(5),(6)
(8) OA (indstart),(1),(7)

Note again that the references to (datar,, , ) and (indstartr, , ) are not written out in
their full detail. Moreover, in the justifications of lines (4) and (6) we do not note the
respective axioms of I'7,z but indicate their use only by (/7). We will continue in
this way, particularly using the comment (/") “as can be seen from the specification
axioms of the system” without justifying it in more detail. A

The induction rules discussed so far are generally applicable in (r)STSs. For la-
beled systems they can be still modified in a significant way. The main part in all the
rules is to show a formula of the form

A— OA

and in the case of a labeled system I this can be established in a particular way using
the rule
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(transp) exec AN A — OB forevery \ € Actp,
’ﬂilp ANA— B
FA— OB if B is a state formula of I"

which can easily be derived with the axiom (nil) from Sect. 6.4 and can therefore
be used in every (r)ISTS.

Derivation of (transp). Let Actr = {\1,..., A\, }.

(1) erecANA— OB forevery A € Actr assumption

2) nirNA— B assumption

(3) nilp VexecAi V...V exec, (taut)

@) nilp NA — nilp AN B (prop),(2)

b)) nilpANB — OB (nilp)

6) nilp NA— OB (prop),(4),(5)

() A—OB (prop),(1,(3)(6) A

The informal meaning of this rule is that in order to prove that “A implies that B in
the next state” it is sufficient to show that A is “transformed” to B by each action
and A implies B in case no action is executed.

For notational convenience we now introduce the abbreviations

Ainvof A = exec AN A — OA

reading “A is an invariant of \” and

Ainvof Actp = [\ (A invof ))
AeActr

meaning “A is an invariant of every A € Actp”. Soif A = B in (trans) then the first
premise of this rule can be written as A invof Act and the second premise becomes
the tautology nilp A A — A. Together this leads to the rule

Ainvof Actp H A — OA if A is a state formula of I"

as a special case of (trans;-). Combining this rule with the induction rules we imme-
diately obtain new ones which we call invariant rules. We note

(invp) A — B, Ainvof Actr W A — OB if Ais a state formula of I,
(invlp) Ainvof Actr - A — OA if Ais a state formula of I,
(invstart) startr — A, Ainvof Acty - 0OA if A is a state formula of I

which are transferred from the induction rules (ind), (ind1), and (indstart).

Examples. We consider two of the examples above in the setting of labeled systems.
The terminating counter was not specified in its labeled version I}, in Chap. 6

but it should be evident that Actplcow = {Xons Aogrs Acs Ap } and such a specification
would contain axioms like
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(1) execA — ¢ <100 forevery A\ € Actp

tcount

(“the counter is only executing an action if ¢ < 100”) or at least axioms from which
this could be derived. The further derivation of the property

¢ =100 — O(c = 100)
is similarly trivial as before:

(2) execA A c¢=100— O(c=100) forevery \ € Actptzmm (pred),(data),(1)
(3) ¢ =100 invof Actp: (prop),(2)

tcount

4) ¢=100— O(c = 100) (inv1),(3)

The labeled Towers of Hanoi system I'k, ., was specified in Sect. 6.4. We only
note that again

startp, = ply = TOWER A ply, = EMPTY A ply = EMPTY

and repeat the axioms

exechy; — pl; # EMPTY A (pl; # EMPTY — TOP(pl;) < TOP(pl;)),
evec\ij — pl; = POP(pl;) A plj = PUSH (pl;, TOP(pl;)) A ply, = pl,

each for \;; € Actpz,T , and with k # i, k # j. Using these axioms (indicated again
simply by (7)) we can derive the property O A where

A = DECR(ply) N DECR(ply) N DECR(pls)

for I'L, ., as follows:

(1) startp, —— A (data)

2) ea:ec/\i; NA— OA forevery \;; € ActhT . (data),(I")

(3) Ainvof Actp, ’ (prop),(2)

4) 04 ’ (invstart),(1),(3)

Comparing this derivation with the proof for I'r,y above we observe that now we
have no corresponding part to the line Az, A A — OA there. Informally this line
showed the “invariance” of A under the assumption that the goal Ag;, is reached. In
the labeled system m‘leT I Agp is an axiom, so this case is implicitly dispatched
by the axiom (nil r OH) which is the basis of rule (trans rl, OH). A

Note finally that in the invariant rules formulas are partially restricted to state
formulas of the respective " induced by the corresponding restriction in the axiom
(nily) and, hence, in the rule (trans;). (There are no restrictions at all in the basic
induction rules.) So, as remarked in Sect. 6.4, they could be strengthened but, as
also announced there, the present form of the rules is obviously sufficient for the
application to invariance properties A — OB in which A and B are state formulas
of the system.
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7.3 Precedence Properties

As in the case of safety properties, the basic proof methods for the derivation of a
precedence property

A— Bop C

for an STS are again immediately provided by the induction rules for the weak binary
operators op developed in the corresponding logic FOLTL+b or LTL+b. We recall
those introduced in Sect. 3.1:

(indunless)y A —OCVO(AAB) +F A— B unless C,

(indunl) A— CV(BANOCA) FA — Bunl C,

(indatnext)y A — O(C — B)AO(-C — A) + A — B atnext C,
(indbefore) A — O-C AO(AV B) - A — B before C.

In each case the formula A plays a similar role as in the rule (ind). It “carries
the induction”: if holding in some state it has to hold — now under some particular
circumstances — in the next state. Again it will often not be possible to apply the
rules directly since for the formula A from the given property A — B op C this
will not be derivable. A better-suited formula D has then to be found for which
A — D is derivable and which, taken instead of A, allows us to derive the premise
of the corresponding rule. With the latter, D — B op C' is concluded which is then
sufficient to obtain A — B op C.

Example. The (non-terminating) counter [ ,.,,; specified in Sect. 6.2 with the tem-
poral axioms

0n—>(On//\c’:c—‘r—]_)\/(—‘on//\c’:c)’

—on — (mon/ A =¢)V (on' A =0)
has the property
—on — ¢ = 0 atnext on

expressing that a switched off counter will get the value 0 when switched on next
time. The derivation is very easy in this case by direct application of rule (indatnext):

(1) =on— (mon’ A =¢)V(on' A =0) ()
(2) —on — (on' — ' =0) (D
3) —on —O(on — ¢ =0)AO(-on — —on) ()
4) -—on — ¢ =0 atnext on (indatnext),(3)

Observe that we continue shortening our comments in such derivations not only us-
ing again the shorthand (I") but now also leaving out the additional purely logical
rules like (prop) or (pred) involved in steps (2) and (3). We will follow this line more
and more, even omitting to note temporal logical laws like (T1),(T2)...., or data
reasoning included in the axioms (datay). This is to increase the understanding of a
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formal verification in content. Getting used to simple logical and data arguments we
rely on them more implicitly and can thus better emphasize the substantial underly-
ing proof ideas.

Another property of I'.,qy 1 that whatever the value of the counter is it will not
be decreased subsequently unless it is reset to 0. This is expressed by the formula

c=z—c>zunlc=0

where z is a variable of sort NAT. Here the formula ¢ = z is not suitable for the
induction but with

D =c>zVe=0

we can derive:

(1) e¢c=x2—D (data)

2) onANc>xz—c =c+1lVc=c n)

3) onAc>z—O(c>1) 2)

4 onAND—c=0V(c>zANOD) 3)

5) —onANc>xz—cd=cVvcd=0 D)

©6) —-onAc>z—OD 5

(7) —onAD—c¢=0V(c>zAN0D) 3)

B8 D—c=0V(c>xzA0OD) @),(7

9 D—c>zunlc=0 (indunl),(8)

10) c=xz—c>zunlc=0 (1),(9) A

Turning to labeled systems I" we can again modify the above induction rules
relating the state transitions to the actions of I". We get the new rules

(invunless ) execANA — OCVO(AAB) forevery A € Actr,
nilp NA— BV C

A — B unless (' if A, B, and C are state formulas of I,
(invunly) execANA — CV (BANOA) forevery A € Actr,
nilp NA— BV C
FA— Bunl C if A, B, and C are state formulas of [,

(invatnext) exec AN A — O(C — B) ANO(=C — A) forevery \ € Actr,
mlp/\A—>(C'—>B)
+ A — B atnext C if A, B, and C are state formulas of I,
(invbefore 1) exec AN A — O-C NO(AV B) forevery \ € Actr,
nilp N A — -C
+ A — B before C if A, B, and C are state formulas of I".

We call these rules again invariant rules. In each case the formula A is similar to an
invariant in the sense of the previous section. The derivations of the rules run along
the same pattern using the derived rule (transy). We show only one of them:
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Derivation of (invatnextr).

(1) execANA—O(C — B)ANO(=C — A)

for every A € Actp assumption
2) nilp NA— (C — B) assumption
3) nilpANA— (C— B)A(—=C — A) (prop),(2)
@) A—O(C— B)AO(-C — A) (trans),(T15),(1),(3)
(5 A — B atnext C' (indatnext),(4) A

It should be clear that the remark about the restrictions to state formulas of I’
carry over from the invariant rules in the previous section.

Example. We want to derive the properties of the previous example for the counter
given by the I,STS Fclount specified in Sect. 6.4. The actions are Aopn, Ao, Ae,Ap,
and the axioms include

execA — on  for A € {5, Ac},
exech — —on  for A € {Xopn, Ap ],
exechyy, — on' Ac' =0,

ezec Aoy — —on' A = ¢,

execA, — on' N =c+1,

exech, — —on’ N = c.
The property
—on — ¢ = 0 atnext on

is then derived again very easily by direct application of (invatnext,: r). We abbre-
viate E = O(on — ¢ = 0) A O(-on — —on) and have: :

(1) exechyp N —on — E (I

(2) execAogy N—mon — E (I

3) execA. N—on — FE )

(4) execA, A—on — E I

(5) m'lpiow A=—on — (on — ¢ =0) (taut)

(6) —on — ¢ =0 atnext on (invatnext),(1)—(5)
For the property

c=z—c>zunlc=0

we need again the formula D = ¢ > 2V ¢ = 0 and have:

(1) c=xz—D (data)
(2) execAon ND —c=0V (c>zANc =0) I
(3) exechog ND —c=0V(c>zAc =c) I

4) execAe AD—c=0V(c>zANc=c+1) )
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(5) execAp ND —c=0V(c>zAcd =c) D)
6) execAND —c=0V(c>zAO(c>zVec=0))
for every A € Actp 2)—(5)

count

(D nilpp  AD—(c>zVe=0) (taut)
@ D—c>zunlc=0 (invunl),(6),(7)
©® c=x—c>zunlc=0 (1),(8) A

7.4 Eventuality Properties

As mentioned earlier, the only proof rules for eventuality properties
A— OB

in the framework of propositional temporal logic developed so far are rules like

(som) A— OB FA— OB,
(chain) A—<CB,B—-<0CFA—-OC

providing a very simple finite chain reasoning method: in order to prove A — OB
according to (chain) we have to prove two — or in general finitely many — “smaller
steps” of the same kind. (som) is one simple way for establishing these steps.

Although often applicable, these rules are rather weak. A universal method is
given by the rule

(wfr) A—=O(BVIYY<yNAy(y)) FIyA — OB
if B does not contain ¥,
fory,y € Xwr.

introduced in Sect. 5.5. It is again an induction rule but induction is running over
“objects” here instead of “computations” in the case of the propositional rules for
invariance and precedence properties. Its formulation needs a linguistic first-order

framework equipped with the special extension “w” providing some well-founded
relation on distinguished objects.

Example. Consider a “bounded” counter system I ¢ by modifying the terminat-
ing counter [oyn: discussed in Sect. 6.2 in the following way: reaching the value
100 the counter does not terminate but is switched off. Furthermore, at most N paus-
ing steps may be performed consecutively where NV is some natural number constant.
We do not write up an exact formalization as an STS but give immediately the tem-
poral axioms specifying [ peount:

c<100AND <N,

onAc<100— (on’ AN =c+ 1)V (mon' Ac' =cAb =0),
onAc=100— —on' ANc'=cAb =0,

“onAb< N — (mon’ A" =cAb =b+1)V(on' A" =0),
—onANb=N — on' A =0.
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The additional system variable b (of sort NAT") counts the numbers of pausing steps.

Note that for simplicity we do not exclude that at the very beginning the system might

be forced to be switched on after less than N pausing steps if initially b > 0.
T'pcount has the property

expressing that a state where the counter has the value 0 will eventually be reached
from any other state. To derive this property we first note that the underlying lan-
guage Ly is based on the signature SIGn,; containing the sort NAT and the pred-
icate symbol <, which we take as the sort WF' and the symbol <, thus viewing the
language as being a language L3, . We then begin to show that ¢ > 0 A —on implies
that sometime ¢ = 0 will hold. We want to apply the rule (wfr) and have to find an
appropriate formula A which carries the induction. Taking

A=y+b=NAc>0A-o0on

we obtain

() AANb<N—==0V(mon' AN =cAb =b+1) ()

2) AANB<N—==0V(y+b —-1=NAC>0A-0n) (1)

(3) AANb<N —=O(c=0VA,(y—1)) )

4 AANb=N—-c =0 I

5) b<N oD

6) A—0O(c=0VAu(y—1)) (3),(4),(5)
() A—=C(e=0V3IY(y <yAAyy))) (som),(6)
®) Tyd — (e =0) (wir),(7)

9 3Jyly+b=N) (data),(5)
(10) ¢>0A—-on — dyA 9

(I1) ¢>0A—0n—<O(c=0) (8),(10)

Next we show in a very similar way that if ¢ > 0 A on then ¢ > 0 A —on will
eventually hold. With

B =y+c=100Ac>0Ao0n

we get

(12) BAc<100— (¢ =cA—-on)V(on' ANd =c+1) )
(13) BAc< 100 —
(" >0N-0n)V(y+c —1=100Ac >0A0n") (12)

(14) BA ¢ <100 — O((¢ >0A=on)V B,(y — 1)) (13)

(15) BA¢=100— ¢/ >0 A —on’ D)

(16) ¢ <100 D)

(17) B — O((¢ >0 A=on)V By(y — 1)) (14),(15),(16)
(18) B— <O((¢ > 0A=on)VIY(y < yABy(y—1))) (som),(17)

(19) JyB — (¢ > 0 A —on) (wfr),(18)
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(20) Jy(y + ¢ = 100) (data),(16)
21) ¢>0A on — JyB (20)
(22) ¢>0Aon— (e >0A-on) (19),(21)

Putting these results together we obtain

(23) ¢>0Aon — <O(e=0) (chain),(11),(22)
24) ¢>0—<(e=0) (11),(23)

This shows that ¢ = 0 is eventually reached in the case of ¢ > 0. If ¢ = 0 this is
trivial, so we can conclude the derivation by

(25) ¢ =0— (e =0) (T5)
(26) O(c =0) (24),(25) A

As purely logical rules, (wfr) as well as (som) and (chain) can be applied in all
kinds of transition systems. Turning to labeled systems I, the only direct starting
point to gain new rules is to utilize the rule (transy) derived in Sect 7.2 and translate
the rule (som) to

(soml ) exec AN A — OB forevery A € Actp,
nilp NA— B
FA— OB if B is a state formula of I".

This rule may be combined with (wfr) and then provides the (trivially derivable)
version

(labwfrp)  ezec AN A — O(BV3Iy(y <y AN Ay(y))) forevery A € Actp,

nilp NA— B
F3dyd - OB if A and B are state formulas of I
and B does not contain ,
fory,y € Xyr.

of (wfr).

Another consideration deals with the first premise of (soml ) requiring that the
execution of every A € Act leads from A to B. This is rather strong and it be-
comes weaker if the requirement has to be established only for some particular ac-
tions which cannot be delayed forever and if all the other actions, if not leading to B
as well, leave A invariant. This idea is captured by the rule

(som2) erecAN A — OB forevery A € Acty, C Actp,
execANA — O(BV A) forevery A € Actr \ Acty,
04 — O Vyecae, execA
FA— OB if A is a state formula of I”

which is formulated again in the purely propositional framework. The elements of
the subset Acty, of Actp are called helpful actions. The third premise of the rule guar-
antees that, if A holds, then one of them is executed sometime (which also implies
that the premise nilr A A — B of the rule above is no longer needed): otherwise, O A
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would hold because of the invariance of A under A € Actr \ Acty, and this implies
that some \ € Acty, is executed sometime which then would be a contradiction. The
following derivation formalizes this idea.

Derivation of (som2p). Let C = V,\eAct, exec\.

(1) execANA— OB forevery A € Acty, assumption
(2) execANA— O(BV A) forevery A € Actr \ Act;,  assumption
3) OA—-oC assumption

@) exec A N—-CNANDO-B — OA
forevery A € Actr \ Actp,  (2)
5) exece A N—-CANANDO-B— OA forevery A € Act;,  (taut)

©6) nilp A\-CNAANO-B— A (taut)

(7Y -CANANDO-B— OA (transr),(4),(5),(6)
(8) Dﬁ(C/\A) Hﬁ(C/\A)/\OD—\(C/\A) (1t13)

©) AAD—(CAA)— AASCAOD(C A A) @®)

(10) ANO=(CANA)AO=B — O(AANDO-(C A A)AO=B) (7),09)
(11) ANO=(CANA)ANO-B — O(AADO-(C A A)AD=B) (ind1),(10)

(12) AANO=(CAA)AO=B — OAAO-C (11)

(13) AAT-B — —0-(C A A) (3),(12)

(14) AAO-B — COB (1),(13)

(15) A — OB (14) A

Still the rule (som2 ) is not very useful in practice. It puts almost all of the proof
problem on showing the third premise

04 — ¢ \/ exec\
AEActy,

which contains again the sometime operator. In many cases like those discussed in
Sect. 6.5 this is in fact not possible without the additional requirement that the system
is fair. Typically, O A implies the eventual enabledness of some of the helpful actions
and only the fairness assumption then guarantees that one of them will in fact be
executed. Modifying (som2 ) along this line we obtain the rule

(fairsomp) execAN A — OB forevery A € Acty, C Actr,
exec AN A — O(BV A) forevery A € Actr \ Acty,
04 — OV ycae, enabledy
FA— OB if A is a state formula of I"

which holds for any f(r)l,STS I" and is in this form applicable in many cases. The
formal derivation of (fairsom) uses the fairness axiom

(fair) OO enabledy, — OexecA  forevery A € Actp

given in Sect. 6.5.
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Derivation of (fairsomp).

(1) execANA— OB forevery A € Acty, assumption

(2) execANA — O(BV A) forevery A € Actp \ Act;, assumption

3) 04—=< \//\eActh enabledy assumption

(4) OA — 00V cyyy, enabledy (T35),(3)

(5) 04 = Ve, BCenabledy (T20),(4)

(6) OA = V,ycan, Ceec) (fairp),(5)

(7 04 = OV g, exech (T19),(6)

8 A—°CB (som2p),(1), 2),(7) A

Example. The (original) counter system discussed in Chap. 6 does not have the
property

O(e=0)

since “unfair” execution sequences might never execute a switch on action. However,
if we add (to the 1,STS I"!,,,.;) the fairness requirement then the property becomes
derivable. We need not note the corresponding fairness axiom explicitly; its use is
hidden in the rule (fairsomy). Besides that we apply temporal axioms of I',,,.,,
comprehended to

execAoy — —onAon’ A =0,
exec Ao — on A —on’ A = ¢,
execA. — on Aon' Nc' =c+1,
exech, — —on A—on' A = ¢
and we recall that enabledy,, = —on and enabledy , = on.

We first show that ¢ > 0 implies that eventually the counter will be switched off.
With Act), = { Ao} we get

(1)  execAog N on — O-on I

(2) execA N on — O(=on V on) for A € {Aon, Ac, Ay} (taut),(nex)

(3) Oon — Con (T8)

(4) Oon — Cenabledy,, (I,(3)

6) on— O-on (fairsom),(1),(2),(4)
©) ¢>0A0n— mon 5

(7 ¢>0A-0n— O—on (TS5)

8 ¢>0— O-on (6),(7)

Next we show —on — (¢ = 0) with Acty, = {Aon }:

9)  execAy,, A —on — O(c =0) I
(10) execA A —on — O—on  for A € {Aog, Ac, Ap} D)
(11) execA A —on — O(c =0V —on)

for A € {Aofs Ac, Ap} (10)
(12) O=on — $—on (T8)
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(13) O-on — <enabledy,, (I),(12)
(14) —on — O(c =0) (fairsom),(9),(11),(13)

Together we get

(15) ¢>0— <O(c=0) (chain),(8),(14)
(16) ¢c=0— <C(c=0) (Ts)
(17) <(c=0) (data),(15),16) A

The rule (fairsom) was developed from (som) in the context of fair labeled state
systems. Similar modifications may be performed for the universal rule (wfr). The
premise

A= OBVIYY <y A AyD))

of (wfr) could be established with (som) by showing
A—O(BV3Iy(y <ynAy®))

and in the presence of (transr) this essentially amounts to showing
execANA— O(BV3Iy(y <yANAy(y))) forevery A\ € Actr

(if A and B are state formulas of the system). Again a weaker requirement is that
this holds at least for “helpful” actions while for the others, if not leading to B, it is
also sufficient to leave A invariant, i.e., to guarantee that their execution leads to a
state in which A holds with the same value of y as before this execution. The choice
of the helpful actions is again arbitrary and may even depend on y. We formalize this
by introducing, for any f(r)l,STS I" and \ € Actp, the notation

H)
for an arbitrary rigid formula of L1 - and the abbreviations

Er = \/ (Hx A enabledy),
ANEActp
Yy =y<yvy=uy.

Informally, the formula H) describes those “circumstances” (particularly values of
y) under which A is helpful. F\ expresses that some helpful ) is enabled. The rule

(fairwfry) execANH\ANA— OBVIy(y<yANA,7)))
for every \ € Actr,
exec AN -HyNA—O(BVIy(y =yANAy,(y)))
for every A € Actp,
0A — <O(BV Er)
FdyAd — OB if A and B are state formulas of I
and B does not contain y,
fory,y € Xwr.
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Derivation of (fairwfrp). Let Cy, C5, and D be the following abbreviations:
Cr=39(@=yNAy (), C2 =391 2y NAy(Y)), D =V ycaer, (Hx A ezec)).

ey
@)
3
“
&)
(6)
(N
®)
€))
(10)
an
(12)
13)

(14)
5)
(16)
A7)
(18)
19)
(20)

21

(22)
(23)
(24)
(25)
(26)
27)
(28)
(29)

for every A € Actp
for every A € Actr

exec AN H\NA — O(BV ()
execAN—HyNA— O(BV ()
0OA —<O(BV ER)
A — CQ
execA N\ Co ANO—B — O(Cy
(Cy A O=B) invof Actr
Cy NO-B — D(CQ A \:\—\B)
AANO-B — 0OC,
ANO-BAO-Cy — OAANDO-B
0A — OO(BV Er)
0OA —-0OO0BVOOER
ANO-BAO-C, - OAANOCER
OO (Hy A enabledy) — OO Hy A OO enabledy,
for every A € Actp

for every \ € Actr

for every A € Actr
for every \ € Actp
OCHy, — Hy forevery \ € Actp
Hy, — OH, forevery A € Actr
OOCHy, — OHy forevery \ € Actp
OO(Hy A enabledy) — OHy A OexecA

for every A € Actp
OO(Hy A enabledy) — O(Hy A exec))
for every A € Actp

for every A € Actr

—|H)\ — O_‘HA
ﬁH)\ — DﬁH)\
OHy — Hy

OCEr — <D
ANO-BAO-C, - OAANOD ANO-B
OAANDO-B — (¢D — (DA AADO-B))

AANO-BAO-C, — <(DANAAND-B)

ezec NN H\ N ANO-B — &0y forevery A € Actr
ANO-BAO-C), — 00

A— <>(B \Y 01)

Jyd — OB

assumption
assumption
assumption
(pred)

H.(2)
1t13),(T15),(5)
(inv1l),(6)
(T18),(H).(7)
®)

(T35),(3)
(T20),(10)
1t13),(9),(11)

(T26)
(1t16)
(ind1),(14)
(15)

(1t13),(16)

(1t16)
(ind2),(17),(18)

(fairr),(13),(19)

(T34),(20)
(T19),(T20),(21)
(12),(22)
(T10),(T18),(T34)
(23),(24)
(som),(T32),(1)
(chain),(25),(26)
(27)

(wfr),(28) A

Example. Consider another modification I'y,¢oun: Of the original counter system,
a “counter without reset”, which is to mean that the effect of the action A,,, is not
resetting ¢ to 0 but leaving ¢ unchanged. In the specifying formulas in the above
example we then have to change the first one to

exechon, — —on A on' Ac = c.

If we assume this system to be fair then it has the property
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c=0—<C(c=1x)

stating that any value (of the variable z of sort NAT') will eventually be reached from
¢ = 0. For the proof we fix — as in the first example of this section — WF' and < to
be NAT and <, respectively (which means that < becomes <). We first show Con
by applying (fairsomp, . ) with Acty, = {A\,n}:

rcount

(1) execAyn, A on — Oon I

(2)  execA A—on — O(—on V on) for A € {Aog, e, Ap}  (nex),(taut)

(3) O-on — Oenabledy,, (T8)

@4 —on— Son (fairsom),(1),(2),(3)
5) on— on (T5)

6 Son 4),(5)

Let now

A=y+c=zNc<cz
and

Hy = true,

c

Hy, =false for A € {\,n, Ao, Apts

the latter expressing that A, is helpful and the other actions are not helpful (in any
case). We then get

(7) ewech, — ' =c+1 "
B) erecAc NANc<z—1—0A4,(y—1) @)
9) execAc NANc=2—1—O(c=1) (7)

(10) execAc NHX\, NA—O(c=2VIF7<yNA,(y)) ©&).,9
(11) ezecAc N—Hx, NA—O(c=2V3Iy(y <yAAy(y))) (taut)
(12) ezecANHANA—=O(c=xzV3Iy(y <y Ay (y)))

for A € {Aon, Aogrs Ap} (taut)
(13) exzecANA — OA for A € {Aon, Aogr, A\p} ()
(14) execAN—-H\NA—=O(c=2V3Iy(y <yAAy(y)))
for A € {Aon, Aogrs Ap} (13)
(15) OA — Con (6)
(16) Er < enabledy, (taut)
(17) 0A — O(c =2 V Er) (15),(16)
(18) JyA — O(c = x) (fairwfr),(10),(11)
(12),(14),(17)
(19) c=0ANz#0—dyA (data)
(20) c=0A2=0—C(c=1x) (T5)
20) ¢=0— O(c = x) (18),(19),20) A

As mentioned already, the rule (wfr) and hence (fairwfr;) as well formalize in-
ductions over well-founded data sets, in our example the set of natural numbers.
Proofs with the other purely propositional rules do not involve data at all but they
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can always be “encoded” into proofs with the universal rules. We conclude this sec-
tion with a trivial example which makes the crucial idea of this fact evident.

Example. Consider a propositional frl,STS I, modeling a system of two switches
51 and Ss represented by the set V' = {on;, ony} of system variables which show
whether 57 and S5 are on or not. Three actions a1, a2, 3 may be continuously exe-
cuted: «rq switches S7 on if it is off and leaves it on otherwise, aiy does the same for
S5, and 3 does not change the switches at all. Fixing that both S; and S5 are off at
the beginning, Iy, is specified by

startp

sw

enabledy = true for A € {ay,aq, 3}

= —ony N\ —ong,

and the temporal axioms

execay — onj A (ond < ong),
execas — (ony < ong) A ond,
execS — (ony < ony) A (on} < ong).

Assuming fairness both o and «y will be executed and, hence, will switch on S;
and S, sometime. So Iy, has the property

startr,, — O(ong A ong)
which is easily derived with (fairsom,,) and (chain): with Act, = {aq, aa} we get

(1) execa; A startp,, — O(ony V ong) fori € {1,2} )

(2) execf A startp,, — O(ony V ong V startr,,) D)
(3) Ostartp,, — <(enabledy, V enabled,,,) (taut),(T5)
4  startp,, — <(om V oong) (fairsom),(1),(2),(3)

In the same way we immediately get (with Act, = {a2})
(5) om A—ong — O(ong A ong) (fairsom),(I")

and (with Act;, = {a1})

(6) —ong A ong — <O(ong A ong) (fairsom),(I")
which then yields
(7)  startr,, — <O(omg A ong) (chain),(4),(5),(6)

There are no “inductive objects” in this system; the proof argues along the flow
of any execution sequence through states in which startr,,, ony A—ong, moni A ong,
and finally on; A ons hold. This can easily be described, however, by a decreasing
sequence of natural numbers. Extending the underlying language Lt to a first-
order one based on SIG ¢, and taking again NAT as WF and < as < we let
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A = (momp A—ong Ay =2)V (omg A—ong Ay = 1)V (mong Aong Ay = 0),

H,, —ony,
H,, = —ony,
Hp = false.

Then we may apply (fairwfr, ) in the following alternative derivation. First we get

(1) Hy, NA—y=2Vy=0 (prop)
(2) execar NANYy=2—0A,(1) I
3) execar NANy=0— O(ong A ong) )
4) evecay NHyy NA —

O((ony A omg) V 3(7 < y A Ay (7)) (1),(2),3)
(5) execay N—H, NA— OA I

In the same way we obtain

(6) execas N Hy, NA —
O((om A on) vV Iy(y < y A Ay(Y))) o
(7) evecag N—Hy, NA— OA I

For [3 the corresponding formulas are trivial:

(8) execBNHzNA—
O((om1 A ong) VIY(7 <y A Ay(7))) (taut)
9) execBN-HgNA— OA I

Finally we have
(10) OA — ©Er,, (T8)

since Er,, < —ong V —ong is tautologically valid, and so we get

sw

(11) FyA — O(ong A ong) (fairwfr),(4)~(10)
(12) startr,, — JyA (data)
(13) startr,, — <O(om A ong) (11),(12) A

Although this second proof looks somewhat cumbersome it is actually more con-
cise than the first one with the rule (fairsom). Its main part is to show the two first
premises of rule (wfr) in lines (1)—(9), and the key idea for this is given by the defi-
nition of Hy: the action «; is helpful when —on holds, i.e., for the values 2 and 0 for
y in A, g is helpful for y = 2 and y = 1, and S is not helpful at all.

The derivation in lines (1)—(9) may more transparently be represented in a dia-
gram as shown in Fig. 7.1. The nodes in this diagram — except the one labeled with
ony A ong — represent all possible values of y if A holds, together with the respec-
tive information encoded in A. Arrows = are labeled with helpful actions and
point to those nodes representing what may hold after executing these actions in the
corresponding states. Simple arrows — show the same for non-helpful actions.
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B
(y =2 | mony A —ons
[e%% “QQ
ah/B anaﬁ
[yzl ony A\ —ong [y:O —\om/\ongj

a2 aq

Fig. 7.1. A diagram representing a derivation

As mentioned already, the assumption of fairness is often needed for proving
eventuality properties of systems. In fact, the rules (fairsomp) and (fairwfry) are
essentially based on the fairness axiom

(fairp) OCenabledy, — CexecA  forevery \ € Actp.

We still note that in some applications this axiom may even be used directly (instead
of its indirect usage in the rules).

Example. The fair printer system I, specified in Sect. 6.5 has the property
req; — <exec3q

describing that, if the printer is requested by user Uj, then sometime it will execute
the job for U;. Recalling that enabled,, = —req, enabledg, = req, and

exec A — (req) < reqy) for X € Actr, e \ {1, B1}

can be extracted from the specification axioms of Iy, in¢er, We obtain

(1) (requ N O=execBy) invof Actr, ... (I),(1t13)

(2) req; A O=execfly — O(reqy A O-exec3r) (inv1),(1)

(3) reqy N O=execBy — Oreq 2)

4) Oreqy — Olreqy (TS)

5) OCreq — <execfy (fair)

6) reqy — Cexec (3),4),(5) A

7.5 A Self-stabilizing Network

Summarizing the considerations of Chap. 6 and the preceding sections of this chapter
we realize a bunch of linguistic features and formal methods which is at our disposal
when facing the task of formally specifying and verifying a state system.
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1 1

(a) A state of the system (b) State after three steps

Fig. 7.2. A network with 8 nodes

First of all, the system, in its formal representation as an STS, may be with or
without initial condition, labeled or not, with or without fairness assumption. The
appropriate temporal logic languages for specifying the system depend only slightly
on this choice. Whenever the STS is rooted, the language should contain the feature
of syntactic (or semantical) anchoring, i.e, the extension “p” by past operators or
at least “i” by the particular formula init (or, alternatively, it should use the initial
validity semantics). For non-rooted STSs any temporal logic language version is
well suited.

The verification task has more influence on which language should be chosen.
For describing invariance and eventuality properties there are no particular require-
ments while precedence properties need some extension, e.g., binary operators. For
proving such properties there is a repertory of methods, and in the case of eventuality
properties a further linguistic extension by well-founded relations could be neces-
sary. (For dealing with other properties as indicated in Sect. 7.1, further extensions
might be needed.)

In this and the next section we want to conclude the discussion with elaborating
two more complicated examples of systems and their verification. Consider, firstly,
a network system consisting of n > 2 nodes, enumerated by 1, ..., n. Every node
owns a register which is able to store values from the set M = {0,1,..., N} of
natural numbers where N > n — 1 and which can be accessed (reading and writing)
by the node. The nodes are arranged in a ring and every node is also allowed to read
the register of its left neighbour. A state of the system is given by the valuation of
the registers with values from M. Fig. 7.2(a) depicts such a system with eight nodes
using different hatchings to indicate three different register values.

The system starts running from some initial state. In every step one of the nodes
may change the actual values [y, ..., [, of the registers according to the following
protocol:

e Node 1 may only execute a step if l; = [,; by this step, /; is increased by 1
modulo N + 1; all other registers remain unchanged.
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e Node 7, 2 < i < n, may only execute a step if [; # [;_1; by this step, the value
l;—1 is copied into the own register of ¢ replacing the present value [;; all other
registers remain unchanged.

Fig. 7.2(b) shows the system state resulting from (a) after executing three consecutive
steps by nodes 2,3, and 5.

In general, several nodes are ready to execute a step in a state. For example, in
state (a) of Fig. 7.2 node 2, 4, 5, 7, or 8 may execute. A state is called stable if there is
one and only one node which may execute a step according to the protocol. Remark-
ably, such a system is self-stabilizing, which means that, starting from an arbitrary
initial state and proceeding arbitrarily according to the protocol, it will eventually
reach a stable state after finitely many steps and the states will remain stable from
then on.

We want to prove this property formally and begin with specifying the system
(for fixed n) understanding it as an 1.STS Iiny = (X, V, W, T, Act, E). For the
moment we base I, on a signature SIGy,; particularly containing N as an in-
dividual constant and a function symbol @NAT NAT.NAT) anq supplied with its
standard model N where ®N is addition modulo N + 1. We do not write out all
constituents of I, and note only

Act = {B1,...,Bn},

X = Xnar ={rg1,.-,79n}»

V = {exec) | X\ € Act},

enableds, = rg1 = 19y,

enableds, = 1g; # rg;i—1  for2 <i < mn.

For 1 < ¢ < n, 3; and ry; represent the action of node 7 and the value of its register,
respectively.

Choosing Lrorr, as the underlying language L, a specification of 7., is
given by the temporal axioms (nilj, ), (actiony_ ), and

/\?:1 rg; < N,

enabledg, — —nilr,, . forl <i<mn,
execfSy — rgi =191 & 1,

exec3; — rgl =r1g;i—1 for2 <i<mn,
evecfi — rg; = rg; forl <i,j <n,i#j

which are evident from the informal description of the system. Note that the axioms
in the second line mean that the system has to execute a node as long as this is
possible.

Let now stable be the formula defined by

stable = \/ enableds, N /\ (enableds, — —enableds, )
i=1 ij=1

i
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expressing that one and only one 3 € Act is enabled which just formalizes the
“stability of a state”. Then the self-stabilizing property of I, can be formalized
by the two assertions

(a)  stable — Ostable.
b) O stable.

(b) expresses that a stable state will eventually be reached and (a) describes that
whenever this is the case, the states will remain stable from then on.

We begin to prove the invariance property (a). To this end we derive the following
“lemmas”:

(al) Vi_, enableds,.
(“In every state at least one node may execute”.)

(@2) Al (ezecB; — —Oenableds,).
(“Immediately after the execution of some node this is not able to execute
again”.)

(@3) ewecfB1 — (enableds, < Oenabledg,) for3 <j < n,
exec3; — (enableds, < Oenableds,) for2 <i<mn—1,
exec3; — (enableds, < Oenableds,) for2 <i,j < n,j#i,j#i+ 1
(“After execution of a node i, for every node j except 7 and its right neighbour:
j may execute if and only if it could do so before the execution of i as well”.)

The informal proof idea for (al) is simple: either rg; # 7g;_1 holds for at least one
¢ > 1 or all rg; are equal which particularly means that rg; = 7g,,. Formally this
runs as follows.

Derivation of (al).

ey /\?:2 —enableds, — /\?:2 79 = T9i—1 (taut)

2 AiZy79i =191 — 191 = T9n (pred)

(3) rg1 = rg, — enabledg, (taut)

4) A, —enableds, — enabledg, (1),(2),(3)

(5) V., enabledg, 4) A

(a2) is evident for ¢ > 0. Furthermore, (k 4+ 1) mod (N + 1) # k for arbitrary k
because of N + 1 > n > 2, and this implies (a2) also for : = 0.

Derivation of (a2).

(1) exec; =gl =rgi_1ANrgi_y=rg;—1 for2<i<n n)

(2) exec3; — —Oenableds, for2 <i<n (D)
(3)  execf — rg1 =190 A9l = 191 ® 1A 19, = 195 ()
@ @14 (data)
(5) execy — —Oenableds, 3),4)

6) /\?Zl(ea:ecﬂi — —Oenabledg,) (2),(5) AN
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The main idea for proving (a3) is that the formula enableds; depends only on the
register values of node j and its left neighbour, while the action 3; changes only the
register value of node i.

Derivation of (a3).

(1) ewecPy — rg;_y =rgi1 Arg; =rg; for3<j<n D)
(2)  execBy — (rg; # 1gj—1 < 19; #19;_1) for3 <j<mn (D
3) execB; — gl =rg1 A1gl, =19, fOr2<i<n-1 I
4 execBi — (rg1 = 19, < 191 = 19;,) for2<i<n-—1 (3)
(5) execBi — rg;_1 = 19;-1 N\ 19 = 19,

for2 <i,j <n,j#i,j#Fi+1 ()
(6) execBi — (rg; # rg;—1 < 19; # 19;_1)

for2<i,j<m,j#i,j#i+1 5)
(7)  execPr — (enableds, < Oenableds,) for3 <j<n )
(8) execB; — (enableds, « Oenableds,) for2 <i<n—1 4)
(9)  ewecB; — (enableds, < Oenabledg,)

for2<i,j<mj#ij#itl ©® A

After these preparations we are able to derive assertion (a). In a stable state there
is exactly one enabled action 3; and after executing /3;, according to (a2) and (a3)
no node except the right neighbour of + may execute. With (al) it follows that the
resulting state is again stable. So the formula stable is an invariant under every action
of the system which then shows (a).

Derivation of (a).

(1) A, (execB; — enabledg,) (I

(2) enableds, N\ stable — —enableds, for1 <i,j <n,i#j (taut)

(3) Vi_, Oenabledg, (al),(nex)

4) execf; N stable — /\;.AL:3 —Oenabledg, (a3),(1),(2)

(5) execl A stable — Ostable (a2),(3),(4)

(6) execf; A stable — —Oenableds, for2<i<n-—1 (a3),(1),(2)

(7)  execf; N\ stable — —Oenabledg,
for2<i<n—-12<j<mnj#i6,j#i1+1 (a3),(1),(2)

) execl; N stable — Ostable for2 <i:<n—1 (a2),(3),(6),(7)

(9) execf, A stable — —Oenableds, for2 <j<n—1 (a3),(1),(2)

(10) exec, N stable — Ostable (a2),(3),(9)

(11) stable invof Act (5),(8),(10)

(12) stable — Ostable (invl),(11) A

For the proof of the eventuality property (b) we now introduce some abbrevia-
tions for particular formulas:

C;, = /\;:1 rg; = g1 forl <i<mn,
Dfm, = \/?:2(1’ =19, A —|C¢),
Dmin = _'Dfr’u(rgl ® -7:) A Vy(y <z — DfTv(rgl S2) Z/))
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In these formulas z is a variable of sort NAT and Dy, (t) is used as a shorthand for
(Djry)s(t) (t being a term). An analogous notation will be used for D,y,;y, .
Let us illustrate these notions by an example. Suppose n = 6, N = §, and

g1 = 192 = 193 = 4,

rgy = 0,
rgs = 4,
96 = O

in some state. For 1 < ¢ < n, C; expresses that the values of the first ¢ registers
rg1, .- . ., 1g; are equal. So, in the sample state, C; holds for « = 1,2, 3 and no other .
Note that C'; holds in any case. Dy, expresses that z = rg; for some j for which C;
does not hold. So, Dy, holds exactly for those values z of registers (briefly called
free values) which do not belong to the “first registers with equal values”. In the
example, these are 0, 4, and 5. Note that a register value may be free even if it is the
value of some first equally valued registers. Finally, D,,;, expresses that the value of
z is the smallest [ (briefly called minimal addition) such that [ added to rg; (modulo
N 4+ 1) is not a free value. Because of 4 0 =4,4¢p 1 = 5,4 & 2 = 6 we obtain
that D, (2) holds in the example (and D,,;,, (t) does not hold if ¢ # 2).

In the subsequent derivations we will use instances of (datar,,,,) axioms involv-
ing these formulas, in particular:

(1) Jz(z < N A Dyin)

stating that the minimal addition really exists (under the numbers of M). In order to
see the validity of this axiom it suffices to note that (in any state) —|Dfm,(rgl @ k)
holds for some £ € M, because then there is also a smallest such k. By definition,
Dy, may hold only for n — 1 different values for z, but the values of 7g; ® k for
k € M are all N + 1 values of M. Because of N +1 > n — 1, Dy, (791 ® k) must
therefore evaluate to false for at least one & € M.

Let us now prove the following list of further assertions:

(b2) execB; NC; —OC; for2<i<n,1<j<n.
(“Every Cj is invariant under every 3 # (31”.)
(b3) execB; ANODjry — Dpry  for2 <i < n.

(“Any free value after execution of 5 # [3; was a free value already before
that”.)

(b4)  execBi N ODjpry — Dpy V 2 = 101.
(“After execution of (37 at most the value of rg; might be added to the free
values”.)

(b5)  Diin(0) A enableds, — —enableds,  for2 < j < n.

(“If O is the minimal addition and node j > 1 may execute then node 1 is not
able to execute”.)
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As in the proof of (a), these lemmas are quite straightforward consequences of the
specification of 1,4 and the above definitions. Again we give some short informal
arguments explaining the respective formal derivations.

(b2) follows from the fact that if 3; is executed and C; holds then j must be less
than ¢ because otherwise rg;_1 = 19; = rg; and node 7 could not execute. Then
rg;, = 19y, for k < i and therefore rg;, = rg{ for k£ < j which implies OC;.

Derivation of (b2). Let2 <i¢<nand1<j <mn.

(1) execB; — rg;—1 # ry; (I

) execB; — C; (D

3) execfi N—Cy N Cj — /\i:1 g = Tgk I

@ Nie1 790 = 195 — (Niey 795 = 1910 = Njy 79 = 191)  (pred)

(5) execB; N C; — OC; 2,3, A

For the proof of (b3) we observe that if 3; is executed and O Dy, holds then there is
aj,2 <j < nsuchthatz = rg; and ~OC;. With (b2) we get = Cj; hence Dy (19;).
The assertion then follows from rg; = rgj’. = z in the case of j # 4. If j = i then
rgj’- = rg;—1 and ~C;_; and this also implies Dj,.

Derivation of (b3). Let2 <14 < n.

(1) ODypy — \/?:2(33 = rg; N O~C}) (pred)

(2) execB; NO-C; — =C; for2<j<n b2)

() ewech — rgj =rg; for2<j<n,j#i (N

4 rgi =rgi Nv=1g; N=C; — Dp, for2<j<mn (pred)

(5) execfi; NO-Cj ANz = rg]’- — Dppy for2<j<mn,j#i (2),3).4)
(6) evecB; — 19; = rgi1 ATg;_1 = T9i1 )

(7 execB; N Ci_1 — OC;_1 (b2)

8 OCi_1Argl=rg._; — OC; (pred)

9)  ewecf; N-OC; — ~Ci_y (6),(7),(8)
(10) z =19 Arg; = rgi—1 A =Ci—1 — Dpp (pred)

(11) execf; Az = rg; AN—=OC; — Djpy (6),(9),(10)
(12) exec3; N ODgpy — Dy (D),5),(11) A

(b4) is a modification of (b3) for 3; and follows from the fact that OD,, implies
z = rg; for some j > 1 for which O=Cj holds and 3; does not change rg;. So if
x = rg; = rg; then we obtain (b4) immediately and otherwise —C; and hence Dy,
are implied.

Derivation of (b4).

(I ODpry — \/;’L:Q T = 7"9]/- (pred)
(2) exec — rgj’- =rg for2<j<n I

(@) gy A =G for2<j<n (pred)

4 rg=zN-C; = Dpyy for2<j<n (pred)

5) execfi Nx = rgj’» — Dy Vo =rgr for2<j<mn 2),(3),(4)

(6) execy ANODjy — Dy V& = 101 (D,(5) A
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(b5) follows directly from the definitions: enabledgj for 2 < 5 < n implies
Dy (rgy,) and D,yir, (0) implies =Dy (791 ). So gy and rg,, have different values.

Derivation of (bS). Let2 < j < n.

(1) rg; #rgi—1 — —Cy (pred)

(2) —Ch — Diry (rgn) (pred)

(3) szn (0) - _‘Df'rv(rgl) (pred)

(4)  Dpin(0) A enableds, — g1 # 19y, (D,(2),(3)

(5)  Dyin(0) A enableds, — —enabledgs, 4) AN

Let us now approach the main proof of assertion (b). We want to apply the rule
(labwfr ) and have to find some appropriate well-founded set of data which decrease
during execution of the system until a stable state is reached. A first starting point is
the fact that the execution of 31 decreases the minimal addition value (as long as this
is not 0):

(6) execBi A Dpypin Az >0 — OJy(y < A Dppin(y)).

For the proof of (b6) it suffices to show that for x > 0 the value of rg; in a state is
different from the value of 7g; @ (z — 1) in the state after execution of ;. Then the
latter value is not a free value after this execution by (b4) and the assertion follows
from the fact that OD,,;,, () means that y is the least number with this property.

Derivation of (b6).

(1) execfy — rgi =191 ® 1 ()

(2)  Dpin — =Dy (191 © ) (pred)

B z2>0—rg@r=(rgg®1)®(z—1) (data)

4 z>0Nz <N -1 Bz #7101 (data)

(5) execfr Az >0A-Dpy(rgl & (z—1))Argl & (z—1) # rg1 —
~ODjry (191 & (z — 1)) (b4)

6 2>0A"Dpy(rg1 @ (z—1)) = Iy(y < 2 A Dpnin(v)) (data)

(7) 2 >0A=ODfry(rg1 & (z — 1)) = OFy(y < & A Dinin(y)) (6)

®) Dpim — 2 <N (b1),(data)

9 execBy A Dpin Nz >0 — OEIZ/(Z/ <z A Dmin(y)) (DH—=(5),

M.®) A

Unfortunately the same assertion does not hold for actions 3 # [3;. We can only
prove that these actions at least do not increase the minimal addition value:

07)  execB; A Dy — OFy(y < A Dypin(y)) for2 < i < mn.

Executions of nodes ¢ # 1 do not change the value of rg; and do not increase the
set of new register values according to (b3). From this (b7) follows because of the
minimality property of y in Dy (y).
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Derivation of (b7). Let2 <1 < n.

(1) Dypin — —Dpy (191 @ ) (pred)

(2)  Duyin A 7’9{ =791 N\ vJ:(Ol)frv - Dfr'u) - _‘ODfm;(rgl ® l') (1),(data)

(3) Dypr(rgr ®z) — Iy(y < 2 A Dnin(y)) (data)

(5)  execB; — 191 =11 (I

(6) execﬁi - (ODfrv - Dfrv) (b3)

(7) execﬁi A Dmin - an(y S AN Dmin(y)) (2)’(4)’
(5)6) A

(b7) will help us at once but at the moment we still need values which are prop-
erly decreased by (32, . . ., (,,. From (a2) and (a3) we know that if one of these actions
(i is executed then its enabling condition enableds, is changing from true to false
and all enableds, remain unchanged for 2 < j < 1. We may encode this considering
the tuples

d=(dy,...,d,) e N"!

with

J — 1 if node i is enabled,
710 otherwise

for 2 < ¢ < n. Execution of any (3;, 7 # 1, then decreases the value of these tuples
with respect to the lexicographical order on N* 1,
Together this discussion shows that the tuple

(dl,dg,...,dn) e N"

where d; is the minimal addition and d, . . ., d,, are as described is decreased with
respect to the lexicographical order on N™ by every execution step of the system as
long as this is possible. This is the case at least as long as no stable state is reached
since in non-stable states not all entries dy, . . ., d, can be 0 because of (al).

To formalize this idea we now assume that the signature of ;4 extends SIG gt

by a new sort TUPLFE, n additional function symbols SELgTUPLE’NAT), el

SEL%TUPLE’NAT), and a predicate symbol ~<(TUPLE TUPLE)

structure N is extended by

. The corresponding

TUPLEN = N»,
SELz'-\l(m17--.7mn)=mi forl1<i<mn

and <N, the (strict) lexicographical order on N™. Of course, this is a well-founded
relation. The underlying language Lri, can then be viewed as an L, 1, if we take
the sort TUPLE as WF.

To derive now assertion (b), let y be a variable of sort TUPLF,
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n

/\((enabledgl — SEL;(y) = 1) A (—enableds, — SEL;(y) = 0))
i=2

which formalizes the above coding, and

B = O=stable N A.

Derivation of (b).
(1) execf; — enableds, N O—enabledg, for2 <i<n (I),(a2)
(2) ezecl; — /\;;;(enabledﬂ] « Oenableds,) for2 <i<n (a3)
(3) execfi NA—OJy(y <yNAy(y)) for2<i<n (1),(2),(b7)
(4) —stable — \/"_, enabledg, (al)
(5) exec[ — enableds, I
(6) execy A —stable — (Dpin — x> 0) (4),(5),(b5)
(7)  execfr A —stable NA — O3y(y <y A Ay(7)) (b6),(6)
(8) execA N B — O(stable V Iy(y < y A By(¥y)))
for every 5 € Act 3),(7)
9 nilp,, A B — stable (I),(al)
(10) JyB — Ostable (labwfr),(8),(9)
(11) FyA — SOstable (10)
(12) JyA (b1),(1t14)
(13) Ostable (1),(12) A

7.6 The Alternating Bit Protocol

Our second verification example deals with a protocol coordinating the data trans-
mission between a sender and a receiver. The sender continuously gets messages
as input and transmits them to the receiver which outputs them and sends back ac-
knowledgements to the sender. Transmissions in both directions may be corrupted
by the unreliable transmission medium. Nevertheless, the receiver should output the
correct messages in the same order as they were input to the sender. A key for the
solution of this problem is to send messages together with a control bit the value of
which serves as the acknowledgement and has to alternate in an appropriate way.
We represent this alternating bit protocol by an frlSTS I'4 pp with

Act = {ap, a1, Bo, f1},

X = Xnar U Xusac »

Xnar = {sb, rb, wb, ack},

Xusa = {sm,rm},

V = {exec) | X\ € Act},

enabledy, = true for \ € Act,

startr,,, = sSb=0A7rb=1ANwb=0A ack =1A sm = FIRSTMSG.
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The actions o and «; constitute the sender (which we will refer to as system part
Iseng in the following); By and (3 are the actions of the receiver (7..). cg sends a
package consisting of a message sm (of some sort MSG) and a bit sb to [, where
it arrives on the “receive” variables rm and 7b. a;; checks acknowledgement ack and
composes a new package consisting of the next message sm and sb with an alternated
value if ack equals sb. (This also means that a package correctly arrived at [, may
be corrupted again before being “realized” there.) 3y and (; work analogously. 3y
checks the received bit b and if this equals wb containing the value waited for then
rm is output (and wb is alternated). 51 sends the respective bit value back to I'sepq
where it arrives on the variable ack. Note that we impose no “internal” order of
the actions in I's.,q and I, respectively, and that different (“non-contradictory”)
actions may even execute simultaneously. Fairness ensures that all actions happen
continuously.

The initial condition describes the appropriate start of the system. The individual
constant FIRSTMSG (of sort MSG) represents the first message to be transmitted.

Again, we do not write out the definition of the states and the transition relation
of I'y pp but proceed immediately to the specification of the system which is given
by the temporal axioms (rootr, ) and

execag — ((rm’ = sm Arb’ = sb) V (rm’ = ERR A b’ = ERR)) A
unchanged(sb, wb, ack, sm),

execay A sb = ack — sm’ = NEXTMSG(sm) A sb’ = sb ® 1A

unchanged(rb, wb, ack, rm),

execaq A sb # ack — unchanged(sb, rb, wb, ack, sm,rm),

execfy A b = wb — wb’ = wb ® 1 A unchanged(sb, rb, ack, sm, rm),

exec g A rb # wb — unchanged(sb, rb, wb, ack, sm,rm),

exec3y — (ack’ = wb & 1V ack’ = ERR) A unchanged(sb, rb, wb, sm, rm).

(The axioms (nily,,,) and (actiony, ,,) are derivable.) In these formulas we use the
abbreviation

n
unchanged(ay, ..., a,) = /\ a, = a;
i=1

for system variables ay, ..., a,. The function symbol & is interpreted as addition
modulo 2. The axioms for ayg and 3; describe the two possibilities of a correct or a
corrupted transmission, the latter resulting in some (recognizable) value represented
by the individual constant FRR for both NAT and MSG. The acknowledgement
value sent back by [3; is wb @ 1 since wb is alternated by (; if this is executed with
rb = wb. The axioms for vy and [y are evident, noting that NEXTMSG (M5G M5G)
is a function symbol for fixing the order in which the messages are to be transmitted:
for any message msg, NEXTMSG (msg) is to follow msg.

The proper output performed by /3y in case b = wb is not modeled in the axioms
since it does not involve the system variables of I'4 pp. Nevertheless, the formula

output = execfy N rb = wb
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represents the fact that the message contained in rm is output by 7.
The assertion that the messages are output in the right order cannot directly be
expressed by a temporal formula. It is easy to see, however, that the two formulas

(a)  startp,,, — rm = FIRSTMSG atnext output,
(b)  output A rm = x — rm = NEXTMSG(z) atnext output

provide an adequate formal representation of this claim. (a) says that the very
first output message will be FIRSTMSG. (b) uses a variable z of sort MSG
and states that after the output of any message = the next output message will be
NEXTMSG(z). Note that this does not include that the outputs will be performed
at all. This aspect will be treated subsequently.

The derivations of (a) and (b) use the same main ideas. We first note three global
invariants of I'4gp.

(cl) O-=nilp,,, -
(c2) O((sb=0Vsb=1)A(wb=0Vwb=1)).
(c3) O((rb = wb — wb = sb A rm = sm) A (sb = ack — wb # sb)).

(c1) follows from the formula (progress -, . ) generally derived in Sect. 6.5, and (c2)
is trivially derived with (invstartr, ...). The proof of (c3) runs as follows.

Derivation of (c3). Let
A = (rb=wb — wb=sbArm=sm)A (sb = ack — wb # sb).

(1) startp,,, — A (pred)
(2) execag N A — O((rm = sm A rb=sb)V
(rm = ERR A rb = ERR)) A

O(sb = ack — wb # sb) )]
B ™Mm=smArb=sb—
(rb = wb — wb = sb A rm = sm) (pred)
4) rb=ERR — rb # wb (c2)
(5) A invof ag 2),(3),(4)

(6) execay A sb = ack —
s/ =sb®1ATY =rbAwb = wbA ack! = ack (I")

(7) sb=ackNA— wb=# sbNrbs# wh (pred)
(8) execay A sb = ack N A — O(rb # wb A sb # ack) 6),(7)
9) execay Asb=ackNA— OA ®)
(10) execay A sb # ack N A — OA D)

(11) execBy A rb = wb —
wb' = wb ®1Asb =sbArb =1rbAack’ =ack (I

(12) rb = wb N A — wb = sb A sb # ack (pred)
(13) execfBy A 1b = wb AN A — O(rb # wb A sb # ack) (11),(12)
(14) execBy ANrb=wb N A — OA (13)

(15) execBy AN rb #= wb N A — OA D)
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(16) execpy N A — O(ack = wb ® 1V ack = ERR) A
O(rb =wb — wb=sbArm=sm) (I

(17) ack = wb® 1 — (sb = ack — wb # sb) (pred)
(18) ack = ERR — sb # ack (c2)
(19) A invof 3, (16),(17),(18)
(20) A invof Actr,,, (5),(9),(10)
(14),(15),(19)
1) OA (invstart),(1),(20) A
Let now

Bfirst = wb = sb A sm = FIRSTMSG,
Bpest = (wb = sb — sm = NEXTMSG(z)) A (wb # sb — sm = x).

For these formulas we prove the following facts.

(c4) O(rb = wb A By — rm = FIRSTMSG).
(c5) O(rb = wb A Bpegt — rm = NEXTMSG(z)).
(c6) Binvof A\ for B € {Bfirst, Buest} and X € {ap, o1, 51}

(c4) and (c5) are immediate consequences of (c3), and (c6) is derived as follows.

Derivation of (c6). Let B € {Bfirst, Breat }-

(1) Binvef A for A € {ap, 31} I
(2) execay A sb# ack N B — OB I
(3)  Bfirst — sb # ack (c3)
(4)  execay A sb = ack A Bfirst — OBfirst 3)
(5) sb=ack A Bpegt — whb # sbA\sm==x (c3)
(6) execaq N sb = ack A Bpegr —
O(sm = NEXTMSG(z) A sb = wb) (5),(I),(c2)
(7)  execaq A sb = ack A\ Bpegt — OBpeat (6)
(8) Binvof A\ for A € {ag, a1, 51} (1),2),H,(T7) A
Let finally

Chirst = Bfirst N —output,

Chest = (output — rm = z) A (—output — Bpext)-
The crucial step for the proof of (a) and (b) is to show
(7 C — C™™ atnext output

for C € { Cfirst, Crext } Where

D FIRSTMSG if C = Cprst
~ | rm = NEXTMSG(z) if C = Cpeu -

The derivation of (c7) applies the rule (invatnextr, ).
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Derivation of (7). Let C' € {Cfirst, Crest }-

(1) execA N C — O(output — C™) A O(—output — C)

for A € {a, 1,01} (c4),(¢c5),(c6)
(2) execBp A rb #£ wb A C — O(rb # wb A C) I
(3) execBy ANrb# wb AN C —
O(output — C™) A O(=output — C') )
@) execBy A rb= wh— ﬁCﬁrst (taut)
(5) execfo Arb = wb A Chrst —
O(output — C™) A O(—output — Chyst) %)
6) execBy Arb=whb A Crepy — wb=3sbAsm=uz (c3)
(7 execBy ANrb = whb A Chrepy —
O(rb # wb N wb # sb A sm = x) (I),(6)
®) execBy Arb = whb A Cregr —
O(output — C™) A O(—output — Chext) (7
9)  execA N\ C — O(output — C™) A O(—output — C)
for every A € Actr,,, (1),(3),(5),(8)
(10) nilp,,, N C — (output — C™) (cl)
(11) C — C™ atnext output (invatnext),
(9),(10) A

The assertions (a) and (b) follow now immediately from (c7).

Derivation of (a).

(1) startr,,, — Cﬁrst (pred)

(2)  Cprst — rm = FIRSTMSG atnext output (c7)

(3) startr,,, — rm = FIRSTMSG atnext output (D,(2) A
Derivation of (b).

(1) output AN\rm =z — Chept (taut)

(2)  Cpest — rm = NEXTMSG(z) atnext output (c7)

(3)  output Arm =z — rm = NEXTMSG(x) atnext output (1),(2) A

The assertions (a) and (b) guarantee that, if messages are output by I, at all, the
output will be in the correct order. We now want to show that in fact infinitely many
messages are output. Together this states then that all input messages are transmitted
and output correctly.

A first approach to what has to be proved is the formula

Soutput

stating that at every time there will be some subsequent output by I'.. and hence
inducing infinitely many outputs. It is quite obvious, however, that this formula is
not I'4 pp-valid without additional assumptions. If the sending operation o always
fails then the variable rb will always receive the value ERR and no output will be
performed. If sending the acknowledgement in 3; always fails then [.,4 will not
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send new messages and I, will again perform no more outputs. So, continuous
output is only guaranteed if, at every time, some eventual sending operation o and
(31 will provide uncorrupted values. Moreover, these values must be read in o and
(o, respectively, before a next corrupted transmission arrives.

These conditions can be described by the formulas

Cs = O(execaq N ack # ERR),
C,. = O(execfy N rb # ERR)

and our goal is to show the assertion under the additional assumptions C and C,,
i.e.,

d Cs, Cr F Soutput.

A proof of (d) may be viewed as an assumption-commitment verification: the
desired behaviour expressed by <Coutput is a commitment of I'4pp under the as-
sumption that the “environment” (the transmission medium in this case) behaves
such that Cs and C). hold.

For the proof we proceed again with a series of lemmas. Firstly we note

dl) F Sexecag,
(d2) F Cexec

which result directly from the fairness axiom (fairr,,,). Let now

Dy = ack =wb® 1V ack = ERR,
Dy = wb=sbA(rb=sbVrb=ERR),
D3 = rb=wbV rb = ERR.

We show the following assertions.

(d3) O-output A Dy — OD;.
(d4) O-output A wb = sb — O(wb = sb).
(d5) O-output AN Dy — OD3.

These three formulas are not of the restricted syntactical form of invariance proper-
ties, but it is easy to overcome this technical problem here by recalling that, according
to the Deduction Theorem, in order to prove (d3), (d4), (d5) it suffices to show

(d3’) —output = Dy — ODy,
(d4’) —output = wb = sb — O(wb = sb),
(d5’) —output = Dy — OD3

for which we can use the invariance rules of Sect. 7.2. (The applicability of the
Deduction Theorem is ensured by results in earlier chapters.)
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Derivation of (d3’).

(1) —output assumption

(2) Dy invof A for \ € {O&o, aq, 51} )

(3)  execBy — rb # wh (nH

@) execBy N rb# wb AN Dy — ODy )

(5) Dy invof 3y (3).(4)

(6) D; — ODy (inv1),(2),(5) A

Derivation of (d4’).

(1) —output assumption

(2) wb = sbinvof A for A € {«g, 1} ()

(3) execag N wb = sb — sb = ack (c3)

4)  execay A sb = ack A wb = sb — O(wb = sb) I

(5) wh = sb invof a; (3),(4)

(6) wb = sb invof [ (D),

(7)  wh = sb— O(wb = sb) (nv1),2),5),6) A

Note that step (6) in this derivation comprehends the steps (3), (4), and (5) in the
derivation of (d3”) which are identical here and occur also in the following derivation.

Derivation of (d5°).

(1) —output assumption

(2) Ds— Ds (pred)

(3) Dyinvof A for A € {ag, 51} ()

@) execag N wb = sb — sb = ack (c3)

(5) execaq A sb = ack AN Dy — ODsy )

(6) Dy invof oy @),(5)

(7) Dy invof 3y (D,

@ Dy —0ODs (inv),(2),(3),(6),(7) A

To approach now the proof of the eventual output stated in assertion (d) we split
this into the following two steps.

(d6) Cy F O-output — O(wb = sb).
d7)  C.F wb=sb— Soutput.

(d6) expresses that if I',.. never outputs a message then the bit sb sent by [¢,,q Will
sometime be the expected one. Again, (d6) is not fitting into our simple property
classes. It can be derived, however, directly by some purely logical arguments (and
axioms of I'4pp) from the preceding lemmas. Roughly speaking, (d2) guarantees
that sometime (3; will be executed resulting in a state in which D; holds. From this
it follows with the assumption Cy and (d3) that subsequently I's.,q4 Will execute oy
with sb = ack and wb # sb which will provide wb = sb. The formal derivation runs
as follows.
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Derivation of (d6).

(1 G assumption
2) exec; — ODy (I

3 oD (d2),2)
@) Dy Awb# sb— sb=ackV ack = ERR (c2)

(5) O(sb = ackV ack = ERR) — O(execay A sb = ack) (1)
(6) O-output A Dy ADO(wb # sb) —

O(execay A sb = ack A wb # sb) (d3),(4),(5)
(7)  execay A sb = ack N wb # sb — O(wb = sb) (I),(c2)
(8) O—output A Dy — <O(wb = sb) 6),(7)
(9)  O-output — O(wb = sb) (3),(8) A

The second step (d7) states that if wb = sb in some state then there will be some
eventual output. The proof runs similarly as for (d6), mainly using (d1) which some-
time provides b = sb V rb = ERR and C,. which implies then with (d4) and (d5)
that 3y is executed eventually in a state where 7b = wb which is just the desired
output action of ..

Derivation of (d7).

(H C. assumption

(2) execag — O(rb = sb VvV rb = ERR) )

(3) <O(rb=sbVrb= ERR) (d1),(2)

4)  O-output A wb = sb — S(O-output A Day) (3),(d4)

(5) O-output A Dy — Soutput (d5),(1)

(6) O-output A wb = sb — Soutput 4),(5

(7 wb = sb — Soutput (6) A

Finally it is easy to combine (d6) and (d7) for the proof of (d).

Derivation of (d).

(1 G assumption

2 C. assumption

3) O-output — <Soutput (d6),(d7)

@ <Soutput 3) A
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Verification of Concurrent Programs

Programs are formal descriptions of algorithms the operational meaning of which
can be viewed as state systems. In other words, a program is a formal (algorithmic)
representation of such a state system, and a corresponding transition system — as
another (operational) representation — may be understood as a formal definition of a
semantics of the program. A temporal logic specification of the state system is then
just a third (axiomatic) representation, often called temporal logic semantics of the
program.

Verification of a program II means verification of properties — now called pro-
gram properties — of the state system (given by) /1. Temporal logic can be used for
it along the general lines shown in Chap. 7: the verification is performed by for-
mal derivations of the properties from the axiomatic specification within the logical
framework. Actually, it was just this particular application which — historically — was
the first aim of the development of temporal logic.

In general, program verification is a well-established important field in computer
science and temporal logic is not the sole formal approach to it. In fact, for sequential
(imperative) programs (which typically are transformational in the sense described
in Sect. 6.2) there exist well-known proof methods like the Hoare calculus which are
specially tailored and therefore most suited to these kinds of programs. The temporal
logic treatment is universal in the sense that it is possible for all kinds of programs,
but it shows its real power mainly in concurrent, particularly reactive programs on
which we will therefore concentrate our subsequent considerations.

Concurrent programs with “interfering processes” usually involve communica-
tion between and synchronization of their components. For these tasks there exist
algorithmic concepts following two different basic paradigms of shared (program)
variables and message passing, respectively. We will treat both programming styles.

8.1 Programs as State Transition Systems

In order to work out the essentials of temporal logic program verification we fix the
following simple framework. A concurrent program I consists of a number np of
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(sequential) processes 11, ..., 1l,, which are thought to be executed “in parallel”
(concurrently) and each of which is a “sequential loop”. The basic syntactical struc-
ture for this concept will be denoted by

cobegin II; || ...|| II,, coend

and called parallel statement. As a formalization of concurrent execution we choose
the interleaving model which means that

e every process in the parallel statement is to execute a sequence of distinguished
atomic steps,

e arun of the parallel statement is created by sequentially (i.e., one after the other)
executing single atomic steps of the processes such that steps belonging to dif-
ferent processes occur in arbitrary order but steps of the same process 1I; are
executed in the order given by I7;.

Consider, as an example, the parallel statement
PS = cobegin II; || II; coend
with the two loops

I = loop ag: a:=2xa;

a1 : b:=>b+1
endloop,
I, = loop Gp: a:=a—+1;
G1:b:=a
endloop

where «g, a1, By, 41 are “names” for the four assignment statements in I7; and 1.
Syntax and semantics of the loop construct will be defined precisely in the next sec-
tion, but it should be clear already that I7; and I describe processes which continu-
ously execute g and o (Gg and 1, respectively) in the order o, a1, g, a1, g, - - .
(Bos B, Bo, B1s Bos - - -)-

Assuming that the four assignment statements are the atomic steps (and have
the usual meaning which will be formalized shortly), a possible run of the parallel
statement PS according to the interleaving model (starting with, say, ¢ = 0 and
b = 0) is depicted by

0,0] 2 [1,0] 5% [2,0] > [2,1] 2% [4,1] 2 [4,4] £ [5,4] =

where the pairs |[. . ., ...] denote the values of a and b.
Viewing the parallel statement together with the initialization ¢ = O and b = 0
as (another representation of) an rl.STS 7 it should be clear that

Act = {ao,ahﬁoaﬁl}s
X = {av b}’
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and that V7 contains execA for A € Actr. Any A € Actyy may only be executed if
“control in I1; or I15, respectively, is at \”.

For these enabling conditions which ensure the correct order of executions of the
atomic steps within /77 and I15, respectively, we introduce additional propositional
system variables

at A

for A € Actyy with just this informal meaning. So the further definitions

Vir = {execA, at\ | A € Actrr},

enabledy = at\ for A € Actyy,

start;y = atoag AN atfoANa=0ANb=0,

W = {77 XguU Vg — NU{ff,tt} |
n(a),n(b) € N, n(v) € {ff,tt} forv € Vp,
7 admissible,
n(exec\) = tt for exactly one A € Actyy,
n(at) = tt for exactly one A € {ag, a1}

and exactly one A € {0y, 31}}

for II are evident. The transition relation can be read directly from /71 and I/5:

Tr={(nn)e WxW|

if n(execay) = tt then n'(a) = 2xn(a), n'(b) = n(b),
7 (atay) = t,
n'(at)\) = ( )\) for A € {ﬂo,ﬁl}
if n(execay) = tt then n'(a) = n(a), n'(b) =n(b) +1
7 (atag) = tt,
i (atA) = n(atA) for X € {6, B}
if (ezec o) =t then 1'(a) = n(a) + 1, 7/(b) = n(b),
n'(atX) = n(at\) for X € {ag, a1}
7' (atfy) = tt,
if n(ezecy) =1t then n'(a) =n(a), n'(b) = n(a),
7' (atA) = n(atA) for X € {ag, a1}
7' (atfy) = tt}.

Of course, the pairs (n,7") of T do not only describe the change of the values of
the “program variables” a and b but also the “flow of control” through the values of
the additional system variables at A. Note that in the clauses

if n(exec) = tt then...

(for A = g, a1, Bo, 1) it is not necessary to include that 1’ (at \) = ff since this is
implied in each case by the definition of Wp;.
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The above sample run is formally represented by the execution sequence

[Oa Oa atOéQ, atﬂ()v 60] - [17 07 a;t0[07 a’tﬁla 040} -
[2, 0, atal, atﬁl, Oél] - [27 1, (ltOéo, atﬂl, Olo] —
[43 ]-a atala atﬁlwgl] - [4747 atah atﬁo»ﬁo} e
[5,4, atay, atfy,...] — ...

where the first two entries in a state n = [...] denote the values of a and b, the
next two show those at A with n(at\) = tt, and the last entry displays the \ with
n(exec) = tt.

So far we consider /I as an rl.STS. Note, however, that because of the interleav-
ing model of computation of I7, we face the typical situation which motivated the
introduction of fairness into state transition systems in Sect. 6.5. For example, an
execution sequence of I7 like

[0,0, at g, at By, o] — [0,0, atavy, at Py, ay] —
[0,1, atayg, at By, o] — [0, 1, ata, at Py, ] — ...

never executing the statements of II, distorts the intuitive meaning of “executing
11, and I, in parallel”. The additional fairness requirement obviously avoids such
sequences and we make our approach more precise now by fixing that, in general,
we will view concurrent programs as fair rooted (extended labeled) state transition
systems.

Note also that after addition of fairness the clause

n(execA) = tt for exactly one A € Actyy
in the above definition of Wy for the example may be weakened to
n(execA) = tt for at most one \ € Actyy

since the stronger one follows from this and the fairness requirement (cf. Sect. 6.5).
In fact, the latter clause will be more appropriate in subsequent cases since it includes
situations in which the system “terminates” by executing no action any more.

There seems to be still another source for some adulteration of concurrent exe-
cution by the interleaving model. Consider the two actions

a:a:=a-+1
and
B:a:=a—1.

In reality, “parallel” execution of v and (3 on a computer with two processors sharing
a common memory could produce different results on a depending on the different
“speeds” of the single machine instructions involved by « and /3. In the interleaving
model v and 3 (viewed as atomic steps) are executed one after the other so that after
their execution a will always have the same value as it had before.
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In general, the problem arises if we view actions as indivisible in the interleaving
computation which consist of more atomic steps in reality. But then interleaving with
respect to these “smaller” actions, i.e., on a “finer” level of granularity of atomic
steps, would adequately model the concurrent execution. Thus, at an appropriate
“level of abstraction”, interleaving can still be viewed as faithfully representing also
this aspect of concurrency.

Although in many cases statements like a := a + 1 might not be an appropriate
level of abstraction we will use such assignments or even more complex statements
as atomic steps in subsequent programs. This is justified by the fact that any co-
herent block of statements (which might “implement” a complex one) can be made
indivisible by means which will be shown in Sect. 8.3.

8.2 Shared-Variables Programs

‘We now want to make the cursory indications of the previous section more precise.
As mentioned already, there are two main paradigms in concurrent programming and
we begin here with programs in the shared variables style. To obtain a well-defined
vehicle for our discussions we introduce a very simple programming language SVP
for such programs. For any program I7 of SVP (briefly: SVP program) we assume
being given a signature SIGyy and a structure Sy7 for SIGy. IT has the syntactical
form

var A
start J
cobegin I, || ...|| II,,, coend

where np > 1. The case np = 1 which makes II a sequential program is included
for sake of generality. In fact, our treatment covers such programs without any partic-
ularities. As mentioned earlier, however, our real interest is focussed on concurrent
programs with np > 1.

Aidsalist Aq;...; A,q of variable declarations of the form

PVi,...,PVy s

where s is a sort of SIGy; and PV, ..., PV, are called the program variables of
sort s of I1. The initialization J is a formula of the language Lrop (SIGY), shortly
denoted by LY, where SIGY, results from SIGy; by adding the program variables
(of each sort s) of IT to the individual constants (of the same sort) of SIGp7.

Every I1;,i = 1,..., np, is a process formed according to the following syntac-
tical rules.

process := loop statement list endloop
statement list ::= labeled statement | labeled statement; statement list
labeled statement ::= label : statement

statement = simple statement | conditional statement
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simple statement ::= elementary statement | synchronization statement

conditional statement ::=
if condition then statement list else statement list endif

synchronization statement ::=
await condition then elementary statement

with additionally fixing that

e a Jabel is an element of some given set of labels, serving for identifying the
statements,

e all labels occurring in II are pairwise distinct,

e a condition is a closed formula of £Y;.

The form of elementary statements is left open. A standard case will be that they are
assignments written in the general form

ALy e oey by 1= th...,tm

(m > 1) where aq, ..., a,, are program variables of II and t,,...,t,, are terms
(of corresponding sorts) of £% not containing (logical) variables. For forthcoming
application examples, however, we want to leave our options open to use also other
forms.

The informal meaning of an SVP program I is that its execution runs by inter-
leaving the processes IIy,. .., II,,. The “flow of control” in each II; is defined as
usual: statements of a statement list are executed sequentially in the order of the list.
(This also fixes that we require elementary statements not to “leave” this normal flow
of control by jumping somewhere else.) The execution of a conditional statement

if B then SL; else SL; endif

evaluates in a first step the condition B and then continues with the statement list
SLy if B is true and with SLs otherwise. The statement list in loop . . . endloop is to
be repeated continuously.

The atomic steps of II with respect to interleaving are

e executions of simple statements; these steps can be identified by the labels of the
statements,

e the evaluation of the condition of a conditional statement together with the selec-
tion of the respective continuation; such a step can be referred to by the label of
the conditional statement.

The effect of assignments is as usual: the (simultaneously determined) values of
the right-hand terms are assigned to the corresponding left-hand program variables.
The execution of a synchronization statement

await B then ES

consists of executing the elementary statement ES if B is true. If B is false then the
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Hepmp = vara,b: NAT
start a =0Ab =1
cobegin loop oo : a := 2 b;
ap: ifa<bthen as: a:=a-+ b
else a3 : b:=a+1
endif’;
ag: a,b:=a+4,b+1
endloop
|
loop B : await ¢ > O then ¢ := a — 1;
Bi:b:=b+1
endloop
coend

Fig. 8.1. A simple program example

step after the step: value of @ b control at
initially: 0 1 a0 (o

1 ap:a:=2xb 21 a1 fo
2« : determination of continuation 2 1 as Bo
3 [o:awaita >0thena:=a—1 1 1 as A
4 az:b:=a+1 1 2 a4 (1
5 Br:b:=b+1 1 3 o Bo
6 [o:awaita >0thena:=a—1 03 as A
7 as:a,b:=a+4,b+1 4 4 «ay O1
8 ap:a:=2xb 8 4 a1 [

Fig. 8.2. First steps of a possible run of 17 .y

whole statement is not enabled to execute which means that it cannot be the next step
in the interleaving computation of 1.

Fig. 8.1 shows an SVP program I,y over SIG ;. and N which illustrates the
concepts of SVP. A possible prefix of a sequence of atomic steps executed according
to the interleaving model is described by the table in Fig. 8.2. The run starts with
a = 0, b = 1 and control being at iy and 3. The first step can only be « since the
condition a > 0 in the synchronization statement 3, is false. In the second step a;
and (3 are enabled and oy, i.e., the evaluation of the condition a < b together with
the selection of continuation at a3 is executed. 3y is taken as the third step and so
on.

Every statement list SL built according to the SVP syntax has the form

A STy 050 : STy

(I > 1) with labels A1, ..., \; and statements ST1,...,ST;. The label A\; will be
denoted by entry(SL). Moreover, any label A in an SVP program occurs as some
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Aj, 1 < 7 < [, in such an SL and we may associate with A the label A\*“? in the
following way. If A = A;, 1 < j < [ —1, then A** = \; 4. For A = A; we let
A%€4 = )¢ if S[, is one of the statement lists in a conditional statement labeled by
X, and \*¢? = ) if SL is the statement list in a process II; = loop SL endloop. In
the latter case, A is also denoted by /\ggm.

For the first process of the program I/, in Fig. 8.1, we have

(i) _
/\start = Qo,
seq __
Qy - = Qq,
se se se
afl = a5 = a3 = ay,
seq _
Q= Qp.

The labels A°“? keep track of the sequential “concatenation” structure of the state-
ments in a process disregarding possible branching by conditional statements. The
latter is additionally captured by associating two labels A™¢™ and A¢*¢ with every la-
bel \ of a conditional statement if B then SL; else SLy endif: \"**" = entry(SL;)
and \°*¢ = entry(SLy). Obviously, A" and \°*¢ are the labels where to continue
if B is true or false, respectively. In I14,,,, we have athen = ay and af® = as.

Let now II be an SVP program over some SIGp and Sy with processes
IIy,...,II,, and initialization J. Let Labyr be the set of all labels occurring in /1
and for every sort s of SIGpz, let XP"9 be the set of program variables of sort s of

1I. According to the discussion in the previous section we view I as an frl,STS
II=(X,V,W, T, Act, start, &)

over SIG7 and Sy defined as follows.

Every label of Labj uniquely denotes an atomic step in the interleaving compu-
tation of /7 and these steps are the actions which cause the transitions of the system.
So Labjr may be taken as the set of actions:

Act = Laby;.

By Act;, we will denote the set of labels occurring in I7,. Moreover, we will from
now on freely use the wording “statement \” instead of “statement labeled by \”. In
X and V we collect the program variables and the additional constructs for A € Act:

Xs = XP™9  for every sort s of SIG,
V = {exech, atA | A € Act}.

(Note that this also means that £}, is a sublanguage of £; which is defined as in
Sect. 6.2. Formulas of LY, are formulas of £; without propositional constants from
V'.) The initial condition is

start

np ‘
start = /\ atA? AT
i=1
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expressing that at the beginning the control is at the “start labels” of Iy, ..., 11,
and the initialization J holds. The enabling conditions are

at\ A B if X is a synchronization statement with condition B,

enabledy = {at A otherwise

for every A € Act. The set of states is defined by

W={n: XUV —|S|U{ff,tt} |
n(a) € |S|s for a € X, and every sort s of SIGy,
n(v) € {ff,tt} forv e V,
1 admissible,
n(execA) = tt for at most one A € Act,
n(atA) = tt for exactly one A € Actyy, (i =1,...,np)}.

Finally,

T = tot(T"),
T ={(n,n') € W x W | “description of transitions”}

and “description of transitions” is a list of clauses
if n(exec\) = tt then...

for every A € Act (as exemplified in the previous section). If A is an elementary
statement £S or a synchronization statement await B then ES in I1; then this clause
is of the form

if n(exec\) = tt then “description of changes of program variables”,
n/(ati\seq) — tt,i )
7 (atA) = n(atA) forevery A € Act \ Acty,.

The “description of changes of program variables” depends on the form of the ele-
mentary statement £S. For ES being an assignment

ALy e v vy by 1= th...,tm
we take
' (a;) =S () fori=1,...,m,
7' (b) = n(b) forbe X \{a,...,am}.

(Note that we write Sg])(ti) omitting a variable valuation since ¢; contains no vari-
ables.) If \ is a conditional statement with condition B in II; then the above clause
is

if n(exec) = tt then 7'(a) = n(a) forevery a € X,
n'(at\) = n(at)) forevery A € Act \ Actp,,
if SU(B) =t then 7/ (atA™hem) = tt
otherwise 1’(at\°*¢) = tt.
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.y, = vara,b, result : NAT
start a =2 A b= N Aresult =1
cobegin loop «; : await b # 0 then skip ;
ap : if EVEN(b) thenas : a,b:=ax*a,b/2
else ay @ b, result := b — 1, result x a
endif
endloop
coend

Fig. 8.3. A transformational program

This schematic definition draws the state transition system directly from the syn-
tactical form of the program. For the example Iy, in Fig. 8.1 we would get

Act = {ap, a1, az, a3, ag, Bo, B1},

X = Xnat = {a, b},

V = {exech, at\ | A € Act},

start = atag N atBopANa=0Ab=1,
enabledg, = atfy A a >0,

enabledy = atA for A € Act\ {Bo}.

The state set W for 1., is trivially taken from the general definition and the
entries in the transition relation 7" amount to clauses like

/

if n(execa) = tt then 7

and so on for the other actions.

Programs sometimes contain boolean program variables, i.e., program variables
of a sort BOOLEAN associated with operations like not, and, or, and the like and
a two-element set of truth values as its domain. We include such program variables
into the set X of the state system. Alternatively we could join them to the set V' and
then use -, A, V instead of not, and, or, etc. This approach would avoid the “du-
plication” of propositional logic and would be closer to system examples in Chap. 6:
for example, the system variable on in the counter I'.,ynter Was introduced as an
element of V. (and not of X . ). The only reason for our decision for the
present approach is the simplicity and uniformity of its general presentation.

We still note that (sequential or concurrent) SVP programs can also be transfor-
mational in the way that termination — represented as before — can be obtained by
synchronization statements. A simple example is given by the (sequential) program
Il.,, in Fig. 8.3 (containing a special elementary statement skip which does not
change any program variable). It is easy to see that II.,, computes the power 2N for
the natural number constant NV in the sense that after some transition steps a state is
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reached in which control is at vy, the program variable result has the value 2N and
which is then repeated forever since b has the value 0.

In concurrent reactive programs the “blocking” effect of the await concept is
used for synchronization. Termination is just not the goal then but may happen unin-
tentionally by “unfortunately” reaching a state in which the control in each process
of the program is at some synchronization statement the enabling condition of which
is false, so no action can be executed any more. Such an undesirable termination is
called deadlock.

In the same way as the representation of an SVP program II as a state system
the temporal logic semantics Th(II) of IT can directly be drawn from the syntactical
structure of I7 without referring to the rather cumbersome rfloSTS view.

Let again I be an SVP program over some SIGp and Sp with processes
I, ..., 1I,, and the same denotations as above, and let start;r, Actrr, and enabledy
for A € Actyr be defined as before. The temporal signature T'SIG for the underlying
language Ly ;7 (TSIG) of Th(IT) is

TSIG = (SIG,X,V)
with

Xs = XP™9 forevery sort s of SIGyy,
V = {execA, at\ | X € Actrr}.

The set A of axioms of Th(II) consists of (data;y), (rooty), (nilsr), (actionsy),
(fairj7) originating from our general investigations of Chap. 6 and the following ad-
ditional axioms which describe the general requirements of the state set of II and the
possible transitions. Firstly, the axioms

I erecA; — —execho  for \i, Ao € Actip, A1 # Ao,
PCr) atAy — —atAy  for /\1,)\2 € ACtH“Z' = 1,...,77/]),)\1 75 A2

express the interleaving principle and the “uniqueness of the program counters” in
each II;. Note that (PCy7) only describes “n(at\) = tt for at most one A € Actyy,”.
The “exactly one” in this clause is derivable from the subsequent axioms. These
“transition axioms” may be divided as follows: the axioms

(Clmp) erec A — Oat A*°?  for every simple statement \,
(C211)  exech — (B AOat ™) v (=B A Oat \*¥¢)
for every conditional statement A : if B then ...,
(C317)  execA A atA — Oat)\ forevery A € Actyy,, A € Actyr \ Actyy,,
1=1,...,np

describe the flow of control. (For better readability, we use the nexttime operator
instead of the priming notation for propositional constants at A.) The change of pro-
gram variable values is expressed by

(PVlg) exech — /\ a’ = a for every conditional statement \
acX
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and by an axiom of the general form
PV2g) exech — F

with an appropriate formula F' for every simple statement. For the standard case of
an assignment

)\Z(lh...,(lm 2=L‘1,...,tm

or a synchronization statement

A:await Bthen aq,..., 0, :=t,...,tn
(PV2y7) becomes
(ASSIGN;)  ezech — /\ al =1t A /\ bV =b.
i=1 beX\{ai,...,am}

For illustration we give the complete list of temporal axioms for the sample pro-
gram I1 .z, of Fig. 8.1.

(rootp,,,, ): init — atag A atGg ANa=0Ab=1,
(nilpr,,,,): Axc Acty,,,, TETECA N A — OA if Ais a state formula
of I eomp,
(actionpy,, ) evecA — atA for A € Actyr,,, \{fo}
execfBy — atBy A a > 0,
(fairp,,,,): OOCatA — GevecA for X € Actyy,,, \ {Bo}.

OO (atfy A a > 0) — Oexec P,
Un.,,,): execA\; — —execy for Ay, Ao € Acty,,,, , A1 # Ao,

(PCn,,,,,): atoy; — —atey  fori,j € {0,1,2,3,4}, 1 # j,
atB; — —atp; fori,j € {0,1},0 # 7,
(Clm,,,,): execoy — Qatoy,
execay — Oatay,
execas — Oatay,
execay — Oat oy,
exec 3y — Oat 3y,
exec 31 — Oat By,
(C2m,,,): execay — (a < b AQatag) V (a > b A Oatag),
(C3m,,,,,): ezeca; A atf; — OatB; fori e {0,1,2,3,4},5 € {0,1},
ezec; N ata; — Oata; fori € {0,1,2,3,4},5 € {0,1},
(PVlp,,,): ervecay — a' =aAb =D,
(PV2n,,,): evecag —a =2xbAb =0,

evecos — a' =a+bAD =0,
ezecas — a' = aAb =a-+1,
execoy — o' =a+4Nb =b+1,
evecly — a ' =a—1Ab =0,
execf1 — a' =aANb =0b+1.
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The list is rather long but it should be evident that it is almost trivial to “read it
from the program text”. The axioms (/y,,,,,) are included according to the general
“translation”. As in earlier examples in the previous chapters they are derivable here
from the other axioms and could be omitted.

8.3 Program Properties

Synchronization and communication in concurrent programs induce a lot of program
properties which arise naturally from typical requirements posed on the desired inter-
action of the involved processes. We give now a cursory overview of some of them
in the framework of shared variables programs of SVP adding sporadically some
examples of formal derivations. We follow again our simple classification given in
Sect. 7.1 and begin with invariance properties.

A basic synchronization pattern of concurrent programming is induced by exclu-
sion requirements. Assume, as the simplest case, a program I with two processes
I1; and I15 each of which contains a statement list SL; and SLs, respectively, which
are critical sections with the requirement that control of I7; and 5 should never be
in these sections at the same time. If a1, ..., and (31, ..., §; are the statements of
SLy and SLo, respectively, then this mutual exclusion property can be specified by
the formula

k l
startp AN A — D—|<\/ ato; A \/ at@-)

i=1 j=1

where A might be some precondition holding (additionally to starty;) at the begin-
ning of every execution sequence of /1. If A = true then this description may be
shortened to the global invariant

k l
D—(\/ ata; A \/ atﬁj)
i=1 j=1

(according to the remarks in Sect. 7.1 where we also explained the use of starts
instead of init in such formulas).

A second basic synchronization pattern arises from the possible situation that the
execution of some statement A will generate a fault if some associated condition C'y
is violated. Synchronization should guarantee fault freedom by assuring that C) is
true whenever control is at A\. The general form (with a possible precondition) of this
property is

startp AN A — O(atA — Cy).

Example. Consider the well-known producer-consumer scheme given by the pro-
gram 1, in Fig. 8.4. The first process II,, of II,. — the producer — continuously
produces in y an object represented by the program variable 0bj of a sort OBJECT
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II,. = var ez, bf,be: NAT;
obj, out : OBJECT;
b: BUFFER
start ez = 1 A bf =0 A be = CAP
cobegin loop oo : produce obj;
a1 : await be > 0 then be := be — 1;
a9 : await ex = 1 then ex := 0;
a3 : store obj in b;
ag: oer,bf :=1,bf +1
endloop
|
loop (o : await bf > O then bf := bf — 1;
B1 : await ez = 1 then ez := 0;
(B2 : remove out from b;
Bs : ex,be:=1,be+ 1;
(B4 : consume out
endloop
coend

Fig. 8.4. The producer-consumer scheme

and stores it into a buffer b in ag. b is of a sort BUFFER which is endowed with
two unary predicates ISEMPTY and ISFULL (with obvious interpretations) and
a natural number CAP for the buffer capacity, i.e., the number of objects which
can be stored in a buffer. b is shared with the second component /1. of II,,, called
consumer. This process continuously takes an object, represented by the program
variable out, from b in B3 and uses (“consumes”) it in some internal computation in
(4. For simplicity these activities of the two processes are represented by elementary
statements, thus fixing a level of abstraction which might be not realistic. As dis-
cussed in Sect. 8.1, the effects of the two concurrent accesses a3 and 35 to the buffer
depend on how indivisible they are. In fact, they are critical sections in the present
wording and it is just one particular purpose of the synchronization — organized by
the remaining statements — to exclude them (at least) mutually, i.e., to guarantee the
mutual exclusion property

O-(atag A at(z).

This does not make a3 and (3> “completely indivisible” but the interference of
other actions of the processes with g and [3s is not critical. oy and S, are not critical
at all in this sense, so the given abstraction does not really distort the analysis of the
program.

Another requirement is that storing into the buffer is only possible if it is not full
and for getting something from b it must not be empty. So the formulas

O(atag — —ISFULL(D)),
O(at Bz — ~ISEMPTY (b))
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describe two properties of fault freedom. A

Synchronization of processes according to exclusion or fault freedom require-
ments may cause, if not performed carefully, new undesirable effects like deadlocks
mentioned already in the previous section. Consider again a program with two pro-
cesses 117 and II>. A deadlock is given by a state in which control is at some syn-
chronization statement « in I/; and at another synchronization statement 3 in Il
and the enabling conditions of both «r and (3 are false. So, the property of deadlock
freedom that this cannot happen is generally specified by formulas

startr AN A — O(ata A at 8 — enabled,, V enabledg)

for every pair o and (3 as described.

Example. In the producer-consumer program I/, of Fig. 8.4 deadlock freedom is
guaranteed if CAP is not 0. This is described by the four formulas

startyr,, N CAP >0 — O(atay A atBy — be >0V bf > 0),
startry, N CAP >0 — O(atag A atfBy — be >0V ex = 1),
starty, N CAP >0 — O(ataz A atfy — ex = 1V bf > 0),
starty,, N CAP >0 — O(atag A at By — ex = 1)

which are easily drawn from the general form. AN

The properties so far may be relevant in both reactive and transformational pro-
grams. For the latter case the property of partial correctness is additionally impor-
tant. Assume that the goal of the computation of a transformational program I7 is
expressed by a formula B of £Y,, often called a postcondition of II. Partial correct-
ness then means that

“whenever I terminates, B will hold in the terminal state”.

According to our former remarks a terminal state of an execution sequence of I7 is
characterized by the fact that no action is executed any more. So, partial correctness
of II may be expressed by a formula

starty N A — O(nilp — B).

Example. Consider the program II.,, shown in Fig. 8.3 in the previous section. Its
postcondition describing the result of its execution is

result = 2V

and since there is no precondition for this result, the partial correctness may be stated
by the formula

startry,,, — O(nily,,, — result = 2V)

or in an even shorter way by formulating the postcondition as a global invariant. A
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The verification of such properties, i.e., their derivation from the axioms of the
corresponding temporal semantics, may use the complete repertory developed in
Sect. 7.2. More particularly, since programs are labeled state systems, the invariant
rules are applicable. Note that the fairness assumption introduced for compensating
the interleaving model is not needed for proofs with these rules. The program spec-
ification axioms directly reflect the program text as we have seen in the previous
section. We will not write them down explicitly in subsequent derivation examples
but have them implicitly “in mind”, and when using them in single derivation steps
we will indicate this by (I7).

Example. We consider the producer-consumer program II,,. in Fig. 8.4 and first
verify the mutual exclusion property

O-(atag A at3z).

To this end we now have to specify the statements produce obj, store obj in b,
remove out from b, and consume out a bit more precisely. We do not need to know
too much about them but at least we fix that they have no particular enabling con-
ditions and do not change the program variables ex, bf, and be the only purpose of
which is to realize the synchronization. So we may assume that

enabledy = at\ for A € {ag, as, B2, s}
and that
(1) exech — ex’ = ex ANbf' = bf ANbe’ =be for\ € {ag,as, 2,54}
is a part of (or derivable from) the specification of these statements. Let now

A = atas V atay,
B = atfBs V at s,
C=(AN-BAex=0)V(mAABANex=0)V(mAAN-BAex=1).

With start, = atag A atfBo Aex = 1A bf =0A be = CAP itis clear that C
holds at the beginning of II,,:

(2) startyg, — C (pred)
Moreover, C is an invariant of every action of 1. First we have trivially
(3) Cinvof A forevery A € Acty,, \ {a, 4, b1, B3} (I1),(1)

For a we get

4) evecag —er=1ANex’ =0 (II)
5) execao N C — -BANOANO-B 4),IT)
(6) C invof as ,(5)

and for ay the invariance is derived by
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execoy — ANO—-A
execoy N C — =B Nex =0NO0O-BAex' =1
C invof oy

In the same obvious way we obtain

(10)
(1)

C invof ﬂl
C invof /83

and finally

12)

C invof Actpy

pc

1)
(N,
(N,(8)

(3),(6),(9),(10),(11)

Now we apply the rule (invstart7, ) and get the desired property:

13)
(14)
5)

Turning to the four formulas given above for expressing the deadlock freedom of
pe» the second, third, and fourth of them follow immediately from line (13) of this

11

ocC
C — —(atas A atfs)
O-(atas A at(2)

derivation:

(16)

a7)

(18) starty, N CAP >0 — O(atag A atffy — ex = 1)

startrr,, A CAP >0 —

O(atag A atfpy — be >0V ex =1)
startr,, N CAP >0 —

O(atas A atfy — ex =1V bf > 0)

For deriving the first one of the four formulas we let

(invstart),(2),(12)

(taut)
(13),(14)

(prop),(13)

(prop),(13)
(prop),(13)

D = (atap V atay) A (atfo V atfBs) — be >0V bf >0

and obtain

19)
(20)
21
(22)
(23)
(24)
(25)
(26)
@7
(28)
(29)
(30)

(€29

startr,, N CAP >0 — D

D — (atag A atfy — be >0V bf > 0)
execa; — On(atag V atay)

D invof oy

execay — bf' >0

D invof oy

exec By — O—(at By V atBy)

D invof (3,

exec33 — be! >0

D invof 3

D invof A forevery A € Acty,, \ {a1, a4, B, F3}
D invof Actpy,

D — O(atay A atBy — be >0V bf > 0)

(pred)

(taut)

(1)

(21)
(data),(IT)
(23)

(1)

(25)
(data),(I1)
(27)

(I1),(1)
(22),(24),(26),
(28),(29)
(inv),(20),(30)
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(32) starty,, N CAP >0 —
O(atay A atfy — be >0V bf > 0) (19),(31)

Note that only for this deadlock freedom formula concerning the statements a;; and
(o do we really need the precondition CAP > 0. A

Precedence properties of concurrent programs usually state temporal relation-
ships of the occurrence of events. Simplest forms could be specified by formulas
like

A — exec )\ before ezec o
or
A — at )\ before at\,

expressing that, if A holds in some state, then subsequently \; will be executed
before Ay or control will be at \; before it will reach Ao, respectively. More com-
plicated forms, however, naturally arise as well. Examples are given by “output” ac-
tions which should occur in a special order, or when necessary or desired orderings
of events in different processes according to some scheduling are to be described.

Examples. 1) Consider again the producer-consumer program I7,. of Fig. 8.4 and
assume that all objects produced and stored into the buffer b are pairwise distinct. If
some object z is stored and another object y is not (yet) in b then a desirable prop-
erty could be that z will be removed from b by the consumer before this (possibly)
happens with y. Presupposing a predicate symbol € for membership of objects in the
buffer (and ¢ for its negation) we can specify this by the formula

execag Nobj =x ANy ¢ bAz#y—
(execP2 N out = z) before (execfs N out = y)

where x and y are variables of sort OBJECT.

2) Consider a modification II,., of the program II,. of Fig. 8.4 containing not
only one but nc > 1 consumers, denoted by IT £1), 1T (n¢) Whenever more than
one of them is trying to take an object from the buffer, these processes are in a mutual
competition for this and without additional assumptions it is not guaranteed that ev-
ery one of the competitors will eventually be served. So there should be an additional
scheduler process in I1,., organizing the access to the buffer for the consumers. This

process could look like

loop 7o : determine j € {1,...,nc};
~1 : await next = 0 then nezt := j
endloop

7o determines in a not further specified appropriate way the index j of the consumer

11 9 ) who will be allowed to compete for the next buffer access with the producer.
As soon as no other consumer is in this position, expressed by next = 0, this j
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is assigned to the program variable next. Every 11 £i) has a modified form: besides
additionally resetting nezt to O after its buffer access, it has a new entry statement

(()Z) : await next = ¢
awaiting to be “the next admitted” consumer. (The statement await B abbreviates
await B then skip where skip is as explained in the previous section.)

A reasonable requirement for the scheduler could be not to determine a next
admitted consumer who is not requesting the access to the buffer. At first glance one
might try to describe this property by

atyy Nj=1— atﬁéi) fori=1,...,nc
(“if 7 is the result of the determination of 7 in 7y then 11 £") is waiting for being ad-

mitted”), but these formulas do not meet the intention precisely: 11 Z-(Z) could already
be the admitted consumer from the “previous round” of the scheduler, will use this
grant now, and is then already scheduled to be the next admitted one again.

A more careful description is

ﬁatﬁéi) — =(aty1 Aj =) unl atﬁéi)

(for i = 1,...,nc). This formula states that if I7 E” is not waiting for being next

admitted then ¢ will not be the result of the determination of j in g until I S’)

requests to be admitted. Observe that we have used here the non-strict operator unl.
This excludes that g is executed with the result j = 7 in the present state. Describing
the property with the strict unless would need an additional (invariant) formula for
this purpose:

—\atﬂ(()i) — —=(aty; A j = i) unless atﬂ(i),
D(ﬁatﬂéi) — =(execyy Nj = 1i)).

Of particular interest is the order in which the consumers are admitted for the
buffer access. One possible strategy is that of first-come-first-served given by

atﬁéi) A ﬁatﬁék) — —(execyy A j = k) unl (execys Aj = 1)
or

atﬂéi) A ﬁatﬂék) — —(execyr A j = k) unless (execy; Aj = i),
O(at A5 A—at B — —(ezecmy A j = )

(for i,k =1,...,nc, 1 # k) stating that if Héi) is waiting for admittance and Hgk)
is not then this is not granted to 17 £’“> until 17, @ will be served.

Of course, all such properties may also be specified using other binary operators;
we only give two transcriptions for the latter unless formula:
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atﬂéi) A ﬂatﬂék) — (execy1 A j = i) before (execyy Nj = k),
atﬁéi) A ﬁatﬁék) — (j = 1) atnext (execyy A (j =iV j=k)).

The informal interpretation of the first formula is obvious and the second reads “if
11 §” is waiting for admittance and I7 ﬁ’“) is not then the next grant to /7 £Z) or I Ek)
goes to 7. A

For the derivation of precedence properties the rules collected in Sect. 7.3 are
the appropriate means. As in the case of invariance properties, the invariance rules

developed there for labeled systems may usually be applied most profitably, and
fairness is not needed for performing verifications with these rules.

Example. Let us prove the property of I7,. given in the first example above. To be
able to do this we have to specify the effect of the storing and removing actions o
and (- in more detail. We first fix that the formulas

execag — b’ = INSERT (b, obj),
execfy — b = DELETE(b, out)

are contained in Th(I1,.) where INSERT and DELETE are appropriate function
symbols with obvious interpretations (and the “usual” properties).

We also assume that the buffer is not changed by «g and (34, and that the program
variable out is not changed by «, a3, and 34. Hence the formulas

exec A — b =1b for A € {ag, Bs},
execA — out’ = out for A € {ag, as, s}
should be contained in (or derivable from) Th(II,.).
Most important, however, the desired assertion only holds if the buffer b is in fact

organized as a first-in-first-out queue. In order to specify this we assume being given
a predicate symbol A HEAD(BUFFER OBJECT OBJECT) with the interpretation that

AHEAD (zb, z,y)

means that the (different) objects x and y are contained in the buffer b and = “is
ahead of” y. The queuing mechanism of b can then be specified by formulas at least
containing

execag A obj = yANz € b— AHEAD(V ,z,y),
execag N AHEAD (b, z,y) — AHEAD(V, z, y),
execfo N AHEAD (b, z,y) — out # y

the informal meaning of which is evident. Let now
D = execfs N out = .

For better readability we will write D (z) for D and D(y) for D, (y). D(z) and D(y)
express that an object z (y, respectively) is removed from the buffer by the consumer
process. With the given assumptions we want to prove the assertion
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execag AN obj =z ANy & b Ax #y— D(z) before D(y).

To this end we let

Ay = execazNobj =z ANy¢bAz#y,
Ay =xebAhyédb,

Az AHEAD(b, z,y),

A = (A1 V Ay V A3) AN —=D(x)

and begin with showing that A; V A, V Az is an invariant of every action of 11,
other than f3s.

(1) (A1 V AQ V Ag) invof A for \ € ACZprC \ {Ckg,ﬁg} (H)
(2) execag N A1 — OAy I7)
(3) execaz A As — O(Ay V A3) D)
(4) Az invof a3 (D)
(®)] (A1 V Ay VvV Ag) invof a3 (2),(3).4)
For (35 we have
(6) A invof 3, 1)
(7) execlBa N A A out # x — OAqy D)
(8) execly N As A out # x — OAjg (IT)
(9) 6586052 A\ A — O(Al V A2 V Ag) (6),(7),(8)
We aim at using the rule (invbefore,, ) for showing
A — D(xz) before D(y)
and derive now the essential premise for this.
(10) A1 VA VA3 —z#y (pred)
(1) A—O(z #£y) (10),(1t16)
(12) execANA — O((A1 V Ay V A3) ANz £ y)
forevery A € Actpg, (1),(5),09),(11)
(13) execANA — O(AV (D(z) ANz #y))
for every A € Actpg,, (12)
(14) AV (D(z) Nz #y) — ~D(y) (1)
(15) ezecANA — O=D(y) NO(AV D(x))
for every A € Actyg,, (13),(14)
With (15) we easily obtain
(16) nily,, N A — —D(y) (taut)
(17) A — D(z) before D(y) (invbefore),
(15),(16)

and finally
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(18) execazNobj=xANyg¢bAhae#y— A (IT)
(19) execaz AN obj =x ANy ¢ bAx#y— D(z)before D(y) (17),(18) A

Turning finally to eventuality properties, consider again a program with pro-
cesses which are synchronized for some purposes. The synchronization might be
“too strong” causing deadlocks, i.e., situations in which no action can be executed
any more. But even if this is excluded, “local blocking” could occur in a single pro-
cess. Assume a statement A in some of the processes. If control is at A it should be
guaranteed that )\ is eventually executed. This property is specified by

at\ — Oexec\

and called freedom of starvation at \. Related to this are accessibility properties of
the form

atA\; — <at g

expressing that the process in question is not stuck at A\; but will sometime reach A,
from there. A more general form is

athy AN A — O(atha A B)

in which the formulas A and B are called intermittent assertions.

Example. In the producer-consumer program II,. of Fig. 8.4 relevant starvation
formulas are

atoy; — Oexecoy

and the same for the other synchronization statements aws, 3y, and (3. (For the re-
maining actions starvation freedom is trivial because of the fairness assumption.)
These properties can also be expressed by accessibility formulas, e.g.,

atoy — Oatas.

More general accessibilities in 11, concern the storing and removing actions «3 and
(B2. They are preceded by synchronization statements. If, say, the producer process
“tries” to store, i.e., reaches g, it might be forced to wait, but after some time it
should really reach the storing action:

ata; — Catag.

For the consumer the analogous requirement is
at ﬁo — Oat ﬁz . A

For transformational programs I7 essential eventuality properties are termination
and fotal correctness. The general form of the former is

starty N A — Onilpg
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where A is again some precondition. Total correctness combines termination and
partial correctness (with postcondition B) and is described by

startyy AN A — <O (nilg A B)

expressing that, provided A holds initially, IT will terminate and B will hold in the
terminal state.

Example. Termination of program I/, in Fig. 8.3 of Sect. 7.1 is stated by

starty,. . — nilg

exp exp

and total correctness by

startyy,, — O(nilp,,, A result = 2V). A

exp

For the formal verification of eventuality properties all the material of Sect. 7.4
may be used. Particularly this includes the rules (fairsomp) and (fairwfry) for fair
systems. In fact, the I7-validity of many eventuality properties of reactive programs
11 is only assured by the fairness assumption for 17, so these rules are often inher-
ently needed.

Example. We show the accessibility property
atay — Qatas

for the producer-consumer program I7,. of Fig. 8.4. First of all, however, we have
to note that the validity of this property depends on the fact that the capacity CAP
of the buffer is not 0. Hence, more precisely we could show

atay N CAP > 0 — Oatas.

Another possibility is to take CAP > 0 as a “global” assumption and derive the
accessibility formula from it:

CAP >0 + ata; — <Catasg.

(Noting that CAP > 0 < O(CAP > 0) is derivable for IT,. and applying the
Deduction Theorem and its converse, the two approaches can easily be seen to be
equivalent.)

We follow the second idea and begin our derivation with

(1) CAP >0 assumption

From (1) and the four deadlock freedom formulas proved already in a preceding
example we get by simple propositional reasoning:

(2) O(atag A atfBy — be >0V bf >0)
(3) O(atag Aatfy — be >0V ex =1)
4) O(atag A atfy — ex =1V bf > 0)
(5) O(atag A atfy — ex =1)
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Furthermore we note the invariance property

(6) D(atﬁo\/atﬁl\/atﬁg\/atﬁg\/atﬁ4)

which is trivially proved with (invstartyz, ). For the main proof we first want to show
atay — Catas

with the rule (fairsomyz ). Taking Act, = {a;} we immediately have

(7)  execag N atay — Oatag ()
(8) execA N ata; — O(atas A atay)
forevery A € Actyy,, \ {on} (1)

The essential part is to show the third premise of (fairsomyz, ) which reads
Oata; — Oatag A be > 0)

here. We have

(9 Oatag Abe =0A at\ — enabledy

for A € {Bo, 1, B2, B3, Ba} (2),(3)
(10) Oataqg A be =0A at\ — exec

for X € {fo, B1, B2, B3, Ba} 9),U1)
(11) Oatayg Abe =0A atfy — O(Oatay A be =0 A atfr) (10),(11)
(12) Oatag Abe =0A atf; — O(Oatay A be =0 A atfs) (10),(17)
(13) Oatay Abe =0A atffy — O(Oatay A be =0 A atf3) (10),(ID)
(14) Oatag A be =0 A atfl3 — O(be > 0) (10),(11)
(15) Oatay Abe =0A atfy — O(Oatay A be =0 A atfp) (10),(11)
(16) Tatag Abe =0A atA — <O(be > 0)

for A € {80, B1, B2, B3, B} (11)~(15)
(17) Oatas A be = 0 — O(be > 0) (6),(16)
(18) Oatag A be >0 — <&(be > 0) (T5)
(19) Oatayg — <©(be > 0) (17),(18)

With (19) we now get our first goal:

(20) Datay — <(atag A be > 0) (19)

21 ata; — Catas (fairsom),
(7),(8),(20)

Taking now Act, = {as} we have

(22) execas A atas — Qato (1)

(23) ewecA A atay — Oatay  forevery A € Actyy, \ {az} D)

It is evident that

Oatag — Olex = 1)
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can be shown in steps completely analogous to (9)—(19); so we get
(24) ata; — O(atag A ex =1)
as above and hence

25) atas — <atas (fairsom),
(22),(23),(24)

which then yields the desired result:

(26) atay — Catas 2,25 A

8.4 A Mutual Exclusion Program

In this section we want to elaborate the verification of a program example in full
detail. Fig. 8.5 shows the program IIp.,, called Peterson’s algorithm, which is an-
other realization of mutual exclusion (for two processes). The critical sections of the
processes I1; and I, of IIp.; are represented by the statements «g and 3. The
statements a, o, g and (31, B2, B4 organize the synchronization and «g and [
represent the remaining parts of the processes which are not critical with respect to
interference. (Observe again the notation await B for await B then skip.) A pro-
cess I1;, i € {1, 2}, intending to enter its critical section, signals this by setting a; to
1. After leaving the critical section a; is reset to 0. The program variable c is used to
resolve conflicts when both processes try to enter their critical sections.

For «v, a3, By, B3 we only fix that they have no particular enabling conditions
and that they do not change the program variables a;, as, and c:

IIpey = var aj, az, c: NAT
start ay = 0N a2 =0Ac=1
cobegin loop o : noncritical;
ai:oar,c:=1,1;
a2 : awaitap =0V ¢ = 2;
asg @ critical;
ag: ap =0
endloop
|
loop [y : noncritical;
B oag,c:=1,2;
B2 await ag =0V ¢ = 1;
B3 : critical;
ﬂ4 Daz = 0
endloop
coend

Fig. 8.5. Peterson’s algorithm for mutual exclusion
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enabledy = at\ for A € {ap, as, Bo, Fs3},

erecA — a_{ =g Nab=aNc =c for\e{ap, as, o, P}
Note, moreover, that

startr,, = atagNatfoNa =0Aa =0ANc=1

Our first assertion is
() O-(atas A atfs)

stating the mutual exclusion property of I1/p.;. To derive this we introduce the ab-
breviation

atl = \/ at \
A\EL

forany L C Actry,,, and let

Ay (at{ap, a1} « a1 = 0) A (at{as, a3, a4} < a3 = 1),
Az = (at{Bo, b1} < az = 0) A (at{B2, B3, B} < a2 = 1),
A3 = atag — aa =0V c=2,

Ay = atfs — a1 =0Ve=1,

AEAl/\AQ/\Ag/\A4.

We show the following properties for A:

(al) Ainvof A forevery A € Actp,.
(a2) Ainvof A forevery A € Actyy,.
(a3) DA.

Derivation of (al).

(1) Asinvef A for A € {ag, a1, 4} @)
(2) Aginvof A for A € {ag, a3} D)
(3) execag N A — atag A ag =0AO(atag A ap =0) (II)
(4) A invof ag (1),(3)
(5) execa; NA — O(atag Aag =1ANc=1) 01))
6) A invof oy (1),(5)
(7)) execag N A — atas ANag =1A(ag =0V c=2) @)
(8) execaa NA — O(atazNhay =1A(aa=0Vec=2)) (7))
9) A invof oy 2),(8)
(10) execaz AN A — atas A ag =1 AO(atag A ag = 1) 01))
(11) A invof a3 (2),(10)
(12) execag N A — O(atag A a; = 0) @7))
(13) A invof ay (1),(12)
(14) Ainvof A forevery A € Actr, (4),(6),(9)

(11),(13) A
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The derivation of (a2) is “symmetrical” and evident.

Derivation of (a3).

(1) startmg,,, — A (II)
(2) Ainvof Actr,,, (al),(a2)
(3) 04 (invstart),(1),(2) A

With (a3) we are able now to prove (a) by showing that A implies that atas and atf33
cannot both be true at the same time.

Derivation of (a).

(1) AANatag—aa=0Vc=2 (taut)

2) AANay=0— —atfs (taut)

3) AAatagAatfs — c=2 (1),(2),(II)

4 AANatfz—a;=0Vec=1 (taut)

5) ANap =0— —atas (taut)

6) AAatasAatfs —c=1 (4),(5),I1)

(7) A — =(atag A atfs) (3),(6)

(8) O-(atas A atfs) (a3),(7) A

Next we consider the relevant accessibility properties of I/p.;. They are given
by the assertions

(b) atay — $atag,
(©) atB — CatfPs

expressing for each of the two processes of IIp.; that if it leaves its non-critical
section and indicates its intention to enter the critical one then it will eventually
proceed there.

We first derive (b) with the rule (fairsom/z,,) in a similar way to how we showed
the accessibility property for the producer-consumer program II,. in the previous
section. To this end we need the following two invariance properties as lemmas.

bl O\, atB).
(b2) O(c=1Vec=2).

Both assertions can trivially be proved with the rule (invstart;z,,, ). Note, by the way,
that deadlock freedom, expressed by

O(atag A atfy — aa=0Vec=2Va =0Ve=1)

is an immediate consequence of (b2).
The first step for now deriving (b) is to show

b3) ata; — Catas

which is easy since o is no synchronization statement. We use the rule (fairsomyz,,,)
with Act, = {a1} (and enabled,, = atay).
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Derivation of (b3).
(1) execay A atay — Oatas (1)
(2)  execA A atay — O(atag V atay)
forevery A € Actr,, \ {o1} o)
3) Oata; — <Catag (T8)
@) ata; — Catao (fairsom),(1),(2),(3) A

The main part of the remaining task is to show
(b4) Oatas — Oataz A (az =0V ¢ =2)).

Derivation of (b4). Let B = atas A (aa =0V ¢ = 2).

(1) Oatag A atfBy — execfy A O(Oatas A at31) (1)

(2) Oatag A atfy — execfy A O(Datas A at3a) (IT)

(3) Qatag Aatfas ANe=1— execfs ANO(Qatas A atf3) ()

4) Oatag AatfaAc=2— B (113),(T5)

(5) DOatag A atfBy — O(Qatas A atf3) V B (3),(4),(b2)

(6) DOatag A atf3 — execfs A O(Oatas A atBy) (II)

(7) DOatag A atfy — execfy A O(az = 0) IT)

8) Oatasg A atf3y — OB @)

(9 Oataz Aath — OB for X € {Bo, 1, B2, B3, Ba} (1),(2),(5),(6),(8)
(10) Oatay — OB (9),(b1) AN

With (b3) and (b4) we now obtain (b) applying (fairsomy7,, ) with Act;, = {as}
(and enabled,, = atas A (aa =0V ¢ = 2)).

Derivation of (b).

(1) execas A atag — Oatag )
(2) execA N atas — O(atasz V atas)
forevery A € Actr,, \ {aa}  (II)
3) atas — Catas (fairsom),(1),(2),(b4)
4 ata; — Oatas (b3),(3) A

It should be clear that the derivation of (c) runs quite symmetrically and need not
be repeated. We rather want to show once more how such a proof can be carried out
with the well-founded relation method as illustrated in a previous (trivial) example in
Sect. 7.4: the flow of control leading from «; to a3 (for assertion (b)) can be encoded
by a decreasing sequence of natural numbers.

More concretely, the sort NAT is already present in I7p.; and we assume that it
is endowed with the relation <. Let

atag Natfo Nec=1ANy=2)V
atag A (atfs V atfBsV atfBo V atB) Ay =1) Vv

C = (atay ANy=3) Vv
(
(
(atag A atfo Ac=2ANy=0),
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H,, = true for¢=20,1,2,3,4,
1 y=1,

y=2,

Hg, = false forj =0,3,4.

&=
il

For these formulas we show the following assertions.

(b5) execA N Hyx A C — O(atas V3Ig(y < y A Cy(y)))

for every A € Acty,,,.
(b6) execAN—H\x A C — O(ataz VvV IY(y < y A Cy(y)))

for every A € Actr,,,
(b7) OC — O(ataz Vv VAEACtnPa (Hy A enabledy)).

Recalling the discussion in Sect. 7.4, (b5) and (b6) informally mean that

“helpful actions lead from a state where C' holds with some value of y to a3 or
to a state where C' holds with a smaller value of y”

and

“non-helpful actions lead from a state where C' holds with some value of y to a3
or to a state where C' holds with a value of y not greater than before”.

According to the definition of H), the actions «yg, a1, ao, s, ay are helpful in any
case, 81 and (35 are helpful for y = 1 and y = 2, respectively, and Sy, (3, B4 are not
helpful at all.

We do not write out the full derivations of (b5) and (b6) but depict these proofs in
Fig. 8.6 by a diagram as introduced in Sect. 7.4. In this diagram those (helpful or non-
helpful) actions which may not be executed according to their enabling conditions do
not occur as arrow labels. For them the respective formulas (b5) and (b6) are trivial
in the formal derivations. Note that in the state encoded by y = 0, the action [
cannot be executed because of atas — a1 = 1 which follows from (a3).

For the proof of (b7) we show

7)) C F O(atag Vv \//\EActnP ; (Hy A enabledy))

from which (b7) follows with the Deduction Theorem 5.2.2. The derivation of (b7")
runs by checking all the cases given by the alternatives in C' and uses the derived
formula (progress;, ).

Derivation of (b7).

a1 cC assumption

2) y=3\/y:2\/y:O—>\/>\€ACtHH(H>\/\enabled,\) (1)

(3) atas A atfs — O(atas V (atas A aet@;)) (progress),(I])
4) atas AatBy — O(atas V (ataz A atfy)) (progress),(11)
(5) atas A atfBy — O(atas V (atas A at3y)) (progress),(IT)
(6) atas A atpy A C — Hg, A enabledg, 1)

7 y=1-—-C(atag Vv v’\eACtﬂpst (Hy A enabledy)) (1),(3)-(6)

®) O(ataz Vv \/AeActnm (H) A enabledy)) (1),(2),(7) A
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Bo, 81, B2, B3, Ba
y =3 atoy

o1
—(y:Q atag AN atBa2 Aec=1 ]
az, 32
| 607 637 64
:»—( y=1| ataz A (atfBs3V atPaV atBo V atPr)
oz, 1
—[yzO atas AN atBa AN c=2 J
Q2
atas
Fig. 8.6. Diagram for the proof of (b5) and (b6)
With (b5), (b6), and (b7) we now easily obtain (b).
Derivation of (b).
(1) 3FyC — Catag (fairwfr),(b5),(b6),(b7)
(2) atog — Cy(3) (pred)
3) atoy — JyC ()
@) ata; — <ataz (1,(3) A

Finally we analyse the “scheduling strategy” of II p.; which is controlled by the
program variable c. Consider a situation where 11, is at ap trying to enter its critical
section. If, at this time, I75 is not at 35 or ¢’s value is 2 then I7; will enter its critical
section before 1, will do this next. If, on the other hand, I15 is at 35 and ¢ = 1 then
115 will enter its critical section ahead of I/; (and I/, will still be at a5 at that time).
These properties are specified by

(d)  atag A (matfBa Ve =2) — atag before at 3s.
(e) atag ANatfPaAc=1— (atas A atf3) before atos.

For the proof of (d) we use the lemma (a3) and the mutual exclusion property (a) and
apply the derived formula (progress;,, ) and the rule (invbeforer,,, ).
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Derivation of (d). Let D = atag A (—atf2 V ¢ = 2).

(1) execA — =D for X € {ap, a1, a3, s} (D)
(2) execas — O(atas A —atfs) (I1),(a)
3) execAND — c=2A0(atas A —atfs A c = 2)

for X € {Bo, 51, B3, Ba} (D)

4) execfy — atfPaAN(ag =0Ve=1) (D)
6) a1 =0— -atas (a3)
(6) execfs — —D 4),(5)
(7)  execAND — O=atfB3 NO(D V atag)
for A € Actpg,,, (1),(2),(3),(6)
8) atfs — —mily,, (progress)
9) nilg,, AND — —atfs (®)
(10) D — atag before at 33 (invbefore),(7),(9) A

The proof of (e) runs quite similarly.

Derivation of (¢). Let D1 = atas A atBs Ac=1, Dy = atas A atfs.

(1) execA — =Dy for X € Actrp, \ {2, B2} 1)
(2) execas — ag =0V ec=2 1)
(3) ag = 0— —\atﬂQ (33)
4) erecag — —Dy 2),(3)
(5) execfa AN D1 — O(Dy A —atas) (1)
(6) execA N Dy — O—atag AO(Dy V Do)
for A € Actpg,,, (1),(4),(5)
(7)  ataz — —nily,, (progress)
() nilyz,, A Dy — —atas (N
(9) D; — D, before at s (invbefore),(6),(8) A

This analysis may be summarized as follows: if I]; is trying to enter its critical
section at o then, in the case of (d), I1; will proceed to its critical section before
11, or, in the case of (e), 11, will do this before 11, but in the state this happens the
situation of case (d) is given and I/; will enter its critical section before 175 may do
this next time. Le., if I; is trying to enter its critical section then the entry of I/
into its critical section may be ahead of that of I7; at most once. This property, called
1-bounded overtaking, can be specified in Lt jz,,, in several ways. One possible
formula is

) atas — —at B3 unl (atGs unl (—atGs unl atas))

expressing that if I7; is at ao then before I7; will be in its critical section there will
be three subsequent intervals in which 75 is not at (35, is at 33, and is not at (33,
respectively. (Each of these intervals may be empty.) Another formulation is

(f’)  atag — atag before at B3 V (atas before at03) atnext at 33
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which reads that if I7; is at i, then I, will be at ag before I15 will be at (33 or this
will be the case at least when 75 will be at (33 next time.

Note that (f) and (f*) (and possible further formulations of this property) are
no longer of the syntactical form of our simple precedence properties defined in
Sect. 7.3. Nevertheless they can rather simply be derived from (d) and (e). We show
this for (f’) applying the general rule (indatnext) which is not restricted to particular
formulas.

Derivation of (f’). Let D = (atas A at33) before atas.

(1) atas A atB3 — atas before at 33 (d),D)
(2) D — O=atas ANO((atas A atfs) V D) (Tb16)
(3) atas — O(atas V atas) D)
@4) D Aatag — Oatasy 2),(3)
(5) D A atas — O(atB3 — atag before at33) A
O(—atB; — D A atas) (1),(2),(4)

(6) D A atas — (atas before at33) atnext at (33 (indatnext),(5)
(7 atagNatBao ANec=1— D A atas (e)
(8) atas A—(atfy A c=1)— atas before at s (d)
(9) atas — atas before at (3 V

(at s before at 33) atnext at 35 (6),(7),(8),(b2) A

It should be clear that the symmetrical relationship described by
(g) atfs — —atas unl (atas unl (—atas unl atfF3))
or
(g’) atfPs — atPs before atas V (atf3 before atas) atnext atag

and expressing “if I1s is trying to enter its critical section then it may be overtaken
by II; at most once” holds as well and could be derived analogously.

8.5 Message Passing Programs

The second basic paradigm for realizing communication and synchronization of pro-
cesses besides shared program variables is message passing. Concurrent programs
following this concept are also called distributed programs. Message passing takes
place between sending and receiving processes and can be organized in two different
ways: Asynchronous message passing means that the sending process may send a
message independently of whether the receiving process is ready to receive it. Sent
messages are kept in some buffer until they are collected by the receiver. Using syn-
chronous message passing the sender of a message can deliver it only when the re-
ceiving process is ready to accept it at the same moment. Symmetrically, a receiver
can perform such an accepting action only when the sender is ready to send a mes-
sage at the same moment. If a process is ready to send or to receive a message and
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the corresponding other process is not ready for the complementary operation then it
has to wait until this will be the case.

On the abstract level of our investigations, asynchronous message passing does
not show essentially new phenomena compared with the shared variables concept.
In fact, an SVP example like the producer-consumer scheme in Sect. 8.3 could
be viewed as organizing asynchronous communication between its processes. Syn-
chronous communication is, however, a primitive concept with some new aspects not
yet encountered in the previous sections. So we will concentrate only on the latter
and as in the shared variables case we do this by defining a language for programs of
this kind.

The language, briefly called MPP, is a very simple and somewhat modified ver-
sion of the well-known prototype language CSP (“Communicating Sequential Pro-
cesses”). For presentation, we adopt most of the syntactical definitions and notions
from SVP. So, a program II of MPP (briefly: MPP-program) is again based on a
signature SIGj7 and a structure Sy7 for SIGy7 and has the same form

var A
start J
cobegin II; || ...|| II,, coend

as an SVP program. The program variables listed in A, however, are no longer
“global”, i.e., (possibly) shared by all processes II, ..., II,,. Each of them is “lo-
cal” for one of the processes and may not be accessed in the other processes.

The syntax for statement list, (labeled) statement, simple statement, and condi-
tional statement is taken from SVP. Synchronization statements are now defined by

synchronization statement ::=
await condition then communication statement

communication statement 1=
channel ! term | channel ? program variable

where channel is an element of some given set of channels, the common use of
which identifies those processes which are passing messages one to another. term is
a term of the underlying language £%,. So, synchronization statements have the form

await By then chq! ¢
or
await Bs then chy?a

with conditions (i.e., closed formulas of 597) By and Bs. We will use the abbrevia-
tions

chi!t and chy?a

for await true then ch;! ¢t and await true then chs?a.
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We say that two synchronization statements of a program I/ match if they oc-
cur in different processes of I7, are of the two different forms above such that the
channels ch; and chy are identical, and the term ¢ and the program variable a are
of the same sort. Such statements represent sending (the value of) ¢ from one pro-
cess to another along a communication channel, represented by chy (= chs), and the
assignment of the received value to the local program variable a. Their enabledness
is influenced twofold: each of them is only ready to execute if the respective condi-
tions B; and Bs are true. Furthermore, characterizing synchronous message passing,
both operations are possibly delayed until they can be performed together. The syn-
chronous execution of two matching synchronization statements is an atomic step
with respect to the interleaving computation of /7.

We restrict MPP to a one-to-one communication concept by requiring that for
any communication statement with channel ch occurring in a process II; there is at
most one other process II; containing communication statements which refer to the
same channel ch.

Finally we generalize the syntactical definition of processes as follows.

process := loop statement list selection endloop

statement list selection ::= statement list |
statement list or statement list selection

A process has now the general form
loop SL; or ... or SL,, endloop

with n > 1 and statement lists SL1, ..., SL,,. For n = 1 we get back the previous
form in SVP. The first (atomic) execution step of such a loop consists of selecting
one of those statement lists, say SL;, whose first statement is currently enabled,
and executing the first step of SL;. In subsequent steps the process proceeds with
executing the rest of SL; and then returns to the beginning. The selection of SL; in
case more than one of the first statements are enabled is nondeterministic. If none of
them is enabled then the whole loop is not enabled as well.

Figure 8.7 shows an MPP-program I/,,., realizing mutual exclusion for (the
first) two processes 1 and Il5. It is based on a sort SIGNAL with an individual
constant HELLO the interpretation of which is some “signal” hello. Whenever I1;
or I, wants to enter its critical section, it sends this signal on the channel ch; or
chs, respectively, to the third process which coordinates the requests. It accepts the
signal from one of the competitors and then waits for the next signal of the selected
process indicating that its critical section is finished. After this both I7/; and I7> may
compete again in the same way. The program variable a is of no relevance and only
needed for syntactical reasons.

Fig. 8.8 shows the first steps of a possible run of I7,,.,. After step 2 both I7; and
11, intend to enter their critical section. In step 3 I15’s signal is accepted by I75 which
is represented by the simultaneous execution of the statements 31 and . In step 5
the exit signal (3 of I15 and the corresponding acceptance -3 are executed together.



Ier = var a : SIGNAL
start true

cobegin loop «p :
: ¢! HELLO;
. critical;

: ¢! HELLO

endloop

loop (o :
B :
B2 :
B3 :

endloop

loop 7o :
Y1t

or

Y2t
Vs -

endloop
coend

noncritical;

noncritical;
cha! HELLO;
critical;

che! HELLO

chi? a;
chi?a

cha? a;
cha? a

Fig. 8.7. An MPP-program for mutual exclusion

step after the step: control at

initially: (o7} ﬁo Yo, Y2

1 ao ar Bo 70,72

2 50 (€3] 51 Y0, Y2

3 Bi,72 ar [ Y3

4 B ar B3 s

5 B3, o1 Bo Yo,72

6 ai,v a Bo M

7 as as fo M

8 as,m a0 Bo Yo,72

Fig. 8.8. First steps of a possible run of 17,
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After that the analogous steps for I are performed. Note that for 173, being at the
beginning of the loop is represented by being both at v, and at v».
We now adopt the definitions of entry(SL) for a statement list SL and of \*hem

(1)

and \°*¢ from Sect. 8.2 and modify the definitions of A, , and A**? as follows.

)\(i) denotes the set

start

{entry(SL;) |i=1,..

.,n}
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for a process II; = loop SL; or ... or SL, endloop, and A\*“? is now a set of
labels as well. If A occurs in the context

...)\:STl;;\:STQ...

then A\**? = {\} and if it labels the last statement of one of the statement lists in a
conditional statement A then \*¢¢ = \°4_If, finally, it labels the last statement of a

statement list of process II; then \*“? = )\ggm.
Additionally, for every synchronization statement A we let the set Amateh consist
of all labels A such that A and \ label matching synchronization statements. For other

statements \ we let \™atch — (.

Example. In I7,,., we have

)‘gz)m = {707’)’2}’

Y% = A{m},

7 = {7}

7 = 2% = 0,7},

A = 5 = (o, as),

gl = gt = {By, B3},

aé’natch — @ A

Let now II be an MPP-program over some SIGp; and Sy with processes
Iy, ..., II,, and initialization J. Again we may view /7 as an frl.STS

II=(X,V,W,T,Act, start, &)

over SIG; and Sp7. X, V, and Act are defined as for SVP programs in Sect. 8.2.
The initial condition is

np
start = /\ /\ atA N J.

i=1 y e\

start

The enabling condition for a statement A which is not a synchronization statement is
enabledy = at \

as before. If A is a synchronization statement containing the condition B with

Amateh — L\, .., A}, and B; are the conditions contained in \;, i = 1,...,m,
then we let

enabledy = atA N B A \/(atAi A B;)

=1

which formalizes the informal explanations given for these statements. Note that
m = 0 is not excluded in which case enabled) is logically equivalent to false.
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For defining the state set ¥/ and the transition relation 7" we observe from our
example I1,,., that now the actions of Act (which are still represented by the labels
occurring in I7) are not identical with the atomic steps in the interleaving compu-
tation of /I and some of them have to be executed together with another one in the
same state. As remarked already in Sect. 6.4, however, the formalization of this is
covered by the concept of the system variables exec A more than one of which may
be true in a state.

We define the set W of states as for SVP programs in Sect. 8.2, only replacing
the clauses

n(execA) =tt for at most one A € Act
and

n(atA) =1t forexactly one A € Actr, (i=1,...,np)
by the three clauses

if n(execA1) = tt then n(exechs) = ff
for every A\, Ao € Act, \; # Ag, Ao ¢ AJPoteh |
if n(execA1) = tt for a synchronization statement Ay
then n(ezecAy) = tt for some Ay € Aratel |

for: =1,..., np, either _
n(atA) = tt forevery A € A and

start

n(at\) = ff forevery A € Act, \ )\Stm
or

n(atA) = ff forevery A € Aﬁgm and

n(at\) = tt for exactly one A € Acty, \ AL

start *

These new clauses fix which ezec are true exclusively or together with another one
and how the at\ can be true if control is either at the beginning of a process or not.

T is also defined as for SVP programs; we only delete the clauses given there for
synchronization statements. Instead, we include for every matching statement pair
A1 : await By then ch!t in process II; and A, : await B, then ch?a in process I7;,
i # j,aclause

if n(exec1) = n(exechy) = tt then
' (a) = n(t),
n'(b) = n(b) forevery b € X \ {a},
n'(at\) = tt forevery A € A7 U X5,
7' (atX) = n(at\) for every )\ € Act \ (Acty, U Actyy,).

Example. For the program I7,,., of Fig. 8.7 we have

Act = {ag, a1, a2, a3, B0, B1, B2, B3, 70, Y1, V25 3}
X = Xsignar = {a},
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V = {exech, atA | A € Act},
start = atag A atfBy N atyg A atys A true,

enabledy = at)\ for A € {ag, aa, By, B2},

enabledy = atA A (atyy V atyy) for A € {ay, a3},
enabledy = at\ A (atvys V atys) for A € {01, 55},
enabledy = atA A (ataq V atas) for A € {y0,7},
enabledy = atA A (atfy V atfs) for A € {v2,73}.

The transition relation 7" for I1,,., contains pairs (n,n’) with, e.g.,

n(execas) = n(execyr) = tt,

n'(a) = hello,

' (atag) = n'(atre) = n'(aty2) = 1,

n'(atX) =n(at)) for A € {5y, 1, B2, B3} A

The definition of an MPP-program I as a state system also indicates how the
temporal logic semantics Th(IT) of IT has to be defined. Again we reuse the patterns
from the SVP case. More precisely, the language Ly 7 (TSIG) of Th(IT) and the
axioms (datajy), (roots7), (nils7), (actionyr), (fairy7) are taken as before. (I;7) and
(PCpp) are replaced by

Iy ezecA; — —evechy  for A\, Ay € Actyp, A1 # Ao, Ay & A[Poteh,
@757 erec\; — \/ ezecAy for every synchronization statement Aq,
)\26)\7natch
(PC1") ( /\ atA A /\ —\at/\) v ( /\ —at\ A \/ atA)
AEL,; AEL! XEL; AEL,

fori=1,...,np,
(PCZ};LP) at\y — —ate  for Ay, Ao € Lll-,i =1,...,np, A\ 7é Ao

(with L; = )\gg,.t and L, = Actyr \ /\gil,.t) reflecting the new clauses for the state set
definition. (C17) and (C3j7) are modified, (C27) is taken as before, and one more

“control axiom” is added:

(C17") exech] — O /\ at)\y for every simple statement A,
ApEA
(27" ezec A — (B A OatAhem) v/ (=B A Oat \°¥5¢)
for every conditional statement A : if B then ...,
(C37") evecA A at\ — Oat\  forevery A € Acty,,
A not a synchronization statement,
M€ Actyp \ Actpg,,i=1,...,np,
(C47") exec A1 A exechs A at A — Oat\
for every A1 € Actrr,, A2 € Actyy,,
A1, Ao matching synchronization statements,
A€ Actr \ (Act, U Actyg,),i,5 = 1,...,np.
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Finally, the axiom (PV17) is now stated as

(PV17?)  exech — /\ a’ = a for every conditional statement \
aceX

and
(COMM[;) exechi A exechs — a’ =t A /\ b =1b

beX\{a}

for every matching pair \; : await B; then ch!t
and s : await B, then ch?a

is added. The general form (PV27) is still taken for other statements and this be-
comes again (ASSIGN7) in the standard case of assignments.

Example. We list a few typical instances of the axioms for program I7,,., of
Fig. 8.7.

ag? erecay — —exech for A € Actp,.. \ {70, }, a1 # A,
a2y L) exec[3y — execys V execys,
execyy — execaq V erecos,
(PC13P ) (atvyo A atya A —atyy A —atys) V
(matyo A —atya A (atyr Voatys)),
(PC2y" ): aty; — —aty;  fori,j € {1,3},i # j,
(CL ) execryy — Oaty,
execy; — O(atyy A atya),
(C35° ) execag A atys — Oaty,
(C4”H1i;): execa A execyy A at By — Oat 3o,
(COMMy, ). execay A execyg — o' = HELLO. A

exp

Program properties like exclusions, fault freedom, deadlock and starvation free-
dom, partial or total correctness, termination, and the various accessibility and prece-
dence properties discussed in Sect. 8.3 are also relevant for MPP-programs. Their
specification is similar to as before if not identical. For their verification the same
proof methods as for SVP programs can be used; the only difference is that they are
applied to the modified temporal program axioms.

Example. The mutual exclusion property for the program I7,,., in Fig. 8.7 is spec-
ified by the formula

O-(atas A at32)
which may be derived as follows. We let
A = (atay Vatas < aty) A (atfB2 V atfPs — atvys)

and obtain
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(1) execa; — (execyy V execyr) (I1)

(2)  execyo — (execay V execas) ID)

(3) execyy N A — —atay IT)

@) execag N A — —atyg (IT)

(5) A — (execay < execyp) (H—(4)

(6) execay A execyy — —atys A O(atas A atyy A —atys) ()

(7) Ainvof A for A € {a1,v0} (5),(6),(11)

In an analogous way we obtain

(8) Ainvof A for X € {a3,71}
(9) Ainvof A\ for A\ € {81,712}
(10) Ainvof A for X\ € {833,73}

and
(11) Ainvof A for A € {ag, as, By, B2}

is trivial. Together we then have

(12) Ainvof Actyr,,, (7—(11)

(13) starty, . — A (1)

(14) 0OA (invstart),(12),(13)
(15) —(aty1 A atvys) (1)

(16) A — —(atas A atfs) (15)

(17) O=(atas A at(3s) (14),(16) A

8.6 A Producer-Consumer Program

We conclude this chapter with one more example. The program II,,,. shown in
Fig. 8.9 is an MPP version of the producer-consumer scheme discussed in Sect. 8.3.
The first process II,, of II,,,. continuously produces an object obj and sends it to
a third process 11, which “manages” the buffer b. The second process 1., as the
consumer continuously receives an object from I/}, stores it locally on a, and then
consumes it. [}, uses a program variable bo counting the number of objects currently
stored in b. It may receive an object from the producer on the program variable in
— provided bo < CAP where CAP is again the capacity of b — store it into b, and
increase bo by 1. Alternatively — provided bo > 0 — it may send an object from b,
represented by the program variable out, to the consumer, remove it from b, and
decrease bo by 1.

Mutual exclusion of the buffer accesses is trivially guaranteed in IT,,,,. since they
are no longer performed by 17, and II.. but only by II;. The same holds for deadlock
freedom. A deadlock could only occur when both 17, and I, want to communicate
with [T, control of the latter is at 7y and 3, and bo < CAP and bo > 0 are both
false. The formula
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I, = var bo: NAT;
obj, a,in, out : OBJECT;
b: BUFFER
start bo = 0
cobegin loop «( : produce obj;
ay : chi! obj
endloop
|
loop (o : ch2? a;
(1 : consume a
endloop
I
loop 7o : await bo < CAP then ch,? in;
~1 : store in in b;
Y2 : bo:=bo+1
or
~v3 : await bo > 0 then chs! out;
Y4 : remove out from b;
Y5 : bo :=bo — 1
endloop
coend

Fig. 8.9. An MPP-program for the producer-consumer scheme

start,,. N CAP >0 —
O(atag A atfo A atyo A atys — bo < CAP V bo > 0)

states that this will never happen (provided CAP > 0) and is trivial since, in any
state, bo < CAP or bo > CAP > 0.

The relevant eventuality properties of I1,,,. are not that trivial. If the producer
wants to send obj to I1;, at o then this will eventually be performed. This property
can be specified by

atay — Oexecay.

Of course, its 11,,p.-validity depends again on the fact that CAP > 0 which we take
as an assumption, i.e., we assert

(a) CAP >0 F atag — <execay.

The analogous property for the consumer is

(b) CAP >0 F atBy — Cexecfy.

The proofs of both assertions are very similar; we show only (a). Note firstly that

enabled,, = ataj Atrue A atyo A bo < CAP,
enabledg, = atfy N true A atys A bo > 0,
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enabled,, = atyy A bo < CAP A ato; A true,
enabled,, = atvys Abo > 0A atBy A true,
enabledy = at\ for A € {ao, B1,71,72, 74,75}

and that the invariance properties

(al) O(atBy V atfr),
(@2) O((atyo A atys) V atyr V atys V atyy V atvys),
(a3) atay N O-ezeca; — Oatoy

can easily be proved by direct application of (invstarty;, ) in the case of (al) and
(a2) and of (invy; ) in the case of (a3). Furthermore,

O(atyy V atye — bo < CAP) A (maty, A —atye — bo < CAP)

is easily proved as well with (invstart;7, ) and this obviously implies

(ad4) O(bo < CAP).
The essential part of proving (a) is to show
(@5) CAP >0 F<O(atyo Abo < CAP).

This can be derived with several applications of (fairsomyy,,, ), but we choose the
more compact proof with rule (fairwfry,,,) encoding the (helpful) flow of control

into a decreasing sequence of natural numbers. So, taking NAT with < as the well-
founded relation framework, we let

A= (atyy ANy=5)V (atya Ay=4)V
(atyo N atys A atfy ANbo= CAP Ny =3)V
(atyo A atys A atfo ANbo = CAP Ny =2)V
(atya Ny =1)V (atys Ay =0),

H,, = H,, = false,

Hg, = Hg, = y=2Vy=3,

H, =y=0Vy=1Vy=2Vy=4Vvy=>5 foreveryi=0,...,5

and show

(@6) erecANH\NA — O((atyo ANbo < CAP)V Iy(y <y AN Ay(y)))
forevery A € Actpg,,, .

@7) execAAN—-HyxNA— O((atyo A bo < CAP)V 3y(y < y A Ay(7)))
for every A € Actrr,, . -

mpe

@8) CAP >0 F0OA— O((atyoAbo < CAP)V N s,  (HxAenabledy)).

Again we do not write out the derivations for (a6) and (a7) but represent these proofs
by the diagram shown in Fig. 8.10. The arguments depicted there should be clear
according to the explanations in Sect. 8.4. Note that (a4) is used in the step in which
5 leads to atyg A bo < C'AP. For the proof of (a8) we check all cases displayed in
the formula A.
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ao, B
y=2>5 atvyi

00!

{j @, /61

( y=4 atys ]
Yo
o
—('y: atyo A atys A\ atfBi A bo = CAP
B
(&%)
—( y=2 | atyo A atys A atfo N\ bo = CAP
Bos 3
o, B1
—» y=1 atya
V4
ao, 1
[y =0 atys
Vs

—( atyo N bo < CAP }
Fig. 8.10. Diagram for the proof of (a6) and (a7)
Derivation of (a8).
(1) CAP >0 assumption
(2) atyi ANy =>5— H, A enabled,, (taut)
(3) atye ANy =4— Hy, A enabled,, (taut)
4) atBi Ny =3 — Hg, A enabledg, (taut)
(5) atysANatfBoAbo= CAP Ny =2— Hg, A enabledg, (1)
(6) atyaNy=1— H,, Aenabled,, (taut)
(7 atys Ny =0— Hy, A enabled,, (taut)
® A— VAEACtH,,,,m (Hx A enabledy) 2)—(7)

(9) OA — O((aty Abo < CAP) V \//\eActH (Hx A enabledy)) (8) A

(a5) is now provided by applying (fairwfr;; ) to (a6), (a7), and (a8).

mpc
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Derivation of (a5).

(1) CAP >0 assumption

(2) JyA — O(aty A bo < CAP) (fairwfr),(1),
(a6),(a7),(a8)

(3)  atyo A atys Abo < CAP — O(atyo A bo < CAP) (T5)

4)  (atyo A atyz3 Abo < CAP) VvV FyA (al),(a2),(ad)

(5) <(atyo Abo < CAP) (2).(3).4 A

From (a5) the desired assertion (a) is finally obtained by a simple application of the

fairness axiom (fairy, ).

Derivation of (a).

(1) CAP >0 assumption

(2) Oatay — <Cenabled,, (a5),(1)

(3) Qatay — OOenabled,, (T35),(2)

4) DOlenabledy, — Cexecay (fair)

(5) DOatay — <evecoy (3),(4)

(6) atay ANO-ezeca; — Oexecan (a3),(5)

(7 atag — Cexecay (6) A

We still note that, at a first glance, one might think that for proving (a) it is
necessary to argue, informally speaking, that whenever I, waits at « then IIy,
repeatedly being at 79 and 3, cannot permanently execute 3 because sometime
the buffer will be empty; hence bo > 0 will be false. At that moment 7y, together
with a;; would be executed. Remarkably, our proof does not need this but runs with a
fairness argument. Fairness guarantees a “balance” not only between the processes of
a concurrent program but also between the possible choices in the nondeterministic
selection of I} proceeding with -y or with v3 when reaching these points of control.
This fact provides the eventual execution of a;; without referring to the finite capacity
of the buffer.

Second Reading

The investigations in Chaps. 6-8 were devoted to the temporal logical analysis of state
systems in the following sense: a system is “explicitly” given by the definition of the single
steps of all of its possible runs — in representation formalisms like transition systems or
programs by a transition relation or a concrete program text, respectively. The analysis
consists of

e the description (specification) of (mainly) these steps by temporal logic formulas of a
typical shape like
onAc<100— (on’ A =c+ 1)V (mon' A =c),
execag — Oatag,
execag — a' =2xbAD =b
(taken from examples in the previous text; cf. Sects. 6.2 and 8.2) in which the nexttime
operator is (explicitly or implicitly) used to express the execution steps,
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e the derivation of properties like
¢ =100 — O(c = 100),
—on — c = 0 atnext on,
at B() — Oat ﬂl
from the specification which hold for all system runs and typically use those temporal
operators which express “behaviours” over “periods” of system states.

Another view is opened if we consider a state system not as explicitly given but take
such “long-term” behaviour properties to specify the system “implicitly” (descriptively)
by describing the requirements which have to be satisfied through ongoing runs when the
system “evolves”.

There are interesting applications connected with this view. One special example is given
in the area of database systems. The entries in a database are permanently updated by trans-
actions which are transition steps in our sense of state systems and which usually have to
observe certain integrity constraints in order to reach consistency of the stored information
with respect to the “real world” which is modeled by the system. Such constraints may be
dynamic (temporal) restricting the long-term evolution of the database contents in some
way. A typical example of such a constraint could be

e If an employee is dismissed then any re-employment of this person in the same year
will be with the former salary.

This informal phrase can be described by a formula of temporal logic like

DISMISS (empl) AN YEAR = x AN SALARY =y —
O(EMPLOY (empl) A YEAR = & — SALARY = y)

(with an obvious signature) which is then a specifying requirement in the above sense. The
challenge in this application is to find reasonable algorithmic means for monitoring such
constraints during the runtime of the system, i.e., to ensure the correct database behaviour
expressed by the constraints.

Another, more general application is temporal logic programming. Along the lines of
“usual” logic programming, a temporal logic specification of the system requirements (typ-
ically written with some syntactical restrictions) is considered as a “program” itself, and the
system evolves by “executing” this program.

As a simple example, recall the printer system considered in Sect. 6.5, but view it now in
the following way: the system consists of two “parts”, the environment given by the users
U1 and Us and, on the other hand, the printer “manager’” who has to organize the allocations
of the printer to the incoming requests from the users. The printer manager reacts on these
arbitrary requests which are not under its own control. In fact, it is this part of the system
which is to be “programmed” such that it satisfies some long-term requirements, e.g.:

e If the printer is requested by some user then eventually it has to print the job of that
user.

e The printer is not printing for a user without being requested.

e The printer should always be printing for at most one of the users.

Using the system variables req1 and regz (“there is a request from Uy /5”) and the actions
B1 and B2 (“the printer prints for Uy /,”) as in Sect. 6.5, these requirements can be written
as temporal logic formulas:

req; — Oexec3; fori=1,2,
—req; — —execF; unl req; fori = 1,2,
O(execBr1 V execfz).
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The execution of this “program” is then to be performed by a procedure which causes a
sequence of executions of 31 and (32 reacting on incoming requests and satisfying the three
constraints.

We still remark that in the field of temporal logic programming another class of temporal
logics, called interval temporal logics, is also successfully used. We will give a short outline
of such logics in Sect. 10.2.

Bibliographical Notes

Deductive program verification has a long tradition in the computer science litera-
ture. One main stream originated from the pioneering work of Floyd [48] and Hoare
[62]; a detailed description is given in [8].

The application of temporal logic to the verification of concurrent programs was
just the main goal emphasized in the early papers which developed temporal logic.
So the bibliographical remarks from the previous chapter are relevant here as well.
Schneider’s book [133] gives a detailed exposition of concurrent programming, prop-
erties, and verification.

The special phenomena and problems of concurrent programs are described in
many textbooks, e.g., [7, 14, 28]. Peterson’s algorithm was published in [118].

For applications of temporal logic in the area of data base systems see, e.g.,
[29, 93]. Approaches to temporal logic programming include [2, 12, 108, 110, 114].
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Structured Specification

Formal system specification and verification are fundamental methods for the devel-
opment of reliable software. In the preceding chapters we have shown at great length
basic principles of how these can be performed in the framework of (linear) temporal
logic.

For “real” applications, however, the approaches and means described so far are
not yet polished enough. The development of a “large” system is a complicated task
and in order to make it manageable it has to be structured in an appropriate manner.

In this chapter we address three important structuring concepts: refinement, hid-
ing, and composition, and we study how these specification methods can be covered
within temporal logic. A main key to the problem is the notion of stuttering invari-
ance of temporal logic formulas. We present some special versions of temporal logic,
subsumed under the name TLA (Temporal Logic of Actions), which are particularly
tailored to respect this basic concept and thus may appropriately be used for struc-
tured specifications.

9.1 Refinement and Stuttering Invariance

One of the most important structuring concepts, known asstepwise refinement, is to
consider system development as a process running through several levels of detail.
Starting with the level of the user’s view the development of the system specification
proceeds in several steps, adding more and more details on how the user’s require-
ments are realized. Considering the specifications of the system on the various levels,
we so obtain the picture of a chain

.~ Spec;j ~ Specjiq1 ~» Specjya ~ ...

of specifications where, with growing index k, Specy, contains more and more details
but, of course, still fulfills — as a “correctness” property — the requirements specified
in former levels. Any Specy, is called an implementation (or refinement) of a Spec;
with [ < k.
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One typical (“behavioural”) item with refinement is that “computations” which
are regarded as one-step state transitions on a more abstract level are realized by
a longer sequence of steps in an implementation. Also, these computations operate
on additional system variables that represent the finer-grained detail of the refined
system. As an example, let us consider again the counter system in its very first
version as the STS I'.,,,: introduced in Sect. 6.2 and specified by the two axioms

Ci = on—(on/ AN =c+1)V(-on' AN =),
Cy = —on — (mon’ AN =c¢)V(on A =0).

Imagine now the following implementation of I'.,,,;: the counting step from any
value n of ¢ to n + 1 is realized by a more refined counting on the “first decimal”,
e.g., the step

17 — 18
on c is realized by counting
170 — 171 — 172 — 173 — ... — 179 — 18.0..

A specification of this implementation I,picount Of I'eount can be given by intro-
ducing an additional individual system variable dec for the value of the decimal and
then taking the axioms

Cimpin = on — (on’ A dec’ = (dec 4+ 1) mod 10 A
(dec=9—c =c+1)A(dec#£9— ' =¢))V
(mon’ A ¢ = ¢ A dec’ = dec),
Cimpiz = —on — (mon’ A ¢ = ¢ A dec’ = dec) V
(on' A d =0A dec’ =0).

The main difference compared to C; and (s is that the counting step
d=c+1
of I'.ount 1S refined to
dec’ = (dec +1) mod 10 A (dec =9 — ¢’ =c+ 1) A(dec #9 — ¢’ = ¢)

expressing that now in every step dec is increased by 1 and ¢ remains unchanged
except if dec changes from 9 to 0 in which case c is increased by 1. The other
modifications in Cjy,p1 and Ciyppio are evident.

Limpicount 1s more detailed than Iy, and it is correct with respect to I'cpyp; in
the sense that, related to the system variables on and c, the “behaviour” of Iy, p1count
agrees with that of I';,,,,,;. In another wording used in Sect. 6.1, and disregarding the
restriction to on and c in Cyppi1 and Cippio for a moment, we would expect that

“every model of the specification of I, picount 1s @ model of the specification of

Fcount .
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This expectation can formally be expressed by

n:,(cimpll and ’?Cimplg = IIZ(Cl and )T<Cg for every “matching”
temporal structure K

which means
Cimplh CimplZ = Cl and Cimplh Oimpl2 F 02-

(We view the formulas occurring here and in subsequent similar cases as belonging
to a common temporal logic language. Note, moreover, that in general one would
have to add relevant data axioms to the premises in these consequence relationships,
but this is not necessary here.)

Let us now examine this formalization of the intended correctness relationship of
the refinement. A typical temporal structure satisfying Cippi1 and Cippio is of the
form (N, W) where W (representing a run of Iy, picount) looks like

‘ s M i1 M2 - -2 Ti49 Ti+10 Mi+11 Tit12 - - -

on |... tt t tt ... tt tt tt tt
c |...17 17 17 ... 17 18 18 18
dec|... 0 1 2 ... 9 0 1 2

and obviously does not satisfy C: for example, in the state 7);, on and on’ are true
but ¢ = ¢ + 1 is not. This means that

Cimplh CimplZ F Cl

does not hold.
The crucial point of this problem comes out if we now really restrict this execu-
tion sequence W to what happens with on and ¢, i.e., to

o [t 17]) — [t 17) — [tt,17] — ... —>
[tt, 17) — [tt, 18] — [tt, 18] — [tt, 18] — ...

(written again in more compact form) and compare it with the corresponding execu-
tion sequence (of counting from 17 to 18)

coo— [ 17] — [t 18] — ...
of I'zount- The first one contains steps of the form
[tt, 17] — [tt, 17]

which do not change the system variables on and ¢ and are called stuttering steps
(with respect to on and ¢). The specification formula C; of I, satisfies the sec-
ond execution sequence (not containing such steps) but it does not satisfy an execu-
tion sequence with stuttering steps.

In another wording we say that C is not stuttering invariant. We will define this
notion formally in Sect. 9.3; informally, a stuttering invariant formula A holds in
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some temporal structure (S, W) only if it holds in any (S, W) such that the “restric-
tions” of W and W’ to the flexible individual and propositional constants occurring
in A only differ in containing more or less (finitely many) stuttering steps.

The observation pointed out here is the essential key to a possible solution to the
problem. We should specify I, in @ manner that anticipates future refinements
by allowing stuttering steps in its execution sequences; informally:

“In any state transition of an execution step of I.,yn¢, the system variables on
and ¢ are changing according to C or (5, or they remain unchanged”.

Formally this can be done by modifying C; to

Cl = on—(on' AN('=c+1V =¢))V(non A =c)
and in fact C] is stuttering invariant and

Cimpi1, Cimpi2 F Cf

holds as desired. Of course, the same modification can be applied to C and it is easy
to see that this does not really alter Cs, so with C5 = C we obtain

r
Cimplh CimplZ F CQ .

Following up on this idea, it should actually be applied to Inpicount as well
(which in turn could be refined in a next step). A specification suitable for refinement
of this system according to the same pattern allows execution sequences in whose
state transitions the system variables on, ¢, and dec are changed as described in
Cimpin and Cippi2 or remain unchanged. This is expressed by the stuttering invariant
formulas

tptn = on — (on” A (dec’ = (dec + 1) mod 10 A
(dec=9—c =c+1)A
(dec 29— ' =¢))V
(¢! = ¢ A dec = dec))V
(mon' A ¢ = ¢ Aded = dec),
imptz = Cimpi2.

It is obvious that after this modification of Cy,p;1 and Cipypia, the STS picount 1S
still a correct refinement of I'.,,,,¢; formally:
cr cr FE C/ and C] cr

impll> ~impl2 impll> ~impl2

E Ol

Indeed, if K = (N, W) is a temporal structure satisfying
is a state of W with 7, (on) = tt then for 7,1,

and C7 and 7;

T
impll impl2°

Ni+1(on) = tt and n;41(c) = ni(c) +1
or

Mi+1(on) = tt and n;41(c) = ni(c)

or

Ni+1(on) = ff and n;41(c) =ni(c)
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holds. If 7, (on) = ff then

Ni+1(on) = ff and n;11(c) = ni(c)
or

Ni+1(on) = tt and n;41(c) = 0.

This implies that C] and Cj are valid in K.

Specifying state systems in a way as exemplified here enables an adequate tem-
poral logic treatment of stepwise refinement of specifications. It should be observed,
however, that the mere modification of “original” specification formulas to stuttering
invariant ones induces a new undesired effect. For example, the specification by C]°
above allows that the counter stays on and does not change the value of ¢ forever, a
behaviour which contradicts the intuition of the system and its implementation. But
such adulterations can easily be remedied by adding formulas just excluding this,

e.g.,
Oon — O(d' =c+1)

in the case of I ,y,¢. This formula clearly does not change the validity of the refine-
ment relationship.
We still remark that a consequence relationship like

r I r
Cimplb CimplZ F Cl

which holds after the modification of the specification formulas can be seen in the
sense of Sect. 7.1: the formula C] describes just a particular property which is
Iimpicount-valid. Hence it is evident that the above discussion immediately carries
over to arbitrary system properties of an STS I" which is specified in a stuttering
invariant way. The properties should be expressed by stuttering invariant formulas F'
as well so that their intuitive I'-validity is formally still implied by a relationship

ArEF
as before. A simple example is the property of ,,,; informally saying that
“if the counter is on forever then the value of c is increasing in every step”.

The former description
Oon — O(c" > ¢)

is not stuttering invariant; it should be modified to
Oon — O(c" > eV =c)

which then in fact is a consequence of C| and Cj (and appropriate data axioms).
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9.2 Basic TLA

The considerations in the previous section were carried out in the framework of the
temporal logic FOLTL as used in the preceding chapters, and we have pointed out
how formulas of this logic can be modified to stuttering invariant ones. A more rig-
orous way to enforce that specifications and properties are stuttering invariant is to
tailor the temporal logic accordingly and to restrict it syntactically such that it does
not contain formulas any more which are not stuttering invariant. A logic which re-
alizes this idea is TLA (Temporal Logic of Actions).

We introduce TLA in this section in a “basic” form (starting, however, immedi-
ately with a first-order version); the extension to “full” TLA will be motivated and
defined in Sect. 9.5. Following the intention, TLA restricts the syntax of FOLTL
(taken in its FOLTL' version defined in Sect. 5.4). Traditionally it is equipped with
initial validity semantics. We present it in this form, i.e., as a sublogic of FOLTL,
(“FOLTL with initial validity semantics”).

The discussion in Sect. 9.1 indicates that the nexttime operator is the essential
source for formulas not being stuttering invariant. Therefore the basic idea for TLA
is to restrict the free use of this operator, permitting it only in a way in which it occurs
in formulas specifying transition steps. Let us consider again the counter system
Lcount as studied in Sect. 9.1. An easy calculation shows that the stuttering invariant
specification formula C] used there is logically equivalent to C; V ¢/ = ¢, and
therefore

O(Cy Vv =c)

which is stuttering invariant as well could be taken as an appropriate specification for-
mula if initial validity semantics is assumed. TLA restricts FOLTL just by allowing
the nexttime operator (or the priming notation) only in a form like this (analogously
also for propositional system variables); more precisely: TLA is FOLTL, with the
restrictions that

e the nexttime operator O is not used explicitly but only in the form of the priming
notation (including primed flexible propositional constants),

e primed flexible constants may only occur in formulas of the form O(AV o' = a)
or O(A V (v < v)) where a and v are flexible individual or propositional
constants, respectively, and A may not contain other temporal operators than the
“priming operator”.

The special formulas in this definition are distinguished by writing them as
D[4

(read: “always square A sub e”) for e = a or e = v, respectively. Note that, in
general, the “expression” A itself is not a formula then. It is used to describe “the
proper” transition steps. (In TLA terminology, A is called action which explains the
name of the logic; we will see shortly that this has to do something with an action in
the sense of Sect. 6.4 but it should not be confused with that notion.)
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Let us give also an explicit definition of TLA on its own, taking O[ _]_ as a sepa-
rate operator. Given a temporal signature 7SIG = (SIG,X,V), SIG = (S,F,P),
the language Lror(SIG™) with the set X' = J, cs s of variables is defined as in
Sect. 5.1. The alphabet of a (basic first-order) language L1y A( TSIG) (also shortly:
Lr1a) of TLA is given by

e all symbols of Lror (SIGT),
e thesymbolsO |’ |[]].

Terms (with their sorts) are those of Lrop (SIG™) with the additional rule
e If a € X then a’ is a term of the same sort as a.

The formulas of L4 are defined together with a second syntactical type of pre-
formulas by simultaneous induction. Afomic pre-formulas are the atomic formulas of
LroL(SIG +); those which contain no primed individual constants are called atomic
formulas.

Inductive Definition of formulas (of Lt (TSIG)).

Every atomic pre-formula is a pre-formula.

Every atomic formula is a formula.

false is a pre-formula and a formula.

If A and B are pre-formulas then (A — B) is a pre-formula; if they are formulas
then (A — B) is a formula.

If v € V then v’ is a pre-formula.

If A is a pre-formula and e € X UV then O[4]. is a formula.

If A is a formula then O A is a formula.

If A is a pre-formula and z is a variable then JzA is a pre-formula; if A is a
formula then JzA is a formula.

Sl e e

® N

We adopt all relevant abbreviations, notions and notational conventions from FOLTL.
Furthermore we let, for U = {e1,...,¢,} CX UV,

g

2
c
I

O[A]e, A...AO[A],

<><A>U = _‘D[_‘A]el V...V —|D[—|A]e”.

(We will also write O[A],, . ., for O[A]y and analogously for ¢(A)y.)
The semantics of Lty 4 is given by defining, for a temporal structure K for T'SIG,

a variable valuation &, and ¢ € N, the truth value KEE)(F ) for pre-formulas and for-
mulas F just as in Sects. 5.1 and 5.4, viewing v’ as Ov for v € V and understanding
a formula O[A],. as explained above. This means that

KO (") = KL ()
Kgs)(D[A]e) =ttt < K;E)(A) =1t or K;’i)l(e) = K§€)(e) for every j > i.
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For the new abbreviations we then obtain
Kgé)(D[A}U) =tt & Kf)(A) =1t or Kﬁ)l(e) = K;E)(e)for every e € U
for every 7 > i,
KEE)(<><A>U) =1t < thereisj > ¢ such that
K§E)(A) =t and K§i)1(e) + K§§)(e) for some e € U.

For formulas A and formula sets F, the notions of initial validity in K (I%A), initial
consequence (F E A), and (universal) initial validity (EA) are defined as in Sect. 2.6.

Example. Let TSIG = (SIGnat, {a},{v}) be a temporal signature with STG
as usual, z a variable of sort NAT. Then

A=a=zAvAO(v—=v)ANd =a+1]4, — O(a>zA0)

is a formula of L1 (7SIG). For any temporal structure K for T'SIG with data
component N and variable valuation £ we have (using notation from Sect. 5.4)

Kgg)(a =z AvAO(v—=v)ANd =a+1],,) =t
= K\ (a) = &(a) and
K (v) = tt and
K;E)((v —v)ANa =a+1)=ttor
K% (@) = K (a) and K'Y, (v) = K9 (v)
for every 7 > 0
= Ki¥(a) = £(a) or Ki¥'(a) = &(a) + 1
and
K (0) = tt
and
Klgf)((v —v)Ad =a+1)=ttor
K'% () = KV (a) and K, (v) = K (v)
foreveryj > 1

L K© © ;
= K;*'(a) > &(a) and K;>'(v) forevery j € N
= K& @(a>zr0) =t
which means that l%(A. A

We will prove in Sect. 9.3 that every formula of TLA is in fact stuttering invariant.
We will also discuss there how to axiomatize TLA.

A specification of an STS I" can be written in TLA as indicated by our examples.
In general, the description of the possible “state changes” of I" within the pre-formula
A of specification formulas O[A]y can be carried out in different ways (as it is the
case in FOLTL specifications). It is customary to write TLA system specifications in
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a standard form where the transition relation of I together with the possible stutter-
ing steps is described by one single formula

D[AF]U

(instead of several formulas we were used to so far) where A is a disjunction of all
possible transitions of I". In our example of the counter system [, we obtain this
form with

AFcouni = Aon V Aoﬁ V Ac V Ap
where

Ao = —onAon' A =0,

Aoﬁ = onA—-on' Ac' = c,

A, = onANon/ N =c+1,

Ap = —onA-on' Ac =c.

A, describes a stuttering transition (with respect to on and c), and can equivalently
be omitted from the definition of A ,. This description is very close to the spec-
ification of I'!,,,, in Sect. 6.4 and easy to understand. So the (main part of the)
stuttering invariant specification of I, is then given by the formula

D[Al“mm} on,c -

As mentioned already we should, however, still add a formula excluding infinitely
many stuttering steps with respect to c if the counter is on. An appropriate TLA
formula for such a progress condition is

O(Oon — <><c/ =c+1).).

It is trivial that rooted STSs can be specified by just adding the initial condition
of the STS to the specification formulas. Moreover, TLA can easily be applied to
labeled STSs. One has essentially to change the transition descriptions a bit. For
example, taking the counter in its version I'! . of Sect. 6.4, A,,, should then read

exechon A on' A =0

and similarly for the other constituents. Fairness can be included in the same way
as in Sect. 6.5. We should mention, however, that typical TLA specifications avoid
the explicit use of action “names” and assume a state system to be represented by
an “unlabeled” STS. The actions in the sense of Sect. 6.4 are implicitly represented
by the disjunction constituents of the pre-formula A in the specification formula
[Ar]u and these can also be used for expressing fairness. In I'zoynt, fairness with
respect to the switching on action expressed by A,,, can be expressed by

O0O=0n — OOC(Aon) on,c -
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Ilpey = var a1, az,c: NAT
start agy =0AN a2 =0Ac=1
cobegin loop oo : noncritical;
ai:oap,c:=1,1;
g await as =0V ¢ = 2;
asg @ critical,
ag: ap =0
endloop
|
loop (3 : noncritical;
B1: az,c:=1,2;
B2 : await a; =0V ¢ = 1;
(s : critical;
Ba: az:=0
endloop
coend

Fig. 9.1. Peterson’s algorithm again

Note that in this context, progress conditions may be viewed as weak fairness condi-
tions as well (cf. Sect. 6.5).

Summarizing, a TLA specification of a system I consists of a formula O[A ]y,
possibly further formulas like startr and formulas expressing (strong or weak) fair-
ness conditions, and, if " is not propositional, data axioms (datar). Actually, the
temporal axioms of a TLA specification are usually given by one single formula

Fr = startr A D[AF}U A fairp

where fairp is the conjunction of the fairness formulas.

Let us illustrate this discussion by one more example. Figure 9.1 shows again
Peterson’s algorithm studied in Sect. 8.4. A (“standard”) TLA specification of this
program is given by (dataz,,,) and the formula

FHPcr, = Startﬂpct A D[AHPct]UPct A fairHPet
where, with Labpe; = {a;, 5; | 0 < i < 4},
Upet = {atA | X € Labper} U{a1, ag, ¢}

and

startr,, = atagNatfoNa =0ANa =0ANc =1,

AHPeL = \/ AA’
A€ Labpet
— / / /
Apy = steplag,a1) Nay=a ANay=ax A = ¢,

Aq, INay=a AN =1,

step(ar, az) A ay
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b
@
I1l

) step(Bs, Ba) Nay = ag Aab=ax A =c,
Ap, = step(Ba, Bo A aj

o = A (o0mbla 06U
A€ Labpet\{ao,B0}

A, = steplag,az)A(aa=0Vec=2)Aa]=a Nay=a AN =c,
Aoy = steplaz,au) Nay =a Aay=a A =c,
An, = step(ag,ap) Aay =0ANab=a A =,
Ap, = step(Bo,f1) Nay =a1 ANay=ax A =,
Ap, = step(B1,02) Nay =a ANay =1ANc =2,
Ag, = step(0Ba2, 03
(
(

)
)
JAN(ar=0Ve=1)Aaj=aANay=a Nc =c,
)
)

al/\aéz()/\c’:c,

We use here formulas enabledy for A € Labp,; as generally defined in Sect. 8.2,
e.g.,

enabled,, = atay,
enabled,, = atag A (ag =0V ¢ = 2),

and so on, and the abbreviations

step(A1, A2) = at Ay A —atA] A at Xy A /\ (at\ < at))
)\GLabpet\{)\l,Az}

for A1, Ao € Labp.;. (Observe that the elements of Labp.,; are not handled as actions;
the formulas at A act as “program counters”.)

In TLA, fairness assumptions are by convention written explicitly as part of the
specification instead of expressing them by a generic axiom. It is therefore natural
to specify fairness “per action”, as briefly indicated at the end of Sect. 6.5. For the
present example, we have assumed weak fairness for all actions except (those rep-
resented by) A,, and Ag,. This corresponds to the idea that a process may remain
forever in the non-critical section but should not block either in its critical section
or during the entry and exit protocols of Peterson’s algorithm. A close inspection of
the proof of the accessibility properties in Sect. 8.4 (including the derivation of the
rule (fairsomy) in Sect. 7.4) shows that they can still be derived from these weaker
fairness assumptions.

Many relevant system properties, in particular invariance and eventuality proper-
ties, can be described as before since the corresponding formulas

D(A — DB)
and
D(A — OB)

are TLA formulas as well. How to (deductively) verify properties from the specifi-
cation will be discussed in Sect. 9.4.
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9.3 Generalized TLA

The temporal logic TLA restricts the free use of the nexttime operator, thereby ensur-
ing that formulas become stuttering invariant. Actually, this restriction is quite strong
and could be weakened to allow for more stuttering invariant formulas. Concerning
application, such a weakening would enable the formulation of more properties of
systems. Consider, e.g., a property of the kind

“Whenever an action « has occurred, only an action 3 is allowed to change the
value of a”.

A reasonable formalization in the TLA sense would be of a form
D[Aa — D[Aﬁ]a]e

which seems to cause no problems with respect to stuttering but is not a TLA for-
mula.

Besides this application aspect, another annoying effect of the strong syntactical
restriction in TLA concerns the logic itself: it is a severe obstacle to a reasonable
axiomatization of TLA. Consider, e.g., the induction rule (ind) from Sect. 2.3, written
as

(indg) O(A— B),0(A— OCA) -0O(4A —0OB)

in Sect. 2.6 for initial validity semantics. This rule is quite fundamental for all kinds
of deductions of formulas of the shape

I:I(A — DB)

but we cannot take it as a rule in TLA because it uses a formula OA which is no
TLA formula (and there is also no admissible “equivalent” for it if the formula A
contains temporal operators). Attempts to solve this problem within TLA are not
very satisfactory.

In view of such observations we extend TLA now by introducing a more lib-
eral syntax, still observing, of course, that formulas remain stuttering invariant. The
extended logic is called GTLA (Generalized TLA) and, in fact, it will particularly
permit a reasonable proof-theoretical treatment.

The main idea of GTLA is to reintroduce the nexttime operator O and to general-
ize the definition of pre-formulas. In particular, OA is a pre-formula for an arbitrary
formula A, whereas TLA allows only the restricted forms o’ and v’ to appear in
pre-formulas.

Formally, given a temporal signature T'SIG, a language Lgria(TSIG) (again
shortly: Lgra) is obtained from L4 (7SIG) by adding the symbol O to the alpha-
bet and replacing the formation rule

5. If v € V then v’ is a pre-formula
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of TLA by
S¢. If Ais aformula then A and OA are pre-formulas.

Note that, for avoiding redundancy, one can then simplify rule 3 to
3. false is a formula.

As in TLA, O[_]_ is considered to be a separate operator and [A]. itself is not a
formula. Indeed, it would not be stuttering invariant. However, we introduce the latter
now as an abbreviation for a special pre-formula:

[A]le = AVve =e.

(For uniformity, here and subsequently ¢/ = e denotes ¢’ < e for e € V.) Of
course, other abbreviations, notations, etc. are used as before, and it is evident that
every TLA formula, understanding v as Owv for flexible propositional constants, is a
GTLA formula as well. The example

D[Aa — D[Aﬂ]a]e

from the beginning of this section is also a GTLA formula.

Given a temporal structure K for the underlying 7'SIG, the evaluation K
defined as before; in particular we have again

(© i

i

K (04) =K, (4).
For the abbreviation above we obtain

KO@4]) =tt = KOA) =tt or K'Y, () = K (e).

7

As validity in K we define
FA < KEO (A) = tt for every i and every £

which means that, extending this to the notions of consequence (F F A) and (univer-
sal) validity (F A), we obtain a normal semantics of Lgrpa as usual. This choice
(which makes GTLA a sublogic of FOLTL if we identify formulas O[A], with
O(AV ¢ = e)) may appear somewhat strange since TLA was equipped with initial
validity semantics. It will, however, simplify the axiomatization aimed at for GTLA
and the intended application in the TLA sense remains still feasible.

Example. Let TSIG = (SIGnqt,{a,b},0) be a temporal signature with SIG gt
as usual. Then

A = 0[O0’ > b], VOO(a >0)],

is a formula of Lgrpa(7TSIG) (but not a TLA formula). Let K = (N, W), W given
by
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n

—

Ui

no

Ui

w

Ui

=

2 0 5 5 ...(5forever)...
7 7 3 8 ...(arbitrary)...

B~ w|S

a
b
We calculate (for arbitrary &):
K& (a' > bV a' = a) = ff, K (0O(a > 0)) = ff, KV (b) £ KO (b)
= KO (4) =t
K (b) = K (0), K{¥(00(a > 0)) = tt forj > 2
= K9(4) =tt fori > 1. A

The formulas of GTLA are to be stuttering invariant. We set out now to define this
notion formally. Let TSIG = (SIG, X, V) be a temporal signature and U C XUV.
For two states i and 1’ (of some temporal structure(s) for T'SIG) let

n=uvn < nle)=rn(e) forevery e € U.
Furthermore we define, for W = (10, 71,72, . . .), the mapping 9¥¥ : N — N induc-
tively by

95 (0) =0,

19\{}/(1 +1) = {19\{}/(2) if 7,41 =u n; and n; #y 7, for some j > i,

IW(i) +1 otherwise.

Observe that ¥y} is monotonic and surjective. In particular, given any k € N there is
at least one, but only finitely many j € N such that 9\¥(j) = k.
The infinite sequence

9U(V\/) = (771'(” MNiys Migy - - )
of states of W where
ix =min{j € N|9\%(j) =k}  (fork € N)

is called U-stuttering free variant of W. It is obtained from W by “cutting out” all
finite subsequences of states which have the same values on all e € U.

Example. Let W be given by

‘770771 M2 M3 N4 M5 N6 N7 - -
tt ff ff ff tt tt ff tt ...

4 4 47 6 6 6 6 ...(6forever)...
6 23 3812 4...

SR <

Then we have:
Q{U}(W) =
8{a}(V\/) =
Q{U,a}(w)

(770, N1,M4, M6 N7y - - -),
(10,13, 04,5, 6,075 - - -)s
= (10,11, M3, M4s M6, N7, - - -)- A
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It is easy to see that the transformation Oy is idempotent. The following lemma
slightly generalizes this observation.

Lemma 9.3.1. IfU, C U then @U/(QU (W)) =y @U’ (W)

Proof. Let W = (7707"71) UPTRE ')’ @U(W) - (nio’niuniz’ s ')’ and Oy (W) =
(Mjo> Mjrs Mja» - - -)- By definition, we know that 1, =y m41 for all | where
ix. < I < ixy1, and by the assumption U’ C U it follows that 7; =y 1,41 for
all such [. Hence, (jo,J1,J2,...) must be a subsequence of (i, i1, o, .. .) except if
there is some j € N such that 7; =y ;41 holds for all [ > j. In the latter case,
the smallest such 7 must be one of the 7, and then we have, again by definition,
1, =u n; forall [ > k. In either case, the assertion of the lemma follows. A

For two state sequences W, = (77(1), 77%1), nél), o)y Wy =
we let now

2 2 2
(s P s )

Wi =g Wy & 1751) =u 771(2) forevery i € N
and define the relation =y, called U-stuttering equivalence by
Wi =g Wy & Oy(Wi) =y Ou(Wa).

Clearly, =~y is an equivalence relation. The following lemma lists some addi-
tional facts about this relation. Adapting some notation from Sect. 2.1, for W =
(10,71, 72, - ..) and i € N, the sequence (1), 7i+1, i+2, - - -) is denoted by W*. It is
evident from the definitions thatif 9y} (i) = k and W = Oy (W) = (g, iy s Mins - - -)
then

i 7’6
8U(VV ) = (nik7nik+17nik+27 e ) =W

Lemma 9.3.2. Ler W; = (nél),ngl),nél),...), Wy = (7 (2),n§2)7n§2),...), and
Wi =y Wa.

a) 77(() =u 77(()2)~

b) IfU/ C U then W1 =y Wos. _ )
c) For every i € N there is some j € N such that W} =y W} and Wi =y W5
where k =jork =7+ 1.

Proof. a) With min{j € N | 9{J*(j) = 0} = 0 we have Ouy(W;) = (nél)7...);
in the same way we obtain Oy (W) = (7 (()2
1) _ (2)

Mo =u N - ,
b) Observe first that for any W, W/, and U, if W =y W/’ then 9y] = 9\ .

Now, because W; =y Wy we have Oy (W;) =y Ou(Ws) by definition, and the

assumption U’ C U implies that Ou (W1)jU/ Oy (Ws). Writing W, for Oy (W;),

the observation above shows that 19\[/JV,1 = 19\1/}//2. Together with W, =¢» W5 we obtain

Oy (W1) =y Our(W2), and the assertion follows with the help of Lemma 9.3.1.

,...), and the assumption then implies
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o) Leti € N,k = 9y (i), and j = max{l € N | 9}y?(I) = k}. (Note that j
is well-defined because the set is non-empty and finite.) Then we have 19\{}/2 () =k
and for Wy = Oy (W;) and Wy = Oy (W) we obtain by the above remark and
the assumption that Oy (W) = W}f =y W]; = Ou(Wi), ie, Wi =y W If
Dy (i +1) = 93 (i) = k then we get Wi =~y WY in the same way. Moreover,
we have 932(j + 1) # 932(j) by the definition of j and therefore ¥2(j + 1) =
92 (G) + 1=k +1.So,if 93" (i + 1) = 93" (i) + 1 = k + 1 then Oy(With) =

ookl ookl ' L .
W, =y Wy, = Ou(W,"") again with the same arguments and this means
Wit~y Wit A

Now, following the earlier informal explanations and observing the TLA format
of specifications and properties, stuttering invariance of a formula A (of any first-
order linear temporal logic) is to mean that, if we evaluate A (with some underly-
ing variable valuation) in the initial states of temporal structures with the same data
component and stuttering equivalent state sequences, then these evaluations provide
equal truth values. This is formally defined as follows.

Definition. Let TSIG = (SIG,X,V) be a temporal signature, Lt (TSIG) be a
(first-order) linear temporal logic language. A formula A of L1 (TSIG) is called
stuttering invariant if

KE (4) = Ky (4)

holds for all variable valuations &, and for all temporal structures K = (S, W) and
K" = (S,W') for TSIG with W =~y 4y W' where U(A) € X UV is the set of
flexible individual and propositional constants occurring in A.

We formulate now the desired result. It says that all formulas of GTLA, hence
all formulas of TLA, are stuttering invariant in the sense already used informally in

Sect. 9.2. Proving the theorem we will use an adaption of Lemma 2.1.5 to GTLA; its
proof carries over from Sect. 2.1 and is not repeated here.

Theorem 9.3.3. Every formula of a language LgrLa is Stuttering invariant.

Proof. We simultaneously prove for arbitrary temporal structures K = (S, W),
W = (no,m,n2,...), and K = (S,W), W = (fjo, 71,72, ...), and arbitrary vari-
able valuation ¢ the assertions

a) if Ais a formula and W =y 4) W then Kgg)(A) = PA((()E)(A),

b) if Aisa pre-formula, W =y 4) W, and W* ~y(a) W! then K((f)(A) = Rg’t)(A)

by structural induction on A. Part a) is just the claim of the theorem.
For assertion a) we consider the different cases in the definition of formulas A.

1. A is an atomic formula: By Lemma 9.3.2a) we have ng(e) = 7jo(e) for every
e € U(A) from the assumption and this implies Kgg)(A) = K(()E)(A).
2. A = false: Then K (4) = ff = K{¥ (4).
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3. A= B — C withformulas A and B: Then U(B) C U(A4) and U(C) C U(A).
The assumption implies W =y p) W and W =y(0) W by Lemma 9.3.2b).
The induction hypothesis for assertion a) provides K(()g)(B) = R(()g)(B) and
Kég)(()) = PA((()@(C), which imply the assertion.

4. A = 0O[B]. with a pre-formula B: Assume first that R(()g)(A) = tt; we will
show that Kég)(A) = tt. For an arbitrary 4 € N, let j be chosen accord-
ing to Lemma 9.3.2¢). We get W' =gy WJ; hence n;(e) = 7j;(e) by
Lemma 9.3.2a). If /11 (e) = i);(e) or Wit =4y WJ then ;1 (e) = n;(e),

and therefore KEE) ([B]e) = tt. Otherwise, again using Lemma 9.3.2 a), it must be
the case that W*+! =g 4) W/*! and also R§-€)(B) = tt. Since U(B) C U(A)
we get Kgé)(B) = K]@)(B) = tt by Lemma 9.3.2b), the induction hypothesis
for assertion b) applied to B, and adapting Lemma 2.1.5. Again, this implies
KES) ([B]e) = tt, and since ¢ was chosen arbitrarily, it follows that K((f)(A) =t
Symmetrically we show that K(()g)(A) = tt implies Rgf) (A) = tt, which then
shows the assertion.

5. A = OB with a formula B: Assume first that R((f)(A) = tt; we will show
that Kég)(A) = tt. For an arbitrary ¢ € N, let 7 again be chosen according to
Lemma 9.3.2¢). We have W' =4y W/, and with U(B) = U(A) we obtain
KEE)(B) = RJ(-E)(B) = tt by the induction hypothesis for assertion a), again
adapting Lemma 2.1.5. Since 7 was chosen arbitrarily, this proves K(()E) (A) =tt,
and the assertion is proved with an analogous argument as in the previous case.

6. A = JzB with a formula B: Then U(B) = U(A), and the induction hypoth-
esis for assertion a) provides Kéﬁl) (B) = R((f/)(B ) for any valuation &', which
implies the assertion.

Turning to assertion b) we have to consider the formation rules for pre-formulas.

1. A is an atomic pre-formula: By Lemma 9.3.2 a) we have 19(e) = 7jo(e) and
m(e) = 71(e) for every e € U(A) from the assumptions and this implies
KE (4) = K7 (4).

2. Ais a formula: Then the assertion follows immediately from the induction hy-
pothesis for assertion a).

3. A = OB with a formula B: Then the assumption W' =) W! and the
induction hypothesis for assumption a) applied to B imply K§5> (B) = R§f> (B);
hence K((f)(A) = Rgf)(A).

4. A= B — C or A = 3zB with pre-formulas A and B: In these cases the proof
runs as for assertion a). A

Let us now illustrate the “logical contents” of GTLA by noting that the relation-
ship

FU{A}FB & FFOA— B if A is closed
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holds as in FOLTL, and by giving some valid formulas including a few proofs. First
of all, it is clear that any valid formula of FOLTL which is a GTLA formula is now
valid as well. Particularly the laws (T1)—(T42) from Sects. 2.2 and 5.1 are also laws
of GTLA whenever they are formulas at all. Some examples are:

(T9) ©OA — OCA,
(T18) O(AAB) < OAAOB,
(T41) FzOA < OTzA.

Other laws of FOLTL can be “translated” to valid GTLA formulas in an obvious
way, e.g.:

(Tlgrra) O[-0A « O-A4].,

(Tl4arra) D[O(A — B) <« OA — OB]E,
(T28crrA) D[DA — A/\ODA]E,
(T39GTLA) D[H:COA — OEL’L'A]e

as modifications of (T1), (T14), (T28), and (T39).

Proof of (T14g 7 4). For arbitrary K, ¢, &, and 7 > ¢ we have
K¥Y©0A4— B)=tt & KP4 —-o0B)=tt
as in the proof of (T14) in Sect. 2.2. This implies
K!9(0(4 — B)) <> 04 — 0B) =tt;
hence
K (O[O(A — B) < OA — OB],) =tt. A

The latter laws use the characteristic GTLA operator O[ _] .. The following list shows
some more valid formulas concerning this construction.

(GT) DO[[A]l. — 4],
(GT2) DA — O[04,
(GT3) O[[4]], < D[A]..
(GT4) O[0[4],, — [4].,]
(GTS) D[4, — D[[4].,],,
(GT6) O[[Al.,], < O[[A]e.],, -

62’

Proof of (GT4). For arbitrary K, ¢, &, and 7 > ¢ we have

KO, =tt = KP4
(€)

= K (4

= K9(4].,) =t

=1t or K;f_gl(el) = Kgf)(el) forevery k > j

=ttor K;?l(el) = K](-f)(el)

~— —

thus



9.3 Generalized TLA 321

K9o[4],, — [4].,) =t

1

and therefore
K@M, - [Ml.],) =t A

Finally we turn now to an axiomatization of GTLA. We begin with a formal sys-
tem Y,grLa as follows. (Tautologically valid GTLA formulas are defined as earlier
and for pre-formulas this notion can be adopted just as well.)

Axioms

(taut) All tautologically valid formulas,

(taut,;) O[A]. if A is a tautologically valid pre-formula,
(gtlal) OA — A,

(gtla2) OA — O[4],,
(gtla3) 0A — O[COA4].,
(etlad) mﬂB1 — (0[4], — O[B].),

(gta5)  Ole’ # e,

(gtla6)  O[-0OA « O—=4],,

(gtla7) D[O(A - B) (OA — OB)].,
(gtla8)  O[O[A] [Ale] .,

(gtla9) D[A]el — D[OD[A] e,
(gtlal0) O[[4]., ACO[A],, — O[Al,,]_,
(gtlall) O[O0OA — Of OA] Je,

Rules

(mp) A, A— B+ B,
(alw) A FOA,
(ind,f) A—)B,D[AHOA}U(A) HA— OB.

2parLA 1s a sound and weakly complete axiomatization of the “propositional frag-
ment” of GTLA. Referring to our introductory discussion of this section we observe
that (ind,);) is now an appropriate adaption of the (normal semantics) induction rule
(ind) of LTL. Some useful derived rules are:

(mpyy)  O[A]e, 0[A — B]. +O[B.,
(ch,y) O[A— B].,0[B— C|. F0O[A — C].,
(alw,p) A FO[4]..

We give, as an example, a derivation of (mp,).

Derivation of (mp,y).

() 0O[4]. assumption

(2) O[4A— B]. assumption

(3) 0O[4 — Bl — (O[4]. — O[B]) (gtlad)

4) D[A]. — D[Bl. (mp),(2),(3)

6) O[Ble (mp),(1),(4) A
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As an example for the usage of these additional rules we show a simple derivation of
the law (GT1) given above.

Derivation of (GT1).

() Ole' # el (gtlas)

(2 Ole' #e— ([A]e — A)]e (taut,y)

(3) O[[A]. — 4], (mpy),(1),(2) A

Most of the axioms and rules of X,gLA are appropriate transcriptions from Xyrp.
An extension of X,grra to a formal system Xgrpa for the full first-order GTLA is
obtained by adding analogous adaptions of FOLTL axioms and rules. We give only
the following obvious examples concerning the existential quantifier.

Additional axioms

(gtlal2) A, (t) — JzA if ¢ is substitutable for z in A,
(gtlal3) O[A,(t) — JzA]. if tis substitutable for z in A4,
(gtlal4) O[CFzA — FzOA],.

Additional rules

(par) A — B F JzA — B if there is no free occurrence of z in B,
(par,;) O[A — B]. F 0O[3zA — B]. if there is no free occurrence of z in B.

This formal system shows that the axiomatization of GTLA can be solved in a
satisfactory way (from the “purely logical” point of view; practical aspects will be
discussed in the next section). According to the introductory comments we should
still remark how it can be applied to TLA. Of course, because of the different seman-
tics, an arbitrary TLA consequence relationship

FEA

cannot be proved in general by deriving A from F in Ygra. However, universal
validity of formulas is independent of the chosen semantics as in LTL (cf. Theo-
rem 2.6.4), so we have at least

}_

0
ZGTLAA = FA

for every TLA formula A. Furthermore, if 7 = {Ay,..., A, } is finite then we have
FRA o FAA.. N, —A

in TLA (again as in Sect. 2.6, cf. Theorem 2.6.3); so we obtain

0

b AN A= A S AL AR A

for TLA formulas Aq,..., A,, A.

A similar use of Ygr s with even infinite 7 will be shown in the following
section. Summarizing, we find that in many applications Ygrpa 1S an appropriate
tool for deriving also TLA consequence relationships.
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9.4 System Verification with GTLA

The idea of deductive verification of a property ., of an STS I', as studied in
Chaps. 7 and 8, is to derive F),,,,, from the set of specification axioms A of I” within
some formal system. Expressed semantically this means to show the consequence
relationship

(*) -AF = Fpr'op

(of normal semantics). If we now use the standard form of TLA (or GTLA) specifi-
cations as introduced in Sect. 9.2 then A consists of the set A4, Of the relevant
data axioms (datar) and the formula

Fr = startr AO[Ar|u A fairp

(in its general form with initial condition and fairness) which is to be understood
with initial validity semantics. This means that F- may be assumed to be initially
valid in every K € Cr where

Cr ={K=(Sr,Wr) | W is an execution sequence of I"}

as in Sect. 6.2.

Modifying the terminology of Sect.7.1, let us now call a property (specified by
a formula) Fj,,., a valid initial property of I' if Fy,,,, is initially valid in every
K € Cr. Clearly, any property F,,, of I' considered with respect to normal seman-
tics can be reformulated as the initial property O F},,,.

Formulating system properties as initial properties the verification task (x) be-
comes to show

0 0
bK-Adata7 pKF‘F = '|:,<Fiprop

(for arbitrary K). Writing 0.4 44, for the formula set {0A | A € Agqta} We have
@Adam & %DAdam by Lemma 2.6.1 b); so this amounts to

D-Adata U {FF} ’:0 FiPTOP

and immediately leads to another verification format which, in fact, is typically used
for (G)TLA verifications: by the Theorems 2.6.3 and 2.6.2b), the latter initial con-
sequence relationship is equivalent to

Adata E FF - FiPTOP

which means that Fr — Fjp,p is Sp-valid in the sense of Sect. 5.1. (Note that the
results from Sect. 2.6 used here can easily be transferred.)

As mentioned already in Sect. 9.1 the verification of implementation correctness
should be just a particular instance of the general verification problem. In fact, if '
is the specification of a refinement of a system [ specified by F then
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Fp—>F[v

is just the adequate correctness formula.

To summarize, apart from the description of system properties as initial proper-
ties we need not care any more about the different semantics. The verification can be
carried out by deriving

Adata = F[' - Fiprop

within, e.g., the formal system Ygrpa-

We illustrate the described method by two examples. Firstly we now formally
verify the implementation correctness of the counter system discussed in Sects. 9.1
and 9.2. Taking the system without an initial condition and ignoring any kind of
fairness, the “high level” specification is given by the formula

Feount = O[Ar,.]on,c
(cf. Sect. 9.2) where
Arpye = Aon VAog VAV A,
and
A,y = —onANon' A =0,
Ao = onA—on' A =,
A, = onANon' AN =c+1,
A, = —monAN-on' N =c.

The implementation of I, is analogously given by

Fim lcount = D[A[v”" lcmmt]o’ﬂ,c,dec
P P
where
Aot = Aon V Agg V BV Ay,

B, = on A on' Adec’ = (dec+ 1) mod 10 A
(dec=9—=c =c+1)A
(dec #9 — ¢’ = ¢).

The implementation correctness is expressed by

Fimplcount - Fcount

and is easily derived as follows:

(1) [ 1n7.pl(‘0unf - [AFLuunt] n]on (tautpf)

(2) D[ zrerlLount] on 7 D[[prum] ]on (mp)’(gtla4)’(l)
(3 D[ mpzwm:]on - D[Afcoum]on (prop), (GT3),(2)
(4) D[ Limpicount - [AF(:(W,nf,]C]C (taUtpf)

(5) D[ 7mplcoqu,] - D[[Apcounf,}c}c (mp),(gtla4)’(4)
©)  BlAn,eomle = BlAr,..le (prop), (GT3),(5)
(7 D[AFzrerlaount]on,C — Feount (prop),(3),(6)

(8) Fi7erlcou7Lt — Fcount (PTOP),(7)
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(The rule (prop) is defined and used as in earlier chapters. Its justification by Theo-
rem 2.3.2 carries over as well.)
The substantial point of this proof is the fact that the two pre-formulas

AF'r,m,plcoumt I:AF(‘ounf] ons
— [Ar,

Limpicount count ] €

are tautologically valid. They provide the lines (1) and (4) in the derivation and are
then manipulated within formulas of the form O[_]_. This observation holds quite
generally: facts (and arguments) concerned with pre-formulas have to be “encoded”
within formulas since only formulas are handled by the formal system Y gt 4. Com-
ing back to a remark made already in the previous section we thus find that Ygyp s
is a satisfactory solution of the axiomatization problem of (G)TLA, but it might be
rather cumbersome to use it in practice. This could particularly be the case if the ar-
guments are really data dependent and not only the axiom (taut,) — as in the present
example — but more sophisticated first-order reasoning is needed.

If we are prepared to trade the “logical purism” for a pragmatic approach to
deductive system verification, we can instead carry out the formal proof within full
first-order logic, i.e., within the formal system Ygop . where we can handle both pre-
formulas and formulas of GTLA simply as FOLTL formulas. Of course, we continue
considering [A]. as an abbreviation for A V ¢/ = e and, hence, O[4]. simply as
O(AV ¢’ = e). The following trivial lemma justifies this method.

Lemma 9.4.1. Let F be a set of GTLA formulas and let A be a GTLA formula. If
F 1o A then F = A with respect to the GTLA semantics.

Proof. By Theorem 5.2.1, F I— A implies F F A within FOLTL. According to
the definition of GTLA as a subloglc of FOLTL we can immediately conclude that
F E A holds with respect to the GTLA semantics as well. A

Applying this approach in our example above we could verify the implementation
correctness by deriving Fimnpicount — Feount Within Xroryp as follows.

(D) A = Al on (taut)

2 D[Aﬂmpzmmf,]on = O[Ar, ] on (T22),(1)

(3) AFzmplcoun,t - I:A[‘count]c (taUt)

(4) O [AFzrerlauunt] c O [AFcouni] c (T22)3(3)

(%) D[AF”erzwm]on,c — Feount (prop),(2),(4)
(6) Fimplcount — Feount (prop).(5)

It is easy to see that the “encoded” steps (1)—(3) and (4)—(6) in the former Ygrpa
derivation are now “directly” performed in steps (1)—(2) and (3)-(4).

Our second verification example deals with Peterson’s algorithm as specified in
Sect. 9.3 by the formula F, . We prove the mutual exclusion property which was
already formulated as O—(at ag A at B3) in Sect. 8.4. This is also a suitable initial
property formula, so we have to derive
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Frp — D_‘(ata?) A atﬁ3)'

We perform this proof now only with the second method and derive the formula
within Ygor7r. Actually, we may follow the main proof idea from the corresponding
derivation in Sect. 8.4 and adjust it to the present context. So let

B = (at{ag,a1} < a1 =0) A (at{az, a3, a4} « a1 = 1),
By = (at{fo, 51} — az = 0) A (at{Ba, B3, s} < az = 1),
By = atag — aa =0V c=2,

By atfs — a; =0V e=1,

B = By ANByANB3s A By

where the notation at L for L. C Labp.; is used as before. Structuring the proof
similarly as in Sect. 8.4 (observe only some renaming) we show:

(al) AxANB — OB forevery A € Labpe; .
(a2) Fp,,, — OB.

Derivation of (al) for A = ay.

(1) Auy AN By — OBs (1)
(2) Auy ANB — atagANag =0AO(atag A ag =0) (@)
(3) Aa, AB — OB (1,(2) A

(We write again (/]) to indicate the application of the specification formulas.) The
derivation of (al) for the other cases for A runs along the same line by transferring
the corresponding steps in the derivation in Sect. 8.4.

Derivation of (a2).

(1) startmg,, — B (II)

(2) FHPet - D[AHPet]UPet A B (1)

3) AHPez, ANB — OB (al)

@ [An.]up. NB— OB 3)

(5) D[AHPct]UPcf, NB — O(D[AHPct]UPct A B) (4)

(6) FUP& — D(D[Anpct]UpEt A B) (ind2),(2),(5)

(N Frp, — OB (6) A

Now the formula

B — —(ataz A atf3)
can be derived exactly as in Sect. 8.4 and from this and (a2) the mutual exclusion
property

Fr,,, — O=(atas A atB3)

follows immediately.

This derivation is based on the induction rule (ind2) of FOLTL. We still remark
that we could also introduce specially tailored invariant rules like those given in
Sect. 7.2, e.g, arule
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(invstart;)  startr — B, A\ AN B — OB forevery A\ € A + Fpr — OB

where Fr = startp A O[Ar]u A fairp with Ap = \//\6/1 Ay, and B contains no
temporal operators and no flexible constants not contained in U. With this rule (the
derivation of which is easy to extract from the above proof), the derivation of (a2)
could be given in the form

(1) starty,, — B (1)
(2) AxANB — OB forevery A € Labpe; (al)
3 Fup, — OB (invstart”),(1),(2)

which then directly reflects the corresponding proof part in Sect. 8.4.

9.5 Hiding of Internal System Variables

We have stated in Sect. 9.2 that TLA system specifications are usually written in the
form

Fr = startr A D[AF}U A fairp.

The formula F'i describes all possible executions of a system; the “level of detail” of
this specification is determined by the underlying temporal signature 7'SIG. From
a computer science perspective, Fr is likely to “reveal too much information” in
the sense that it does not distinguish between the internal details of a system and
its external interface. Continuing the running example of the counter, imagine that
internally some elementary “tick” events are counted but that only every tenth tick
is to be displayed externally. A specification of such a device (still with the ability
to switch it on or off, and ignoring fairness conditions for a moment) is given by the
formula

Fimplcount

defined in Sect. 9.4 as O[Ar, ,.....]on,c,dec, €xcept that this formula does not make
any difference between the “internal” counter dec and the “external” display c. Tak-

ing into account this distinction, the specification should really express that
“there exists an internal system variable dec behaving as given by Fiypicount” -

Technically this suggests we hide the internal system variable dec by existentially
quantifying “over it”. The specification would therefore be written in the form

Fe:ctimplcount = ddec Fimplcount s

thus restricting the “visible” system variables (that occur “free”in the specification)
to just on and c.

Turning to refinement, we have shown in Sect. 9.4 that the counter with decimals
is a correct refinement of the counter specification F.,q,¢, formally expressed as
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Fimplcount — Feount-

Because the variable dec does not occur in F'yyp, it is easy to see (and confirmed
by proof rules for existential quantification) that the implication

Feztimplcount - Fcount

therefore holds as well. In other words, the specification Feytimpicount With an “in-
visible” decimal is a correct implementation of the high-level counter specification.

For this example, we may indeed expect the two specifications F'oyypn: and
Fegtimpicount Of the counter to be indistinguishable, and therefore expect that the
implication

Fcount - Feztimplcount

holds as well: the free variables of the formula Feytimpicount are just those of the

formula F.,,,:, and they can change in the same ways. An external observer should

not be able to tell if the counter display is derived from an invisible tick counter.
But consider now an execution sequence of the form

[tt, 16] — [tt, 17] — ... — [tt, 17] — [tt, 18] — ...

with a number % of stuttering steps [tt, 17] — [tt, 17]. For every k, Foount is true in
the state denoted by |[tt, 16]. The formula 3dec Fyypicount is also true in this state if
k > 9; however, for & < 9 this is not the case. Take, e.g., the sequence

[tt, 16] — [tt, 17] — [tt, 17] — [tt, 18] — ...

with £ = 1. It is not possible to find a sequence of values of dec which make
Fimpicount true: such a sequence must associate dec = 9 with the state [tt, 16],
dec = 0 and dec = 1 with the next two states, and then there is no possible value of
dec in the state [tt, 18].

The essential reason for this fact is again that the formula dec Fypicount 18 not
stuttering invariant. In Sect. 9.1, we were able to enforce stuttering invariance by
restricting the temporal logic FOLTL to a syntactically identified subset TLA. In the
present situation, the problem is due to the semantics of quantification, which can
result in 3z F being stuttering sensitive even if F' is stuttering invariant. The solution
is to introduce a new operator of existential quantification whose semantics is defined
in a way that guarantees stuttering invariance.

For this purpose, we assume an additional set X! = (J, g X7 of flexible indi-
vidual variables, just as in Sect. 5.6 for FOLTL. We also assume a set VI of flexible
propositional variables, in analogy to the language £}, in Sect. 3.3 (where the cor-
responding set was denoted by V). A language Ly, o (T'SIG) of the logic GTLA+q
is obtained as the extension of some language Lgtia(TSIG) of GTLA by the sets
X and V7, a new existential quantifier denoted by 3, and by adding the formation
rule

e If Aisaformula and w € Xf U V" is a flexible propositional or individual
variable then JwA is a formula
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to the syntactical definition of GTLA. For defining the semantics of 3 we recall
the relation ~,, defined in Sects. 3.3 and 5.6 such that, for two flexible variable
valuations = and £/, & ~,, =’ informally means that = and =’ have “pointwise
equal” values for all flexible variables except possibly w. This relation was used to
define the semantics of the (flexible) quantifier 3 by

K= (3wAd) =tt < thereisa =’ such that = ~,, =’ and K> (4) = .

For the operator 3 we modify this definition in the following way. We first extend
the stuttering notions from Sect. 9.3 to the new kind of language. For any temporal
structure K = (S, W) for TSIG, W = (19,71, 72, - .), and any flexible variable
valuation = = (&, &1, &, ...) for X U VA, the “union” W U Z is the sequence

(770 U 607771 U 51) T2 U £2a .. ) Ofmappings
nUE : XUVUXuvt - |s|u {ff tt}
where

n; U&(e) =n;i(e) foree XUV,
n: U&i(w) = & (w) forw e XUV,

We adopt, just by replacing state sequences W by sequences W U =, the definitions
from Sect. 9.3, particularly

Ou(WUZ) = iy U&igs iy Uiy Miy Uiy, - - -)
forany U C X UV U X UV and

WiUE =g W UEy & Ou(WiUET) =y Ou(Wa U Zs).
Now the semantics of 3 is given by

5’“ J(FAwA) =1t < there are K’ = (S, W'
Wu = =U(A) W

K, =D (4) = tt

, =/, and =" such that
= 5 =

U =~y Z7, and

for K = (S, W). Comparing this clause with the one for 3, it roughly means that no
longer = itself, but a “stuttering equivalent version” of = has to be “equal up to w”
to an appropriate valuation (now =").

Every formula of the new shape is indeed stuttering invariant again where this
notion is now redefined as follows:

Definition. Let TSIG = (SIG,X,V) be a temporal signature. A formula A of
L A(TSIG) is called stuttering invariant if

K= (4) = K= (4)

holds for all variable valuations £, temporal structures K = (S, W) and K’ = (S, W)
for TSIG, and flexible variable valuations = and =" with WU 5 =y 4y W U Z’
where U(A) € X UV U X UV# is the set of flexible individual and propositional
constants and variables occurring free in A.
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Theorem 9.5.1. Every formula of a language Ly, , is stuttering invariant.

Proof. The proof of Theorem 9.3.3 can be adapted to the present situation (with the
assumption W U = =y(4) W U Z). We only have to extend it for the additional
case of a formula A = JwB. So, let Kgf’E)(A) = tt. Then there are K’ = (S, W’),
Z’,and £ such that W U = =y W U E', Z/ ~,, 2, and K'¢5)(B) = tt.
Then we also have W U = ~y(a)y W U E' by the assumption and this immediately
implies F(E)E’E)(A) = tt. The opposite direction follows by symmetry, so we obtain

KE=(4) = KE=(4). A

GTLA+q can be axiomatized, even in a weakly complete way with respect to its
propositional fragment. We do not go into the details, we only list

Ay (B) — JwA,

Ay (t) — JwA,

OJwA — JwO A,

O(QAwd) . — Jwo(A),,

O(ANOJwB), — JwO(AANOB), if there is no free occurrence of w in A

as some examples of helpful axioms and note that the particularization rule
e A— Bt 3wA— B ifthere is no free occurrence of w in B

can be taken in its usual form for 3 as well.
Coming back to our example, the application of the new operator in the an-
nounced way works as desired: we obtain that

Fcount — Jdec Fimplcoum‘,

is N-valid. In this formula, dec is now in fact a flexible individual variable and we
assume the priming notation of Sect. 5.4 to be extended to flexible variables in an
obvious way. To see the N-validity of this implication formally, let K = (N, W) be

5575)(F50unt) = tt for some
¢ and E. To find appropriate W/, =7, and =" such that K;(&E )(Fimplcount) _ it
for K/ = (N’W/) we adopt “Steps” ( Sy U f]?nj"rl U fj-‘rl? .. ) from W U = to

W’ U =’ (and choose =" accordingly) in all cases except those where

a temporal structure and 7); be a state of W. Assume K

nj(on) =nj1(on) = ... =1nj4ry2(on) =1t

nj(c) =mnjz1(c) = ... = Njsr+1(c),

Nj+k+2(¢) = Mjprsa(c) +1
hold for some k < 9. In this case we “stretch” W U = to W' U =’ by introducing a
sufficient number of stuttering steps such that we obtain =" then by evaluating dec
with 0,1,2,...,9 from the state with the index j + 1 on. For example, let W U = be
given by
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J
on|... t tt tt tt ff ff tt...
c|...16 1717181818 0 ...
dec | ... 745 3 2 6...

(We write simply j for ; U &; and omit the other entries in the “header line”.) Then
the first three lines of the matrix

J

on ‘ Lottt ottt ottt ottottottottottott ffOff ot
c|...16 1717 17 17 17 17 17 17 17 17 18 18 18 0 ...

dec | ... 74 4 4 4 4444453 26...

dec | ... 0123456789000 0...

show W/ U Z”, and =" is obtained by taking the fourth instead of the third line.

The semantic definition of 3 in terms of additional “stretching” must be reflected
in the axiomatization of the quantifier. We again omit the details, but only show an
example of an axiom (for the first-order case) useful for introducing a “stuttering
variable” w that enforces certain numbers of stuttering steps between changes of the
externally visible system variable e:

Juw(w =1 A
O(w>0Aw=w—-1Ae=e)V(w=0Ae#eAw =t)]weA
00 (w = 0)).

In this formula, #; and t; are terms of sort NAT that do not contain the “stuttering
variable” w. When the value of w is n for some n € N, it enforces at least n stuttering
steps with respect to e. Initially, w is set to (the value of) #;. There are two types
of transitions: the first decrements w and leaves e unchanged, the second changes
the visible variables and sets w to ¢,. The latter type of transition is possible only if
w = 0 holds, that is, if no more stuttering transitions are necessary. The final conjunct
OO (w = 0) asserts that “counting-down transitions™ eventually occur whenever w
is non-zero. In the counter example, ¢; and ¢ would both be chosen as 9.

In the light of the above discussion we arrive at a somewhat generalized form of
system specifications in (G)TLA: they are typically of the form

Fr = 3w ... w, (startr AO[Ar]u A fairr)

where the variables wy, ..., w, € U represent the internal system variables of the
specification. (U is now a subset of X UV U X/ U V). When proving a refinement
relationship

Fipir — Fr

an important step in the proof consists in finding “witnesses” for the hidden variables
w; in Fr, for example by an application of the axiom
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Ay(t) — JwA.

The “witness term” ¢ is usually called a “refinement mapping”.

We have studied the “hiding operator” 3 in the framework of GTLA. Of course,
it could also have been introduced in (basic) TLA. The resulting logic (equipped with
initial validity semantics) is what we announced as “full” TLA in Sect. 9.2.

The syntax of GTLA allows more formulas than can be built in TLA, and there
are GTLA formulas which cannot equivalently be expressed in basic TLA. Interest-
ingly, however, this different expressivity of the two logics disappears when they are
extended by the operator 3 (and endowed with the same semantics). More precisely:

e for every GTLA+q formula A there is a formula A* of (full) TLA such that
F A« A%

(This formulation refers to normal semantics; transferring Theorem 2.6.4 shows that
it holds for initial validity semantics as well.) Actually, A* can systematically be
constructed from A. We only illustrate this construction by means of an example.
Let

A = D[Dvl — OEquD[vz i Ole}i}Q]

v1

where v; and v, are flexible propositional constants and w; is a flexible proposi-
tional variable. (Observe that A is not a TLA formula.) In a first step the subformula
Jw;0[ve — OOwy |4, of A is “represented” by a (fresh) flexible propositional vari-
able:

AY = Jup(O(wp < FJw Oy — OOwy]y,) A (B[00 — wyly,).

The second step transforms those subformulas of AT inside some O] _]_ which are
not allowed in TLA, i.e., the formulas v — OOw; and Ov; — wj. Their “inadmis-
sible” parts Ow; and Owv; are again represented by additional flexible variables:

A" = Fup(O(we — Jw; Jws(O(ws < Owy) A Ofvg — whly,)) A
Jws(O(wy < Ov) A Ofwy — wgly,)) -

A* is a TLA formula and from the construction it is quite evident that it has the
desired property. Moreover, it is not hard to see how to define a procedure that carries
out the construction for an arbitrary formula of GTLA+q.

9.6 Composition of System Components

Systems are often composed of smaller components. Actually, system composition
occurs in different versions, depending on how the interaction between the compo-
nents is organized. We illustrate how this structuring method can be described within
(G)TLA by the particular case of open systems: any system (component) interacts
with an environment which may be other components. The interaction takes place
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by receiving inputs from the environment and delivering outputs to it. In order to
simplify the discussion we consider only the composition of two components and
we represent the input and output interfaces of each component by system variables
in and out, respectively. Inputs are “arriving” on in and out receives the outputs.
Assuming ay, . .., a, to be the internal system variables, a component " of this kind
is in general specified in (G)TLA by a formula

Fr = startpr A D[AF]Up A fairp
where
Ur=A{a,...,a,,in, out}.

(As described in Sect. 9.5, hiding of the internal variables could be expressed by
quantifying “over them” with 3.) The set U contains all relevant variables. The
specification A describes the transitions of I", which may occur in reaction to
changes of the input variable.

This concept, however, still needs to be made a bit more precise. In the sense of
Chap. 8, the component and its environment are running concurrently and this con-
currency can be represented by different “computation models” which fix whether
changes of the input variable may or may not occur simultaneously with actions
concerning the other system variables. (G)TLA does not commit to any particular
model of computation: it is encoded in the specification, which has to “synchronize”
actions of different components in an appropriate way. We apply here again a version
of the interleaving model in which changes of the input variable in and the output
variable out do not take place simultaneously. (This notion of interleaving is slightly
different from the one described in Sect. 8.1.) Therefore, A should be given such
that

Ar —in' =in Vv out’ = out

is Sp-valid (as a pre-formula).
Let us give an example. Assume SIG gyeqe to be a signature for gueues (of, say,
natural numbers) containing (at least) the function symbols

EMPTY, APPEND, HEAD, TAIL

which are interpreted by a structure Q with the empty queue € and the usual queue
operations of appending a number to a queue, returning the head, and returning the
tail of a queue, respectively. Based on SIGy.cc We consider the specification

Fqueue = Startrqueue /\ D[AFqueus]aaout

we omit fairness aspects) of a system I, Where
p y q

startr,,,.. = a = EMPTY

Aeng = i’ #in Ao’ = APPEND(in/, a) A out’ = out,

Ajeq = a # EMPTY A out’ = HEAD(a) A o' = TAIL(a) A in' = in,
Ar = Aenq Vv Adeq-

queue
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Fig. 9.2. A queue
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Fig. 9.3. Composition of system components

I'4yeue may be depicted as in Fig. 9.2. It has one internal system variable a which
stores the incoming numbers such that input and output works in a first-in-first-out
manner. A.pq and A4, describe the “enqueuing” and “dequeuing” actions, respec-
tively: the queue adds the new input value to its queue whenever in changes, and it
may dequeue an element whenever the queue is non-empty. The conjuncts in’ = in
and out’ = out in the definitions of these actions ensure the above “interleaving
condition”. An example of an execution sequence is:

[€,0,0] — [(5),5,0] — [(3,5),3,0] — [(3),3,5] — [(8,3),8,5] — ...

where a state 7 is represented by [n(a),n(in),n(out)]. As intended, simultaneous
changes of the input and output “channels” are impossible, and the change of the
input channel is synchronized with the update of the queue.

The kind of composition of (two) components we want to describe now is to link
up the output of one component with the input of the other, as depicted in Fig. 9.3.
The system variable c represents the “connection” of out; with iny. As an example,
we consider the composition I'cyycyes Of two queues Iy eqe. We hide now the two
internal system variables; so, after some renaming, a straightforward specification of
I'cqueues 18 given by

chueues = Eluq awg (startpcqw,es A D [AFCQMWS ] wy,ws2,c, out)

where
startr,, ... = w1 = EMPTY Nwy = EMPTY N c= EMPTY,

A(ez)q = in' # in Aw| = APPEND(in,w) A ¢’ = ¢ A
wh = we A out’ = out,
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AD =y % EMPTY A ¢/ = HEAD(wy) A w] = TAIL(wy) A
in' =in A\ wh = wy A out’ = out,

AS?[I = ¢ # cANwy=APPEND(c,ws) A out’ = out A
in' =1in A\ w = w,

AP =y £ EMPTY A out' = HEAD (wy) A wh = TAIL(ws) A
' =cAw =w ANin' = in,

40 4D 4@ 4D
= A, v A v AG), v AP

Ar

cqueues

The “logical composition” of the separate specifications of the two single queues is
expressed in a somehow “interweaved” disjunction in Ar, ... which describes all
(interleaving) actions of the components. Actually, there is an equivalent description
which combines the separate specifications in a more “direct” way by (essentially)
building their logical conjunction.

To find this, consider first the two internal system variables represented by the
flexible variables w; and w». Their interleaved changes are described by disjunctions

of the form
B = (wf=tAwy=uw)V (wh=1ty ANwj = w)

with terms #; and %, not containing wy and w;y, respectively. It is easy to see from the
definition of the operator 3 that the formula

FwJws B — Jwi (wy = 1) A Jwn(wh = 1)

is valid. Of course, the same does not hold for the system variables in and out since
they are “free”. However, if we explicitly include the pre-formulas out’ = out and
in’ = in in the specifications of the (actions of the) first and second queue, respec-
tively, then the stuttering invariance (with respect to in and out) of these specifica-
tions provide again the possibility to describe the interleaving actions by a conjunc-
tion. Finally, the two queues synchronize on the channel c: a dequeue action of the
first queue occurs simultaneously with an enqueue of the second one. Indeed, using
these arguments it turns out that the specification Fgyeqes 1 logically equivalent to
the formula

Jun Fitue N wsFG)
where Féi)eue and Féi)eue are the specifications of the two single queues, modified
as follows:

Féi)eue start(ptzm A D[A}l)

queue

I
A out” = OUt]in,wl,c,out s

2 2 2 . .
thu)eue = start}qim AN D[Agﬂ) Ain' = m]m,c,wg,out,

queue

and Ap

queue

and start}tzm and Ag}we are startp,

queue

where @ and out are replaced

by w; and c, respectively, and start(pizm and ASEI)LL result analogously by replacing
a and in by wsy and c.
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The observation made in this example carries over to the general case. If

Fr, = Elwl(l). 3w Y (startp, A OlArJup,)

1

and
Fr, = 3uw®... 3P (startr, A D[Ap]uy,)

are specifications of two components [ and I» (now with hidden internal system
variables) then the behaviour of the composition I" of I} and I, is given by

FF = Fltl/\FItz

where F'. results from F'r, by replacing out by ¢ and then O [A?l]U?l (which is the
result of this replacement) by

O[A7, A out’ = OUt]U*Flu{out},
and Ff, results from F'r, by analogously replacing in by ¢ and then D[A}2]U;2 by
D[A*Fg A in’ = in}U}lu{in}-

So the composition of two components is logically described by the conjunction of
the single specifications. (This holds also if fairness formulas are added.) Besides the
trivial replacements of out and in by c, these specifications have only to be modified
by the additions out’ = out and ¢’ = ¢, respectively. This modification is induced
by the underlying interleaving model.

We finally remark that a composition I" of I} and I'» could also be understood
as an implementation of some other system I" (extending the usage of this notion in
the previous sections). For example, the composition of the two queues above imple-
ments just a single queue again. Similiarly as in earlier cases this can be expressed
by the “correctness” formula

ElwlF(l) A H'IUQF(Q)

queue queue H'LUFqueue

where Fyycqc 15 the original queue specification (with w instead of ). This formula
is in fact Q-valid. The opposite “completeness” relationship is obtained by hiding the
internal “connection” variable c. So, taking ¢ now directly as a flexible individual
variable, the formula
JwF yene — Jc(Fun F(gi)eue A Elngéi)eue)

describes this relationship, which intuitively asserts that it is impossible to tell from
looking at the “external interface” provided by in and out whether a queue is inter-
nally implemented as the composition of two queues.
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Bibliographical Notes

Concepts of refinement have long been studied for formal methods for the develop-
ment of computer systems [3, 9, 19, 42].

Lamport suggested that specifications of reactive systems should be stuttering
invariant and introduced TLA [88], where he also proposed to represent composi-
tion by conjunction and hiding by existential quantification. The logic GTLA and its
axiomatization were introduced in [109]. Pnueli [123] proposed a temporal logic for
refinement that is similar to TLA. Peled and Wilke proved that all properties express-
ible in propositional LTL+b that are stuttering invariant can be written without using
the nexttime operator [116]. Similarly, all stuttering invariant properties expressible
in LTL (without binary operators) can be written in GTLA without quantification
over propositional variables [69].

Compositional methods aim at managing the complexity of developing big sys-
tems by decomposing the problems of specification and verification along the mod-
ule boundaries. Different components of a system may mutually make assumptions
about each other, and verifying that these assumptions are all satisfied in the over-
all system poses interesting problems. Within the context of temporal logic, Pnueli
[122] made an early suggestion that triggered much work on the problem. We only
refer to the excellent overviews [39, 40] of compositional approaches to specification
and verification.
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Other Temporal Logics

A common feature of all versions of temporal logics investigated so far is that they
are based on the paradigm of linearly ordered time. More precisely, formulas are
evaluated over sequences of “time points”, with N as index set and the linear order
< on N as the basis for the semantics of the temporal operators.

Additionally to the numerous syntactical and semantical variations in previous
chapters we briefly sketch here some more modifications of such logics including
possible generalizations to other linearly ordered time models and spatial-temporal
logics.

The main focus of this chapter, however, is to discuss some important temporal
logics based on “non-linear time models”. The most popular of them, branching time
temporal logic CTL (“computation tree logic”), is widely used in connection with
verification techniques which we will encounter in Chap. 11. We restrict ourselves to
a propositional logic treatment in these cases. Particularly for CTL, this is sufficient
for the intended applications. First-order versions could easily be defined in all cases
along the lines shown for LTL in Chap. 5.

10.1 Further Modifications of Linear Temporal Logic

In the preceding chapters we have extensively studied many variants of propositional
and first-order linear temporal logics. The variations were given by different choices
of the linguistic means (particularly the numerous logical operators), i.e., the syntax
of the respective logical language, or by different semantics. The borderline between
these principal sources of modifications is not unique: an operator like 3 introduced
in Sect. 9.5 as a new syntactical element could also be viewed as just the existential
quantifier with a modified semantics.

We want to sketch in this section some more examples of syntactical and semanti-
cal modifications. To begin with another syntactical aspect, we recall our “design de-
cision” in Sect. 5.1 where we chose propositional and individual constants as the flex-
ible symbols in FOLTL. In some presentations of first-order temporal logic one can
find another choice: flexible predicate symbols. A language Lo ( T'SIG) of such



340 10 Other Temporal Logics

a logic FOLTL' can be defined as follows. A temporal signature TSIG = (SIG,R)
is given in this case by a signature SIG = (S,F,P) and R = [J;g- R ) where
R, for every 5 € S*, is a set of flexible predicate symbols. Terms and formulas are
built as usual, by handling the new flexible predicate symbols like rigid ones. A tem-
poral structure K = (S, W) for a temporal signature TSIG = (SIG,R) is defined

as in FOLTL, with the difference that a state 7; of W now associates a mapping
p" |S|s, X ... x |S]s, — {ff, tt}

with every p € R(51-+5») Given a variable valuation &, the evaluation of terms is as
in FOL and for atomic formulas the clause

SEM) (p(ty,... 1)) = p" (S (1y),...,SEM)(t,)) forp e R

has to be added. All further semantical definitions are verbally adopted from FOLTL.

We do not want to investigate this logic in detail; we only point out its re-
lationship to the “original” FOLTL. The two logics are not “directly” compara-
ble with respect to the expressibility notions of Sect. 4.1, but we may state, as a
first observation, that FOLTL can be “embedded” into FOLTL™ which means in
a somewhat modified sense that whatever is “describable” in FOLTL can also be
described in FOLTL®. More formally: given a language Lropr(7TSIG), there is a
language Lpoppe (TSIG*) (with the same variables) such that for every formula A
of LrorrL( TSIG) we can construct a formula A* of Ly e (TSIG™), and for every
temporal structure K for 7'SIG we can construct a temporal structure K* for TSIG*
such that

K;‘(E)(A*) _ Kgf)(A)

holds for every K, &, and i. This assertion is quite trivial. The flexible proposi-
tional constants of TSIG are directly included as elements of R©) in TSIG*, and
any flexible individual constant a of sort s in 7'SIG can be encoded in a way
which is known already from classical FOL (for rigid symbols) and can immedi-
ately be applied in the present situation. 7'SIG™* contains a flexible predicate symbol
pa € R for every such a with the informal meaning that, in any state, p, is true
for exactly that element of the domain which is the value of a. A formula like, e.g.,
a < b of LrorrL( TSIG) is encoded by the formula

Pa(z) App(y) =z <y

of Leorre(TSIG*) and, in fact, this definition meets the requirement if we for-
malize the idea by defining, for K = (S, W), W = (no, 11,72, - . .), the temporal
structure K* by K* = (S,W*), W = (0§, ni,n3, .. .), with

pi(d) =tt & nia) =d

for every 7+ € N. It is evident that every occurrence of flexible individual constants
can be eliminated in this way. Furthermore, generalizing this argument a bit, we also
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see that flexible function symbols (with definitions analogous to those above) would
not bring in additional descriptive power. Such a symbol f could be encoded by a
flexible predicate symbol py with

p}?’[ (dla"'vdn; dn+1) =t < fn:(dl""’dn) = Gntl

Conversely, FOLTL™ can also be embedded into FOLTL, but this is not entirely
obvious. Consider, as an example, the (atomic) formula

p(th t2)

with a flexible predicate symbol p (and ¢;, t» rigid). An approach for an encoding is
to describe the truth value of this formula in a state n); by a formula

isin(t1, to, ap)
where a,, is a flexible individual constant which has the set

{(dl, dg) | “p(dl, d2) is true in Ui”}

as value in 7;, and isin is a (rigid) predicate symbol which, applied as shown, just
asserts that the pair of the values of #; and #5 is contained in the set (that is the value
of) ay,.

To make this idea formally precise, let Lroprne be a language over a temporal
signature T'SIG = (SIG,R). The encoding language Lrorrr is based on the tem-
poral signature TSIG* = (SIG*, X, ()) where

e SIG* extends SIG = (S,F,P) by adding, for every § = s1...s, € S* with
R®) #£ (), asort [s1,...,s,] toS and defines P(s1--snlstsnl) = Liginsl with
a new predicate symbol ising.

e X ={a,|pc R} where a, is of sort [s, ..., s,] if p € R(1-5n).

Continuing immediately with the construction of the temporal structure K* for
TSIG* from a temporal structure K = (S, W) for TSIG, we define K* = (S*, W*)
where

e S*is S extended by the domains
S, )| = 21551 P X150

g*

for the new sorts [sq, ..., s,] in SIG* and by associating the mappings ising,

with the new predicate symbols ising, s, in P which are given by
ising, ., (diy... dp, dysr) =1t & (di,...,dy) € doyr,
o the states n; : X — [S, | of W are given by
0 (ap) = {(d, ., du) € (Sl | 97 (o ., dn) = 1t}

for every a, € X, 1 € N.
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Observe that these definitions imply that all terms ¢ of Lgrn (7'SIG) are terms of
Lrore( TSIG*) as well and S*(&7) () = S&:) () holds for every i and &.

Following the idea shown above, finally the formula A* of Lrorr.(TSIG*)
is inductively defined according to the syntactic structure of the formula A of
Lrorre (TSIG).

. A=p(ty,..., t,) withp € R(s1-52): Then
A" =ising s, (t, ... tn, ap).

2. A=p(ty,...,t,) withp € Por A =t; = t or A = false: Then 4* = A.

3.A=B — CorA=0BorA=0Bor A= 3JzB: Then A* = B* — (C*,
A* = OB*, A* = OB*, A* = JxB*, respectively, where B* and C* are the
results of this construction for B and C.

These definitions provide the desired encoding result.

Theorem 10.1.1. With the constructions defined above,
K (A7) = K (4)

holds for every formula A of Leoyre (TSIG), temporal structure K for TSIG, vari-
able valuation &, and i € N.

Proof. The proof runs by structural induction on A.

. A=p(ty,..., t,) withp € R(s1-52): Then we have (using the above remark)

Ki®(A%) =t & KO ising o, (h,. .t ap)) =t
& dsind (SHEM (1), ... SHEMD(1,),S*EM) ()
=1t
& z'sinf,’:___sn (SEm)(4y),...SEM) (L), nt(a,)) = tt
& (SEm(t),...SEM(1,)) € ny(ap)
= pni (S(f;m)(tﬂj . S(fﬂh)(tn)) — tt

o KO =1

2. A=p(ty,...,t,) withp € Por A =t; = t; or A = false: Then A does not
contain flexible predicate symbols and by definition of K* we have

Ki©(47) = K (4) = K[ (4).
33Z.A=B — CorA=O0OBorA=0BorA = JzB: Using the respective
induction hypothesis, we have in the first case
3

B* — C*) =t
B*) =ff or KI®(C*) =tt

—~~

& K]
O(B) =ff or KE(C) =tt
) tt,

& K (B)
& K©(4)
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and the other cases run analogously. A

FOLTL™ appears not very appropriate for the applications (mainly) considered in
this book (with the exception of applications to database systems as briefly sketched
in a Second Reading paragraph in Sect. 8.6). This version of FOLTL may be prof-
itably used, however, in theoretical investigations, even of FOLTL, since results can
be transferred from FOLTL™ to FOLTL by relationships like the one we have just
proved.

For the modification of the semantics of LTL or FOLTL there are manifold pos-
sibilities on different “levels”. For example, one can define, following patterns in
classical logic which we briefly mentioned in Sect. 2.1, semantics which charac-
terize three-valued, probabilistic, intuitionistic and other temporal logics departing
from the usual two-truth-values paradigm. We briefly illustrate the case of a (basic)
intuitionistic propositional temporal logic ILTL. In particular, intuitionistic logics
treat negation in a special way, so we define a language Ly (V) as in the case of
LTL with the difference that we take the operators —, V, A, and < instead of false as
symbols of the underlying alphabet (in addition to —, O, and O), together with the
corresponding syntactical rule

e If Aand B are formulas then - A, (A V B), (A A B), and < A are formulas

instead of the rule for false.

For the definition of semantics, a temporal structure K = (7, @) for the set
'V of propositional constants is now given by a non-empty set 7 of state sequences
(N0, M1, M2, . . .) with states n; as in LTL and a partial order & on 7. We require that
whenever (19, 11,72, .. .) € (10,17, M, - . .) and n;(v) = tt then also 7} (v) = tt, for
all i € Nand v € V. Given such a temporal structure K, a value K;(A) € {ff, it}
is inductively defined for every formula A, every K € 7, and i € N.

1. Ki(v) =tt & n(v) forsome K' = (n{,n},nh,...) € J withK' @ K
forv e V.

2. Ki(m4)=tt & K)(A)="f forevery K' € J with K & K’
3. Ki(AVB) =1t & Ki(4)=tt or K;(B) = tt.
4. K(AAB)=tt < Ki(A)=tt and K;(B) = tt.
5. Ki(A—B)=tt & K.i(A4)=ff or K(B) =1t
for every K’ € J with K & K.
6. K;(OA) = K;11(4).
7. Ki(OA) =tt & K;(A4) =tt foreveryj > i.
8. Ki(CA)=tt & K j(A) = tt for some j > i.

A formula A of Ly (V) is called valid in the temporal structure K™ for V if
K;(A) = tt for every K € J and every i € N. Consequence and universal validity
are defined as usual.

These definitions transfer the semantical features of “usual” intuitionistic logic
to temporal logic. A temporal structure is now a collection of “LTL state sequences”,
and the order & is informally understood as a possible “growth of knowledge” about
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the truth of formulas in these state sequences (formalized by the compatibility con-
dition for the relation @). The new definitions concern the classical operators and
have only “indirect” influence on the temporal operators. These have the semantics
as before, but some typical laws of LTL no longer hold in ILTL, e.g., the operators O
and < are no longer dual to each other: the implication & A — —0O-A4 is valid, but
the opposite direction

ﬁDﬁA — <>A

is not.
Intuitionistic logic may be applied in systems with “incomplete information”
where the handling of negation is of crucial importance.

All variants of linear temporal logic which we have shown so far exhibit still
one common feature: formulas are evaluated by state sequences (7);),en. Recalling
the statement in Sect. 2.1 that the characteristic paradigm of linear temporal logic is
to be based on a linearly ordered, discrete time model, we observe that within this
frame the standard index set (“time model”) N of such state sequences may also be
replaced by some other set with a discrete linear order relation.

A simple example of this kind is a semantics where, in the basic propositional
case, a temporal structure K = (19,71,72,...) is a finite or infinite sequence of
states. In applications to state systems, the inclusion of finite sequences would enable
us to model finite (e.g.: terminating) system runs in a more direct way than with
the standard semantics. On the other hand, one has to take some care then of the
nexttime operator. Analogously to the previous operators of the logic LTL+p one
should introduce a weak and a strong nexttime operator. Denoting the first again by
O and the second by ©, an appropriate definition would be as follows.

o K;(OA)=tt < ifn,;4 existsin K then K;;1(A) = tt.
o K;(@A)=tt & ;4 existsin Kand K;1(A4) = tt.

Of course, the semantics of the always operator could be defined as before.

Going a step further one can restrict temporal structures to be only finite se-
quences. Certain logics of this kind are called interval temporal logics and are of
their own specific importance. Their basic ideas will be given separately in the next
section.

Another modification which is “opposite” to “cutting off”” temporal structures is
to take the set Z of integers as a time model, i.e., to define a temporal structure to be
a state sequence

(ni)iez -

With such a semantics (again based on the natural order <) no initial state would
be distinguished. Furthermore, it is evident that for any logic containing only future
operators, there would be no difference to the former semantics since, informally
speaking, then no formula evaluated in some 7); refers to states 7; with j < ¢, so the
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shape of the state sequence “behind” 7; is irrelevant. The introduction of past oper-
ators, however, becomes simpler. Like the one nexttime operator O (in the standard
case), one single previous operator © would be enough:

o Ki(©A)=K;_i(A).

Relating this semantics to state systems, it reflects the general case of systems repre-
sented by not necessarily rooted STSs. Rooted systems could still be handled (with
some technical changes) referring exclusively to the initial condition of a system for
describing the beginnings of its runs.

We still remark that, characterizing linear temporal logic, one can also omit the
requirement of discreteness of time: the set R of real numbers would be an obvious
example. With such a semantics the nexttime operator makes no sense any more. So,
in the basic version, there would be only the operator O (and its dual <) with the
usual semantical definition. Such a logic then rather appears as a particular modal
logic, with past and maybe binary operators as a tense logic (cf. the Second Reading
paragraphs in Sects. 2.3 and 3.6 for some remarks about these kinds of logics). So
we do not pursue this idea here. Arguing from the point of view of applications, we
remark that such a logic would no longer reflect the “discreteness” of state systems
in the sense shown in Chap. 6. Applying temporal logic to real-time systems (which,
at a first glance, could be thought of as an application area) one typically treats times
as special data which may be, e.g., values of “clock variables”.

We conclude this survey by mentioning spatial-temporal logics which open a
new spatial dimension — besides the temporal one — for changeable truth and falsity
of formulas by viewing a state as a somehow structured and changeable collection of
“local” states distributed over different “locations”. (Of course, the locations referred
to in this context are unrelated to locations of automata as in Chap. 4 or in Sect. 6.4.)
Such logics may be applied, e.g., in systems with mobile agents which, in fact, can
be seen to be determined by their local state variables, to be “associated” to some
location, and to be able to change this association during a run.

We illustrate the idea by a simple propositional logic STL which extends LTL by
a spatial aspect. For the definition of a language Lgr,(V, L) of STL the alphabet of
Li1.(V) (for some V) is enriched by a non-empty set L of locations which contains
a distinguished reference location r, and the symbols [ and |. Formulas are built as in
LTL and additionally with the formation rule

e If Aisaformula and n is a location then n[A4] is a formula.

The special element r of L represents a location which exists in every state and to
which all other existing locations (in a state) are “connected” in the spatial structure.
A formula n[A] informally means

“A holds at location n, provided this location exists”.
By the dualization
n(4) = —n[-4]

one obtains formulas expressing
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“Location n exists and A holds there”.

For defining the semantics, a spatial-temporal structure K = (19,11, 12, .. .) for V
and L is now an infinite sequence of states n); = (L;, =, (;) where, for every i € N,

L; C Lis asubset of L withr € L,

=, is a binary connection relation on L; such that n =; r for every n € L,

¢ » Ly x 'V — {ff tt} associates a truth value with every v € V “at a location
from L;”.

The relations <=; formalize the idea that the set of locations existing in a state is
“structured” somehow. In this simple STL this structure is not specified more con-
cretely; it is only required that every existing location is always connected with the
reference location r. A refinement to trees (with root r) could be a natural, more
particular choice.

Given such a K, K; n(A4) € {ff,tt} (the “truth value of A in the ith state at
location m”) is defined for every formula A, every ¢ € N, and every m € L.

Kim(v) =t < meL;and (;(m,v) =1 forveV.
K; m(false) = ff.
Ki,m(A — B) =ttt & K,L'7m(A) =ff or K,L'7m(B) = tt.
Ki,m(oA) =t & me Li+1 and Ki+1,m(A) = tt.
Kim(OA) =1t < foreveryj >i:
if m € L4, forevery k£ < j then K; ,(4) = tt.
6. Kim(n[4]) =tt < ifne€L;andn=; mthen K, ,(4) =t

7’7

Nk L=

17

The last clause formalizes the above informal intention (additionally requesting that
n be connected with m). The semantics of O and O is modified according to the fact
that locations may “disappear”: the truth of OA at m requests that m exists in the
next state and K; (0 A) is now defined to mean that JA holds in a state at location
m if

“A holds in all subsequent states at m as long as m exists”.

Finally, a formula A of Lg1.(V, L) is called valid in a spatial-temporal structure K
for Vand Lif K; (A) = ttforevery i € N, i.e., if

“A holds in every state at r”.
Consequence and universal validity are defined as usual. For example,

n[A — B] — (n[A] — n[B]),
—n[A] — n[-4],

O-A4 — —0A,

O-n[A] — n[-04],

On[A] — n[0A]

are some valid formulas of STL.
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10.2 Interval Temporal Logics

As indicated in the previous section, restricting temporal structures to finite se-
quences of states leads to a special class of logics called (finite) interval temporal
logics. The temporal structures define finite state intervals and formulas are inter-
preted in these intervals.

One main application area of such logics is the field of temporal logic program-
ming (cf. our short remarks about this field in the Second Reading paragraph in
Sect. 8.6). We do not enter this topic, as it is beyond the scope of this book, but
we want to give in this section at least a short outline of the basic ideas of interval
temporal logics.

We illustrate the concepts in the style of LTL by means of a basic propositional
interval temporal logic ITL. Given a set V of propositional constants the alphabet of
a language L7, (V) (shortly: Lr) of ITL is given by

e all propositional constants of V,
e the symbols false | — | O | chop | (] ).

The new (binary) chop operator chop, just enabled by the semantical concept of
finite intervals, is characteristic for ITL and allows us to describe “sequential com-
position”. The operator O is not included in this list since it can be defined by chop.

Inductive Definition of formulas (of Lir.(V)).

1. Every propositional constant of V is a formula.

2. false is a formula.

3. If A and B are formulas then (A — B) is a formula.

4. If A and B are formulas then OA and (A chop B) are formulas.

Further useful operators are the usual classical ones and (among others):

OA = —|O—\A,
OA = true chop A,
0OA = ﬁOﬁA,

empty = Ofalse.

Operator priorities are applied as before, including the convention that the binary
operator chop has higher priority than the classical binary operators.

For the semantical machinery we define, as announced, an (interval) temporal
structure for some set V' of propositional constants to be a finite non-empty sequence
K = (10, . ..,myk|) of mappings (states)

n; » V — {ff tt}.
|K] is called the length of K. Furthermore, we let, for 0 < i < |K],

7K = (7707"'777i)7
K = (1iy- - MK])
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denote the prefix “up to ;" and the suffix “from 7; on” of K, respectively, both being
again interval temporal structures (in Sect. 2.1 we introduced the notation K* already
for infinite K). Observe that

and
k(Kz) _ (i-‘rkK)i

hold for arbitrary 4, k with 0 < 4 < |[K|and 0 < k < |K?|.

ITL is typically endowed with initial validity semantics as discussed in Sect. 2.6.
Quite generally, our standard way of defining validity of formulas was to define the
truth values K, (F) of formulas F' for “every state n; in K”, and initial validity of
F in a temporal structure K was determined by the value Ko (F'). We briefly men-
tioned already in Sect. 2.6 that this latter notion can also be obtained in a technically
somewhat different way. In fact, this modified definition is often taken for ITL and
it reflects the “interval idea” more obviously. The difference is to define — instead
of the truth value K;(F) in a single state — the truth value K(F') of F' “in the state
interval K”. We apply this technique for ITL by the following inductive clauses:

1. K(v) =no(v) forveV.

2. K(false) = ff.

3. K(A— B)=tt & K(A) =ff or K(B) =t

4. K(OA) =tt & if [K| >0 then K'(A) = tt.

5. K(Achop B) =tt & JK(A) =1t and K/(B) = tt for some j,0 < j < |K|.

In the informal wording of above, a formula O A holds in an interval if, provided this
interval has length at least 1 (i.e., at least two states), A holds in the interval obtained
by “moving the start” one state into the future. Note that O is again a weak version in
the sense that this next state may not exist; © is the corresponding strong version. For
the evaluation of the formula A chop B, the interval is divided into two sub-intervals
in which A and B, respectively, are evaluated. Note that these sub-intervals have one
common state: the “end state” of the first and the “start state” of the second one. For
the other operators we get the following additional clauses:

6. K(OA) =tt & \K| >0 and K!(A) =tt
7. K(CA) =tt & KI(A4)=tt forsome j, 0 <j < |K|.
8. K(O4) =tt & KI(A) =1t foreveryj, 0 <j < K|
9. K(empty) =tt < |K|=0.
So, & and O have the expected meaning and empty expresses that the state sequence
consists of just one state. We prove, as an example, the clause for OA.
K(OA) =tt & K(—(true chop —4)) =t
< K(true chop —A) = ff
< thereis no j, 0 < j < |K| such that
IK(true) = ttand K’ (—A4) = tt
& KI(A) =1t foreveryj, 0 <j < |K|.
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To conclude the semantical definitions, the validity of a formula A in some K can
now “directly” be determined by K(A).

Definition. A formula A of Lyt (V) is called valid in the temporal structure K for
V (or K satisfies A), denoted by A, if K(A) = tt. A is called a consequence of a
set F of formulas (F F A) if E(A holds for every K such that £ B for all B € F. A
is called (universally) valid (F A)if () E A.

Example. Let A = O(v; — v2), B = O(v; V 12), C = v chop (—v; A v2) with
v, v2 € V, and K with |K| = 6 be given by

| 10 11 M2 M3 M4 M5 M
ottt ff tt ff t ot
v | fF tt ff ottt tt ff

We have:
Kl(’UQ) = 7]1(1)2) =t = K(A) =t

K2(v1) = ma(v1) = ff and K2(wp) = ma (1) = ff = K2(vy V vp) = ff
= K(B) =ff.
4K(’Ul) = 770(1}1) = tt, K4(—\1)1) = 774(—\1}1) = tt, K4(’U2) = T4 1}2) = tt
= K(O)=tt
Thus, A and C are valid in K, B is not. AN

The above semantical definitions reflect the “interval idea” but, as indicated al-
ready, they do have the same results as we would obtain with the standard style given
in Sect. 2.6 for LTLy. In that context, K;(F') would be defined for formulas F' of the
form v € V, false, and A — B as usual, for OA by

o K;(OA)=tt & if |K| >0 then K;;1(4) =1t
as explained in Sect. 10.1, and for A chop B by
e K;(Achop B) =tt & 7K;(A) =tt and K;(B) = tt for some j,i < j < |K].
Denoting (initial) validity in K with F as in LTL, we then would define
BA & Ko(4) =tt.

Let us prove the equivalence of this validity definition with the above one. For
this we first transfer the assertion of Lemma 2.1.5 to the present situation.

Lemma 10.2.1. Let K be a temporal structure, i, k € N such that i + k < |K|. Then
KE(F) = Ky (F) for every formula F of Liry.

Proof. The proof runs by structural induction on F' and the cases v € V, false, and
A — B for F' can be taken from the proof of Lemma 2.1.5 (with some renaming).
Observe now that [K*| = |K| — k. Applying the induction hypothesis, for ' = OA
we then have
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KF(OA) = tt & if [KF| > i then KF_,(4) =tt
& if [K| > k+i then Kyyip1(A) =1t
& Kpyi(OA) =1t

and for /' = A chop B we have

KE(A chop B) = tt < 7(K*);(A) = tt and K} (B) = tt

for some j, i < j < |KF|
o (FK)E(A) = tt and KE(B) = tt
for some j, i < j < |K¥|
<~ k+jK]€+i<A) =tt and Kk+j(B) =1t
forsome k+j,k+i <k+j<|K|
< Kj1i(A chop B) = tt. A

With this lemma the equivalence of the notions of validity in some K and, hence, of
consequence and universal validity given by the two different approaches are easily

proved.

Theorem 10.2.2. Let K be a temporal structure. Then

0
RF o BF

holds for every formula F of Lity.

Proof. According to the definitions we have to show K(F) = Ky(F) and this is
proved by structural induction on F'. Applying the induction hypothesis in the cases
3-5 and Lemma 10.2.1 in 4 and 5 we have:

W N =

4. K(OA)=tt &
-~
=
~

W

- K(v) =mo(v) =
. K(false) = ff = K(false).
. K(A—=B)=tt & K(A)=ff or K(B) =1t

Ko(v) for v € N.

< Ko(A) =ff or Ko(B) =t
if K| >0 then K!(A) = tt
if K| >0 then K{(4)=tt
if [K| >0 then Ki(4) =1t
Ko(OA) = tt.

. K(A chop B) =tt & JK(A) =1t and K7(B) = tt for some j, 0 < j < |K]

& TKo(A) =tt and K (B) = tt forsome 7,0 < j < [K]|
& JKo(A) =tt and K;(B) = tt for some j, 0 < j < |K]
< Ko(A chop B) = tt. A

Summarizing this discussion, we may say that ITL is LTL “on finite temporal
structures” and extended by the chop operator which inherently relies on the finite-
ness of temporal structures. Observe also that the semantics of the original LTL
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could indeed be defined in the way chosen here for ITL since it is easy to show anal-
ogously to Theorem 10.2.2 that a formula F' of some Ly (V) is initially valid in
some (infinite) temporal structure K for V if and only if K(F') = tt where K(F) is
defined inductively by the clauses 1-3 as for ITL and

o KOA) =tt & K(4)=t,
K(OA)=tt & KI(A)=tt foreveryj € N

(where the notation K* is now used as in Sect. 2.1).
We note that ITL is decidable and can be axiomatized, and list some characteristic
laws of ITL involving the chop operator.

(IT1) empty chop A «— A,

(IT2) ©A chop B < ©(A chop B),

(IT3) (AV B) chop C < A chop C V B chop C,
(IT4) Achop (BV C) < A chop BV A chop C,
(IT5) A chop (B chop C') < (A chop B) chop C.

For example, the simple calculation

K(®A chop B) = tt < 7K(®A) =tt and K/ (B) = tt

for some 7, 0 < j < |K]

< |K| >0 and (K)!(A) =1t and K/(B) = tt
for some j, 1 < j < |K]

< |K| >0 and 771(K!)(A) =tt and (K')/~1(B) =1t
forsomej — 1,0 <j —1 < |K!|

< |K| >0 and K!(A chop B) =1t

< K(©(A chop B)) =t

proves (IT2).

Like LTL, ITL can be extended or modified in various ways. We only mention
one special extension by a (binary) projection operator proj which is used as another
characteristic feature of interval temporal logics. Its semantics is given by

e K(Aproj B) =1t < thereare m,jo,...,Jjm € N such that
0‘:]'0 <]1 < ... <jm:|K\and
(1K) (A) = ttforevery £,0 < k < m and
K(B) = ttfor K= (njo, 05+ Mj,.)

(where K = (1o, ..., mk|))- So, A proj B informally means that the interval under
consideration can be divided into a series of sub-intervals such that A holds in each
of them and B holds in the interval formed from the end points of these sub-intervals.
An important use of proj is in describing “iteration”. For example, a star operator
could be introduced by

A" = A proj true.

A* expresses that A “holds repeatedly (some number of times)”.
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10.3 Branching Time Temporal Logics

Formulas of linear temporal logics (or more precisely, linear time temporal logics)
are semantically interpreted over state sequences which may model execution se-
quences of state systems. The formulas are therefore able to express behavioural
properties of such sequences. Consider once more the Towers of Hanoi system re-
peatedly treated in Chap. 6 as one of our first examples of a state system and for-
malized as I'7,p in Sect. 6.3. Taking it with three stones, its possible execution
sequences going through a particular state, e.g., [3, 21, ] look like

o [3,21,¢] — [3,2,1] — [32,¢,1] — [321,2,6] — ...,
. —[3,21,¢] — [¢,21,3] — [1,2,3] — [1,£,32] — ...,
o [3,21,¢] — [£,21,3] — [£,2,31] — [2,£,31] — ...,

etc.

The set of all these execution sequences may be systematically comprehended in a
computation tree as shown in Fig. 10.1. Every “branch” (i.e., infinite sequence of
states connected by arrows) in this tree represents one execution sequence.

As mentioned in Sect. 7.1, the property

O(DECR(ph) A DECR(ply) A DECR(pls))

is a valid property of I'1, g which informally means that it holds in every execution
sequence of I, . So, relating this fact to the computation tree of I'7, 7 we may say
that this property holds on every branch of the tree (with arbitrary “starting point”).
The property

startry,, — OAfin

with Ag, = ply = EMPTY A ply = TOWER A pls = EMPTY does not hold on
every branch of the tree: most of the possible execution sequences do not lead to the
goal of the puzzle. We only may assert that there exists some ‘“successful” sequence
of moves or, again related to the computation tree,

“if startr,,, holds in a state then there is a branch starting from that state on
which ¢ Ag), holds”.

It might be desirable to formulate and verify assertions of this kind but linear
time temporal logics evidently provide no means to do this. From the linguistic point
of view we would need some language construct to express the phrase

“there is an execution sequence such that . ..”

and approaching a temporal logic with such a linguistic feature we have to change the
semantical basis used up to now. Following the computation tree idea, formulas are
then to be interpreted over sets of sequences which are given by a tree-like (“branch-
ing”) structure. In other words, the basic concept of a temporal structure should no
longer be defined to be one single sequence
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[32,¢,1] <[321€€] /
(3,2, 1] <[31251 <
g <
co—[3,21,¢] F— ... PR
/[1,23} \[1532} <
6,21,3] L [c,2,31] <> -
[ S <

Fig. 10.1. A computation tree

TN i N2 T

of states but rather a collection of states connected by a “successor relation” which
does not necessarily induce a linear order and therefore in general contains state
sequences as various different branches of the structure.

As we could view the states of a state sequence as “time points” on a (linear)
time scale, we may then regard the states as reflecting a time structure in which the
“flow of time” is branching at each time point to (possibly) more than one successor
point. This view explains why a temporal logic with this semantical basis is called a
branching time temporal logic.

We develop now — analogously to LTL — a basic propositional logic BTL of
this kind. The operators of this logic combine the expressibility of the existence of
branches in the state structure with the possibility of speaking (as in LTL) about the
“next” state, “all subsequent” states, and “‘some subsequent” state on the branches.
Formally this is captured by the following definitions.

Given a set 'V of propositional constants the alphabet of a (basic) language
Lpr.(V) (also shortly: Lgr1) of propositional branching time temporal logic is given
by

e all propositional constants of V,
e the symbols false | — | EO |EO |EOC | ().

Inductive Definition of formulas (of Lgt(V)).

1. Every propositional constant of V is a formula.

2. false is a formula.
3. If A and B are formulas then (A — B) is a formula.
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4. If A is a formula then EOA, EDA, and EO A are formulas.

Linguistically, the only difference between Ly 1 and Lgyy is that the operators O and
O (and <) are replaced by the new operators EO, EO, and EC. The symbol E in these
notations indicates the existential assertion on branches, so the informal meaning of
the operators is given by the following phrases:

EOA: “There is a successor state in which A holds”,

EOA: “There is a branch (starting from the present state) on which A holds
in all subsequent states”,

EOGA: “There is a branch on which A holds in some subsequent state”.

Further operators, including the classical ones (for which we adopt the priority order
from LTL), can again be introduced by abbreviations, in particular the dualizations

AOA = -EO—-A  (“A holds in all successor states”),
AOA = -ECG—-A  (“A holds on all branches in all subsequent states™),
ACA —EO-A  (“On all branches, A holds in some subsequent state”).

It will come out immediately by the semantical definitions that the duality relation-
ships are not as simple as they are in the case of O, O, and <: the operator EO is not
self-dual and EO) and ES are not dual to each other.

As pointed out, the semantics of Lgrp is based on a time model in which each
time point may have more than one successor. In order to develop this idea formally,
a pair (I, —) where I is a non-empty set (of “time points”) and — is a total binary
relation on [ is called a branching time structure. — represents the successor relation
on time points. A fullpath in [ is an infinite sequence (cq, t1, L2, . ..) of elements of
I with ¢, — Lk+1 for k € N.

Letnow V be a set of propositional constants. A (branching time) temporal struc-
ture K = ({n,}.er,—») for V is given by a branching time structure (I, —) and a
multiset {7, },es of states

n, : 'V — {ff tt}.

Observe that in general there is no distinguished initial state in K and that / (and
therefore {1, },cr as well) may be finite. Infinite state sequences are provided by the
fact that — is total. Furthermore, it is evident that a “linear time” temporal structure
(n0,M1,m2, .. .) as defined in Sect. 2.1 is just a special case of such a structure with
I=Nand i »j < j=1i+ 1.

For a temporal structure K = ({n,},c1, —) we inductively define the truth value
K,(F) of a formula F of Lgry, “in state n,” as follows (¢ € I):

K.(v) =n,(v) forveV.

K, (false) = ff.

K.(A— B)=tt & K,(4)=ff or K,(B) =1t.

K. (EOA) =tt & K, (A4) =1t for some k with . — &.

K, (EOA) =tt & there is a fullpath (v9, ¢1,to,...) in I with ¢y = ¢ and
K, (A) =1t forevery k € N.

M S
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6. K, (ECA) =1t < thereis a fullpath (¢g, 1, t2,...) in I with .o = ¢ and
K, (A) =tt for some k € N.

Lk
A fullpath (co,t1,02,...) in I represents a state sequence (1,,,7.,,7.,,---) @S a

branch “in K”, so these formal definitions realize the intentions discussed above.
Furthermore, they induce the following additional clauses for the dual operators:

7. K, (ACA) =tt & K, (A) =tt forevery k with . — &.

8. K,(AOA) =tt & for every fullpath (o, t1,t2,...) in I with 1o = ¢,
K, (A) =1t forevery k € N.

9. K,(ACA) =tt < forevery fullpath (v, t1,02,...) in I with 1p = ¢,
K, (A) =1t for some k € N.

Example. Let A = EO(v; V v2) A AOuy with vy, v2 € 'V, and let K be given by
I={1,2,3}, - ={(1,2),(1,3),(2,1),(2,3),(3,3)} and

T 12 73
tt ot ff
ff tt tt

1
V2

(1,2,1,3,3,3,...) is a fullpath in I representing the state sequence

(7717772777177737773a773> o )

Other fullpaths are (1,3,3,3,...), (2,1,2,1,2,...), (3,3,3,...), and so on. We
compute:

Kl(’Ul vV ’UQ) = Kg(’l}l V 1}2) =tt =
Ki(EO(vy V v)) =ttt with the fullpath (1,3 ..)and
K3(EO(v; V 12)) =ttt with the fullpath (3, )

Ka(12) = K3(v2) = tt = Ki(AOwp) = K3(AOwy) =
hence together: K;(A) = K3(4) = tt. On the other hand:

Ki(vg) =ff = Ky(AOwy) =ff = Kg(A) =ff. A
The definitions of validity and consequence follow the usual pattern.

Definition. A formula A of L (V) is called valid in the temporal structure
K = ({n.}.er,—) for V (or K satisfies A), denoted by F A, if K,(A) = tt for
every ¢ € I. Ais called a consequence of a set F of formulas (F F A) if )|=<A holds
for every K such that ||:<B for all B € F. A is called (universally) valid (F A) if
0EA.

Example. The formula
EODA «— A ANECEDA

describing a fixpoint characterization of the operator EO is valid:
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K,(EOA) =tt < there is a fullpath (¢o, t1, t2,...) with tg = ¢ and

K, (A) =ttforevery k € N
< K,(4) =tt and
there is x with ¢+ — « and a fullpath

(K07I{171‘<E2, . ) = (Ll,LQ, L3y .. )
with kg = x and K,;, (4) = tt for every j € N

< K,(A4) =tt and K, (EDJA) = tt for some x with ¢ — K
< K,(A) =tt and K,(EOEDA) = tt
& K, (A AEOCEDA) = tt. A

There are fixpoint characterizations for the operators EC, AQ, and A as well.
‘We note the complete list:

(BT1)
(BT2)
(BT3)
(BT4)

EOA «—~ A NEOEOA,
ECA < AVEOECA,
AOA «— A NAOCADA,
ACA «— AV AOAOA.

Of course, many other logical laws, some of them similar to those in LTL, are also
available. We show only a few examples.

(BTS)
(BT6)
(BT7)
(BTS)
(BT9)
(BT10)
(BT11)
(BT12)

AOA — EOA,

EOA — EOA,

EOEOA « EOA,

EOEDA — EOEOA,

EO(AA B) — EOA ANEOB,
EO(A — B) <« AOA — EOB,
EC(AV B) « ECAVECB,
EO(AA B) — EOA AEODB.

BTL is decidable with an exponential time complexity, and the following formal
system X'grp provides a sound and weakly complete axiomatization.

Axioms

(taut)
(btl1)
(btl2)
(btl3)
(btl4)

Rules

(mp)
(nexb)
(indb1)
(indb2)

All tautologically valid formulas,
EOtrue,

EO(AV B) «» EOAV EOB,
EOA <« A NEOEOA,

ECA «— AV EOECA.

A,A— B F B,

A — B FEOA — EOB,

A— B,A—EOCAF A— EOB,

A— -B/A— AO(AV-ECB) H A — —ECB.
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These axioms and rules are easy to interpret. (The notion of tautological validity is
adapted in an obvious way.) Particularly, the axioms include the fixpoint characteri-
zations (BT1) and (BT2). Note that the axiom (btl1) means that each state does have
a successor. To illustrate the use of Xy, we give a simple example of a derivation.
(The application of the rule (prop) can be justified as in Sect. 2.3 for LTL.)

Derivation of (BT8).

(1) EOA— A (prop),(btl3)

(2) EOEOA — EOA (nexb),(1)

(3) EOA — EOEOA (prop),(btl3)

(4) EOEOA — EOEOEOA (nexb),(3)

(5) EOEOA — EOEOA (indbl),(2),4) A

Let us see now how BTL can be applied to state systems. We formally refer again
to transition systems as defined in Sect. 6.2 and since BTL is a propositional logic
we restrict the considerations to propositional STSs. Let

r=©,v,w,T)

be such an STS with the set V' of system variables, the set W of (system) states
n: V — {ff,tt}, and the (total) transition relation T C W x W. The relationship
to BTL is now immediate: I" induces a language Lgri.r = Lp.( V') and a temporal
structure KI' = (W, —) in which, informally speaking, we take W as the state
multiset {7, },e7 and let “T induce —”. Technically, W is a set; so (W, T) is a
branching time structure and we can define

K" = ({n}ew, T)

where 7, = ¢ for every « € W (“every state of W is its own index in {n, },cw ™).
Clearly we have then {7, },ew = W, so we also may simply write

K' = (W, T)

for this temporal structure (and K,,(F') for the truth value of some F' “in a state
n € W”). A fullpath (19, 71,72, ...) in W represents itself as a state sequence “in
K™,

Example. Consider the oscillator circuit shown in Sect. 6.1 and formalized in
Sect. 6.2 as STS 5. with V = {bg, by, bo}, W = {n: V — {ff tt}}, and

T={mn)eWxW|
1’ (bo) = n(bo)s
n'(b1) =tt < n(bo) # n(b1),
tt < n(b2) = tt ifand only if n(by) = n(by) = ff}.

For the states 7,7’ with

n(bo) = tt, n(b1) = tt, n(bz) = ff,
n'(bo) = tt, 7' (by) = ff, '(ba) = tt
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we find (n,n') € T and (n',n) € T,so (n,n',1n,7,n,...)is a fullpath in W and
“in Ko< Tt describes the execution sequence

011 — 101 — 011 — 101 — 011 — ...

of I',s. shown in Sect. 6.2. A

In general, the fullpaths of the temporal structure K!' represent the execution
sequences of the STS I and properties of I’ may be expressed by formulas in the
language Lyt Again we say that I" has the property (expressed by the formula)
F if F is I'-valid, and this latter notion is now defined directly through K.

Definition. Let " be a propositional STS. A formula A of Ly is called I'-valid
if A is valid in KT

According to our previous discussions in Chaps. 6 and 7 (cf. also the Second
Reading paragraph in Sect. 8.6) system properties occur as specification axioms de-
scribing (mainly) the possible single steps of the system or as “long-term” behaviour
properties which one might want to prove for the system runs. Typical formulas in
LTL or FOLTL expressing specification axioms are of the form

A—O(BiV...VB,)

(if not using a priming notation) where By, . .., B,, describe possible successor states
of states in which A holds. In the present situation, the temporal structure KL com-
prehending the computation tree structure of the system I' should be specified. This
can be done by axioms of the form

A— (EOB, V... VEOB,) AAO(By V...V By)

which says (more precisely than above) that the states described by By, ..., B, are
exactly those which will follow states described by A.

Actually, we do not pursue such a use of BTL as specification language. Branch-
ing time logics are typically used for describing system properties in the sense of
Chap. 7 together with another verification method (cf. Chap. 11) which does not
need specification axioms of a system. So turning to this kind of property, it is easy
to see in the first place that invariance and eventuality properties are now expressible
by formulas of the form

A — AOB
and
A — AOB,

respectively (with “state formulas” A and B as before). The operators O and < in the
linear temporal logic formulations are now replaced by AO and A which express
that OB and < B hold “on all runs”. However, one reason which we gave for the
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introduction of BTL was that it could also be desirable to describe properties which
hold only for some runs and it is clear that this can be done now with the operators
EO and EC. In particular, formulas of the form

A — EOB

constitute now an interesting new class of system properties called reachability prop-
erties. Referring to the introductory motivation in this section, the formula

startp,,, — ECAg,

(where we imagine for a moment that we have extended BTL to a first-order version)
describes an example of such a property, it just expresses the desired informal phrase
and, in fact, such properties can not be expressed in linear temporal logic. On the
other hand, however, there are properties (e.g.: fairness constraints) expressible in
LTL, but not in BTL.

Generally, LTL and BTL are incomparable with respect to expressibility in a for-
mal sense. We will make this statement precise in the following section and indicate
here one part of it only informally. Consider a formula of LTL of the form

COA.

The “natural” translation ACOA into BTL is not possible since this is no BTL for-
mula. The only remaining candidate to express ¢0A in BTL then seems to be

ACADA

but this formula does not mean the same thing as OGOA. It says that any run will
reach a state 7 such that A will hold in all states of all continuations from 7 on. The
common prefix up to n together with the different continuations are different runs,
and stating OO A means that in each of these runs there is a state from which A holds
permanently, but 7 need not necessarily be the same for all runs.

10.4 The Logics CTL and CTL*

Like LTL, the basic branching time logic BTL can be extended in various ways. An
important extension widely used in applications is the computation tree logic CTL.
This logic is the branching time counterpart of LTL+b, i.e., it results from BTL by
adding some binary operator (under E and A). A usual choice of this operator for
CTL is until or its non-strict version unt. We fix it here by taking the non-strict unt,
so we add the binary operator Eunt to BTL which then allows for building formulas
of the form

A Eunt B.

The operator EC can be expressed by Eunt (as we will see below), so the syntax of
CTL may be defined as follows.
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Given a set V of propositional constants the alphabet of a language Lcr. (V)
(also shortly: Lc1r) of (propositional) CTL consists of all propositional constants of
V and the symbols

false | — |EC | EO |Eunt | (| ).

false and all propositional constants of V are formulas and if A and B are formulas
then so are (A — B), EOA, EDA, and (A Eunt B). The informal meaning of the
latter formula is

“There is a branch on which B will hold in some subsequent state and A holds
on this branch until that state”.

(For some reasons which will become clear shortly this new kind of formula is also
written in the form E(A4 unt B).)
The operator EC can now be introduced as

ECA = true Eunt 4,

the operators AO, AL, A can be defined as in BTL, and furthermore we may abbre-
viate:

AAunt B = —(—B Eunt (-4 A -B)) A —EO-B

(Eunt has a higher binding priority than the classical binary operators) with the in-
formal meaning

“On every branch B will hold in some subsequent state and A holds on these
branches until that state”.

The semantics of CTL takes over the semantical framework and definitions of
BTL only extending the definition of K,(A) by the clause

e K,(AEunt B) =tt & there is a fullpath (0, t1,t2,...) in I with ;o = ¢ and
K., (B) = tt for some j € N and
K, (A) =1t forevery k,0 < k < j.

For A Aunt B we then get
o K,(AAunt B) =tt < forevery fullpath (¢o,¢1,t2,...)in I with g = ¢

there is j € N with K, (B) = tt and
K, (A) =tt forevery k,0 <k <j

and for EC A we get back in fact the clause we had already in BTL:

K, (ECA) =tt & K,(true Eunt A) = tt
< there is a fullpath (cq, t1,t2,...) in I with ¢p = ¢ and
K, (B) = tt for some j € N and
K, (true) =tt forevery k£,0 < k < j
< there is a fullpath (¢, t1,t2,...) in I with ¢o = ¢ and
K, (B) = tt for some j € N.
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Example. Let A = v; Eunt (v; A vp) with vy, 12 € V, and let K be the temporal
structure with I = {1,2,3}, — = {(1,2),(1,3),(2,1),(2,3),(3,3)} and

T M2 13
tt tt ff
ff tt tt

U1
V2

as considered already in Sect. 10.3. We have Ko (v; A 1) = ttand Ky (v;) = tt, so
we get

Ki(4) =tt
with a fullpath (1,2,...) and
Ko(A) =tt

with (2,...). However, Ks(v; A v2) = ff and there is only the fullpath (3,3,3,...)
starting with 3, so

Ks(A) = ff. A

Valid formulas containing the new operator include particularly the fixpoint char-
acterization

(CTl) AEunt B < BV (AANEO(A Eunt B))
which is an adaption of the law (Tb13) of LTL+b and can be proved as follows.

K.(A Eunt B) =tt < there is a fullpath (¢o, ¢1, to,...) in I with ¢g = ¢ and

K., (B) = tt for some j € N and
K, (A) =tt forevery k,0 < k < j

< K,(B)=tt
or
there is a fullpath (g, ¢1, t2,...) in I with ;g = ¢ and
K, (B) = tt for some j > 0 and
K, (A) =1t forevery k,0 <k <j

& K,(B)=tt
or
K,(B) = ttand
thereisa x € I with: — x and
a fullpath (kg, k1, K2, ...) in I with kg = £ and
Ki,(B) = tt for some j € N and
Ki(A) =1t forevery k,0 < k < j

< K, (BV (A ANEO(A Eunt B))) = tt.

Some examples of further valid formulas of CTL are:

(CT2) AEunt B — EOB,
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(CT3) EO(A Eunt B) < EOA Eunt EOB,

(CT4) AEunt CV B Eunt C — (AV B) Eunt C,
(CT5) (AAB)Eunt C — A Eunt C' A B Eunt C,
(CT6) AEunt (BV C) < AEunt BV A Eunt C,
(CT7) AEunt (BAC) — AEunt BA A Eunt C.

Like BTL, CTL is decidable (again with exponential time complexity) and for
an axiomatization of CTL we may modify the formal system Y7y, in the following
way.

Axioms

(taut) All tautologically valid formulas,

(btll) EOtrue,

(btl2) EO(AV B) « EOAV EOB,

(btl3) EODA «— A AEOEOA,

(ctl) AEunt B <~ BV (ANEO(A Eunt B)).

Rules

(mp) A,A— B+ B,

(nexb) A — B FEOA — EOB,

(indbl) A— B,A—EOA + A — EOB,

(indey A—-C,A—AO(AV —~(BEuntC)) + A — —(B Eunt C).

This formal system Ycpp, results from Yppp, by replacing the axiom (btl4) and the
rule (indb2) for EG by an axiom (ctl) and a rule (indc) for Eunt. X'crp is sound and
weakly complete. As an example for its use we derive the law (CT2).

Derivation of (CT2). We use ECA = true Eunt A and AOA = —EO—A as ab-
breviations and the rule (prop) as before.

(1) —-ECB — -B (prop),(ctl)

(2) —EOB — —(true A EOECB) (prop),(ctl)

(3) —-E®B — —EOE¢B (prop),(2)

(4) —-—EOB — EOB (taut)

(5) —EOECB — AO-ECRB (nexb),(prop),(4)

(6) —(-EOBV —(A Eunt B)) — ——EOB (taut)

(7) AO-ECOB — AO(—EOB V —(A Eunt B)) (nexb),(prop),(6)

(8) —EOB — AO(-ECB V —(A Eunt B)) (prop),(3),(5),(7)

(9) —EOB — —(A Eunt B) (indc),(1),(8)

(10) A Eunt B — EOB (prop).(9) A

The application of CTL to state systems runs as with BTL. The definitions of
K’ and of I'-validity for a (propositional) STS I" are taken over; the new linguis-
tic means allow now for the description of further system properties, especially by
formulas of the form

A — B Aunt C'
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which express properties similar to precedence properties as defined in Sect. 7.1. The
difference is that Aunt is a strong operator in the sense of Sect. 3.1 (B Aunt C' says
that C' has to become true on the branches considered) whereas precedence proper-
ties are built with weak binary operators. Recalling the law (Tb3) from Sect. 3.1, one
could think of defining a “weak version” Aunl of Aunt by

AAunl B = AAunt B vV AOA

but this means

“On every branch, B will hold sometime and A will hold until then, or A holds
permanently on every branch”.

What we want to express, however, is

“On every branch, B will hold sometime and A will hold until then or A holds
permanently”.

This is different from the first phrase and, in fact, it cannot be expressed in CTL.

In general, the systematic relationship between various views of binary operators
gets lost in CTL. Another observation is that CTL is still incomparable with LTL (or
LTL+b) regarding expressibility: the LTL formulas mentioned as not expressible in
BTL in the previous section are not expressible in CTL either.

Such deficiencies could be overcome by a still more powerful extension CTL* of
BTL. The weakness of CTL in the cases discussed here comes from the fact that the
“branch quantifiers” E and A are strictly bound to one temporal operator and formulas
like ACO or A(Aunt B VV OA) (this “translates” the above non-expressible phrase)
are not allowed by the syntax of CTL. In CTL* just this limitation is dropped.

To define CTL*, let V be a set of propositional constants. The alphabet of a
language LctL- (V) (also shortly: Lery+) of propositional branching time temporal
logic consists of all propositional constants of V and the symbols

false | — |O|unt |E| (|).

So we now use the quantifier symbol E for its own. The operators O and unt are
taken as basis for the “linear time aspect on single branches”.

The formulas of Lcrp~ (V) are defined together with a second (auxiliary) syntac-
tical type of path formulas by a simultaneous induction.

Inductive Definition of formulas (of Lcti- (V).

Every propositional constant of V is a formula.

false is a formula.

If A and B are formulas then (A — B) is a formula.

If A is a path formula then EA is a formula.

Every formula is a path formula.

If A and B are path formulas then (A — B) is a path formula.

If A and B are path formulas then OA and (A unt B) are path formulas.

Nk wh -
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(Formulas are often called state formulas in order to distinguish them more explicitly
from path formulas. Since we have introduced this notion already in another context
in Sect. 6.2 we prefer to use simply “formula” here.)

Further operators can be introduced as expected, e.g.,

AA = —|E—\A,
OA = trueunt A,
04 = -0O-4

and priority rules analogous to the previous ones are adopted.

The semantics of CTL* is again based on the same notion of temporal structures
K = ({n.}.er,—) as in BTL and CTL. For ¢ € I, fullpath m = (¢0,¢1,¢2,...) in
I,and j € Nweletm = (1,41, 42, ...) and define the truth values K, (4) for
formulas and K (A) for path formulas inductively as follows:

K.(v) =n,(v) forveV.

K, (false) = ff.

K(A— B)=1tt & K,(A4)=1f or K(B) =1t

K,(EA) =t < thereis a fullpath 7" = (40, ¢}, ¢5,...) in [ with ¢{ = ¢ and
Kr (4) =t

o(A) for formulas A.

e

L

0 O
AN XN X
FRE T
o~

nt B) =tt & K.;(B) = ttfor somej > 0 and
Ky (A) = ttforevery k,0 < k < j.
The clauses implied for the further operators are evident, e.g.:
9. K,(AA) =1t & K (A)=tt
for every fullpath 7' = (¢, ¢}, t5,...) in I with ¢, = ¢.
10. K;(CA) =1t & K, (A) = ttfor some j > 0.
11. Kx(OA) =tt & K,;(A4) =ttforeveryj > 0.

=]

Validity of formulas and the consequence relation are defined as in BTL and CTL.

Example. For vy, € V, A = E(O—v; — Ouwy) is a formula of Lerp- (V). Let K
be as above with I = {1,2,3}, - = {(1,2), (1, 3),(2,1),(2,3),(3,3)} and

T M2 13
tt tt ff
ff tt tt

U1
V2

For the fullpath 7 = (1,2,1,2,...) we have K, (O—v;) = Ky(—wv;) = ff because of
n2(v1) = tt; hence K (O—v; — Owug) = H, and therefore

Ki(A) = tt.

In the same way we calculate Ko (A) = tt with the fullpath (2,1, 2,1, ...) and, finally,
Ks(A) = tt is obtained with the fullpath 7’ = (3,3,3,3,...) for which we have
Ky (Ovy) = tt because of K3(v2) = 13(v2) = tt. This means that A is valid in K. A
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Mainly because of the high (double exponential) complexity of its decision pro-
cedures, CTL* is not widely used in practice. So we do not treat it in more detail, but
we still want to point out its relationships to LTL, BTL, and CTL.

Every CTL formula is a CTL* formula as well (with coinciding semantics) if we
write formulas

A Eunt B
with the operator Eunt in the form
E(A unt B).

(We mentioned already that this notation is often used in CTL instead of ours.) So
CTL and, hence, also BTL are sublogics of CTL*.

The case of LTL is not so clear at first glance since LTL formulas are not cov-
ered by the syntax of CTL* formulas and, moreover, the semantical frameworks are
different in both logics. In order to enable a comparison we might base the seman-
tics of LTL on the branching time concept of temporal structures. This runs in an
analogous way as we could take transition systems as semantical basis for LTL as
mentioned at the end of Sect. 6.2 and summarized in Theorem 6.2.1. We may define
a formula A of a language L1 (V) to be K-valid for a branching time temporal
structure K = ({n, },cr, —) for V if

“A is valid in the LTL sense in every state sequence in K”,
formally: if

K, (4) =tt (in the LTL sense)
holds for every fullpath (g, t1, 2, ...) in I, K = (1,0, M0, s Mups - - -)> and every j € N.
An immediate transcription of the proof of Theorem 6.2.1 shows that A is valid if
and only if it is K-valid for every such K.

More interestingly in the present context, if A is a formula of Ly (V) then AA

is a formula of Lcr« (V) and, in fact, this formula characterizes the same structures
as A.

Theorem 10.4.1. For every formula A of Ly11.(V) and every branching time tempo-
ral structure K for V, the formula AA of Leri- (V) is valid in K if and only if A is
K-valid.

Proof. Let K = ({n,}.er,—) be a temporal structure for V, F' be a formula of
Ly (V).
a) We first show by induction on F' that

Ke(F) =K, (F) (K, (F) in the LTL sense)

holds for every fullpath m = (g, k1, K2, ...) in I and K = (9, i, s My s - - -)- For
v € V we have K (v) = Ky, (v) = 1y, (v) = Ky (v), and false and A — B are
trivial as usual. Applying the induction hypothesis, we have
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Kr(0A) = K1 (4A) = K, (4) = K, (0A)
for OA and

Ki(OA) =tt & K, (A) =1t foreveryj >0
< Ky, (4) =tt foreveryj >0
< Ky (OA) =t

for OA.

b) Let now AA be valid in K, (¢, t1, t2,...) be a fullpath in I, and j € N. Then
K.(AA) = tt for all ¢, so K, (AA) = tt and therefore K (A) = tt for every fullpath
7 = (1j,...), particularly for m = (1;, 41, tj42,--.). So we obtain K,,(4) = tt by
a) which means that A is K-valid. ‘

¢) For the opposite direction, let A be K-valid, ¢« € I, and 7 = (¢,...) be a
fullpath in 7. Then K,(A4) = tt; hence K, (A) = tt by a) and this means that A4 is
valid in K. A

Slightly generalizing a notion used earlier, this theorem says that the LTL formula
A and the CTL* formula AA are “model equivalent” (with respect to branching time
temporal structures K). If K is some K’ for a transition system I" then K-validity of
A means just I'-validity in the sense of Sect. 7.1, so we can conclude that a system
I" has a property described by A if and only if it has the property described by AA.

Putting all together we find that CTL* allows us to express system properties
which can be formulated in LTL, BTL, or CTL. Furthermore, the “interpretation” of
LTL in the common CTL* framework enables now the formal treatment of mutual
expressibility of formulas of these various logics in the sense of Sect. 4.1. Particu-
larly, we say that an LTL formula A is expressible in BTL (or CTL) if there is a BTL
(CTL) formula B such that (the CTL* formula) AA < B is valid. The other way
round, a BTL (CTL) formula A is expressible in LTL if there is an LTL formula B
such that A < AB is valid.

With these formal notions we may state, as announced at the end of the previ-
ous section, the incomparability of LTL with BTL (and CTL) in a formal way. For
example, we argued already informally that the LTL formula $OA and the BTL for-
mula ACAOA do not “mean the same”. According to the present considerations this
amounts to the formal statement that the CTL* formula ACOA — AOADA is not
valid. This fact is easily seen by taking the temporal structure K = ({7, },c, —) with
I'={1,2,3}, - ={(1,1),(1,2),(2,3),(3,3)} and such that 7, (A) = n3(4) = tt
and 72 (A) = ff. Then all execution sequences starting with 7; will either stay in 7,
forever or reach at some time 73 where they will stay. Hence we have

Ki(ACDOA) = tt.

But in the sequence which stays in 7; forever there is no state such that from there
OA will hold on all possible continuations since such continuations may also go
through 7,. This means

K1 (ACADA) = ff
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and shows the desired assertion.

As a more general result it can be shown that, in fact, the LTL formula ¢OA is
not expressible (for arbitrary A) in CTL (and, hence, not in BTL). The proof of this
fact is somewhat cumbersome and not carried out here. The “opposite incomparabil-
ity” is provided by the following theorem which also justifies now our assertion in
Sect. 10.3 about the non-expressibility of reachability properties in LTL.

Theorem 10.4.2. The BTL (and CTL) formula EC A is (in general) not expressible
in LTL.

Proof. Let v be a propositional constant and assume that there is an LTL formula
B such that EOv < AB is valid. Let [ = {1,2}, - = {(1,1),(1,2),(2,2)}, and
K = ({n.}.er,—) such that n; (v) = ff and n2(v) = tt. Then K; (ECv) = tt with
the fullpath (1,2,2,...) in I and therefore K; (AB) = tt which means K. (B) = tt
for every fullpath 7 in I. Let now K’ result from K by deleting the element 2 from
I and the pairs (1,2) and (2, 2) from —. The only fullpath in I \ {2} with the new
—is (1,1,1,...) and this is also a fullpath in I, so we obtain K/ (B) = tt; hence
K] (AB) = tt. But we also have K/ (Gv) = ff and therefore K} (ECwv) = ff. This
contradicts the assumed validity of ECv «» AB and proves the assertion. A

Of course, the expressive power of CTL* can be compared “directly” with that
of BTL or CTL and it is easy to see that, e.g., the CTL* formula

ECCA

cannot be expressed in these logics (nor in LTL in the above sense). So, adapting
a notion of Sect. 4.1, we may say that CTL* is more expressive than each of LTL,
BTL, and CTL.

Second Reading

In earlier Second Reading paragraphs we already compared (linear time) temporal with
modal logics. In the branching time framework this comparison provides some new insights.
Recalling the modal logic notions from Sect. 2.3, it is evident that a branching time temporal
structure K = ({7, }.er, —) is just the same as a modal logic Kripke structure with a total
accessibility relation. This observation, together with the remarks given in the above main
text about LTL in the branching time framework, provides a direct comparison of temporal
and modal logic expressibility.

Writing out the semantical definitions of the modal necessity and possibility operators O
and < for K = ({7, }.er, —) we obtain

K. (OA) =tt & K. (A) =tt forevery k with t < &,
K (CA) =tt & K, (A) =1t for some x with ¢ < &

and find as a first trivial fact that this coincides with the semantics of the branching time
operators AO and EO. In other words: the sublogic of BTL with only these latter operators
would be nothing but modal logic (with total accessibility relation), and richer branching
time temporal logics can be viewed as extensions of this basic modal logic.

A particular extension is the modal p-calculus MuC which extends modal logic by the
fixpoint operators 1 and v and was briefly sketched in the Second Reading paragraph in
Sect. 3.2. Observing the fixpoint characterizations
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(BT1) EOA < AAEOEDA,
(CT1) AEunt B < BV (AANEO(A Eunt B))

of the operators EO and Eunt and recalling the discussions in Sect. 3.2 about LTL+, it is
easy to see that these operators can be expressed with p and v. This means that for every
formula A of some Lct (V) there is an MuC formula A* such that, for every temporal (or
Kripke) structure K = ({7, }.cr, —) for V,

K.(4) =K, (4")

holds for every « € I. A* is defined inductively by v* = v for v € V, false” = false,
(A — B)"= A* — B*,and

(ECA)* =A™,

(EDA)* = vu(A™ A Qu),

(A Eunt B)" = pu(B* V (4" A Qu)).
So, in the notation of Sect. 4.1, we may write CTL < MyuC. Actually, by a more complicated
translation it can be shown that CTL* < MyuC (and, hence, LTL < MyC) hold as well.

These observations also imply that the modal p-calculus can be viewed (up to the totality

of accessibility) as an extension BTL+x of BTL (even without EO) by fixpoint operators
which is the branching time counterpart of LTL+x and turns out in this way to be of con-
siderable expressive power. System properties expressible in MuC (or BTL+p) are called
regular. An example of a non-regular property (not expressible in MuC) is

“In every subsequent state, A will have been true in more previous states than B”.

It follows that such a property cannot be expressed in LTL (including its extensions), CTL,
or even CTL". One possibility to express them is to extend MuC in some appropriate way.

10.5 Temporal Logics for True Concurrency Modeling

The branching time logics BTL, CTL, and CTL* can be extended or modified in
various ways. We show a simple example which — together with other approaches
briefly exemplified at the end of this section — give rise to an interesting application
to state systems different from the kind described so far.

The example, called partial order temporal logic POTL, is just BTL extended
by past operators, corresponding to LTL+p in the linear time framework. The time
model is branching also “in the past”, i.e., a state in a temporal structure may have
not only different successors but also different predecessors. So we enrich BTL with
operators ES, EB, and E© with the following informal meaning.

ESA: “There is a predecessor state in which A holds”,
ESA: “There is a branch of past states (ending in the present state)
on which A holds in all states”,
ESA:  “There is a branch of past states on which A holds in some state”.

Formally a language Lpor. (V) (shortly: Lporr.) of POTL for a given set V of propo-
sitional constants results from Lp7. (V) by adding the symbols ES, EB, and E$ to
the alphabet and the clause
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e If Aisaformulathen E©A, EBA, and ES A are formulas

to the inductive definition of formulas.

For the semantics, a partial order time structure (I,—») is given by a non-empty
set [ and a total binary relation — on [ with the additional requirement that the
inverse relation < of — (i.e., the relation with d; < dy < dy — dy) is total as well.
Fullpaths in the previous sense (with respect to —) are now called forward fullpaths,
and a backward fullpath in I is an infinite sequence (i, t1, t2, . . .) of elements of [
with ¢, < 141 for k& € N. A (partial order) temporal structure K = ({0, },er, —>)
for some set V of propositional constants is defined as in BTL with the difference
that (I, —) is now a partial order time structure.

The definition of K,(F') for formulas is adopted from BTL (with forward full-
paths) and extended by

o K, (EGA) =1t & K,(A) =1t for some x with ¢ < k.

o K,(EBA) =1t < thereis a backward fullpath (¢g, t1,t2,...) in I with .o = ¢
and K,, (A) = tt forevery k € N.

o K, (E©A) =1t & thereis abackward fullpath (¢q,¢1,t2,...) in I with ,g = ¢
and K,, (A) = tt for some k € N.

Observe that, analogously to the case of LTL with Z as time model (cf. Sect. 10.1),
there is no need for distinguishing weak and strong versions of EO since < is total.
The definition of validity and consequence is as in BTL.

Clearly, dual operators can be introduced as usual by

ASA = -E©S—-A4  (“A holds in all predecessor states”),

ABA = -ES-A  (“A holds on all backward branches in all preceding
states™),

ASA = -EB-A  (“On all backward branches, A holds in some preceding
state”)

and they have the expected semantics:

o K, (ABA) =tt & K, (A) =1t forevery k with ¢ < k.

e K, (ABA) =1t & forevery backward fullpath (¢q, t1,¢2,...) in I with ;g = ¢,
K, (4) =1t forevery k € N.

o K,(A©A) =1t & forevery backward fullpath (co, t1,¢2,...) in I with 19 = ¢,
K,,(A4) =1t for some k € N.

Example. Let A = ESEOwy; — AS (v A va) with v, vo € V. The branching time
temporal structure K as considered in the example in Sects. 10.3 and 10.4, i.e., with
I=4{1,2,3}, - ={(1,2),(1,3),(2,1),(2,3),(3,3)} and

T 12 73
tt tt ff
ff tt tt

V2

is also a partial order temporal structure for V since < is total. We have:



370 10 Other Temporal Logics

K2 (EOwy) = tt with the forward fullpath (2,3,3,3,...) =
Kl(EeEDUQ) = Kg(EeEDUQ) = tt,
Kl(vg) =ff = Kl(EDUQ) =ff = Kg(EeEDUQ) = ff,
K2(U1 A\ ’1)2) =tt, K3(1)1 A\ ’()2) =ff =
Kl(Ae(Ul N ’UQ)) =1tt and
Ks(A© (v A 1e)) =ff because of the backward fullpath (3,3,3,...).

Together we obtain Ky (A) = Ko (A) = tt and K3(A) = ff. A

POTL is decidable and a sound and weakly complete formal system Ypgoyr. can
be obtained by extending X'gr. by the following axioms and rules.

Additional axioms

(potll) EStrue,

(potl2) ES(AV B) < E©SAV ESB,
(potl3) EBA <« A NESEEA,
(potl4) ECA «— AV ESESA,
(potl5) A — ASEOA,

(potl6) A — ACEOSA.

Additional rules

(prevpo) A — B +ESA — EOSB,
(indpol) A— B,A—ESAF+A— EBB,
(indpo2) A — -B,A— AS(AV —-ESB) - A — -ESB.

These additions are easily understood from previous discussions. (potl5) and (potl6)
are counterparts of the axioms (pltl5) and (pltl6) in LTL+p (cf. Sect. 3.4).

POTL can be applied to state systems along the lines pointed out in Sects. 10.3
and 10.4. In this logic system properties like

AO(A — ASB)

(“all subsequent states in which A holds will be preceded by a state in which B
holds”) can be formulated which are safety properties in the terminology of Sect. 7.1
if A and B do not contain temporal operators. However, many other properties like,

e.g.,
AD(A — E@B)

(“all subsequent states in which A holds can be reached from a state in which B
holds™) cannot be expressed in linear temporal logic. On the other hand, the same
arguments as in BTL and CTL imply that there are properties expressible in LTL but
not in POTL.

Actually, POTL was designed for applications to state systems with another in-
tention. To explain this, let us come back to our discussion about linear and branch-
ing time modeling at the beginning of Sect. 10.3. State systems (which we want to
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speak and reason about) are characterized by a set of possible runs and, as formal-
ized in the transition system model, such runs are sequences (i.e., linearly ordered
sets) of states. Linear time temporal logics are designed to make statements about
single sequences, whereas branching time logics (and also POTL) can formulate and
argue about statements which concern the whole set of state sequences by taking the
branching structure of the set as semantical basis.

A special kind of state system are systems of concurrently running sequential
processes. Such systems can be represented by transition systems using the concept
of interleaving (together with fairness) as we discussed in detail in Chap. 8. However,
there exist also other formal (true concurrency) models of such systems which may
be more appropriate for handling certain problems. In these representations some
“concurrent transitions” have to be executed in some relative order but others need
not be forced into such an order by interleaving; they may be left unordered. This
implies that a single run is then represented by a partially ordered set of states. A sim-
ple example is given by two processes running through “local” states 19, 171,72, - - -
and 17,7, 75, - - -, respectively. Some states 7; and 1)} represent critical sections (cf.
Sect. 8.3) which are to be mutually excluded. A run could look like

/] ;T N1 >

> /771

/ /
njHIrIjJ’*l;’.'.

T 77;"71
where 7; occurs after 775- but other states are mutually unordered (assuming that they
are “non-critical””). The logic POTL is designed to treat such models. This also means
that it comes back to the linear temporal logic application style: one temporal struc-
ture of the logic represents one run of the system.

We do not pursue such models and their temporal logic treatment in detail, but
we want to indicate the great variety of possibilities by sketching another temporal
logic, called (discrete) event structure logic DESL, for which a more complicated
partial order system model is used and directly taken as semantical basis (cf. again
our remarks at the end of Sect. 6.2).

In this modeling the behaviour of a system is represented by a (discrete) event
structure (I, —,Y) consisting of a non-empty set I of events, an irreflexive, anti-
symmetric, and intransitive binary relation — on I, and an irreflexive, symmetric
binary relation Y on [, called conflict relation, with the property that for any events
L1,ta,t3 € I,if 11 Y 15 and 1o —* 13 then ¢1 Y ¢3. The relation —* is the reflexive
transitive closure of — and called causality relation. Informally, a system is thought
of as a set of event occurrences, —* represents its “inherent sequential flow”, events
“in conflict” may not both occur, and events which are neither comparable by —*
nor in conflict may occur concurrently. The condition on Y means that in the “past”
of any event no two events may be in conflict.

Alanguage Lpgst. (V) (for aset V of propositional constants) of DESL is defined
as usual with the temporal operators O, O, ©, B, and . The first four refer to the
partial order —* of events but unlike in POTL, they do not include quantification
on branches. The (unary) operator @ refers to the conflict relation, a formula @A
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informally means
“A holds in all states which are in conflict with the present one.”

Formally, the semantics of Lpgsy is based on the notion of an (event) temporal struc-
ture K = ({n,}.er, —, Y) for V which is given by an event structure (I, —, Y) and
a multiset {7, },¢s of states defined as before. According to the informal meaning,
the definition of K, (F’) for formulas F' built with the temporal operators of DESL is
given as follows:

o K,(OA)=tt & Ki(4)=tt forevery « such that t — k.
e K, (O4)=tt & K,(A) =1t forevery  such that . —* &.
o K, (04)=1tt < K,(A4)=tt forevery « such that kK — ¢.
o K, (BA)=tt & K,(A) =1t forevery x such that kK —* ¢.
o K, (MA) =1t & K,(A4) =1t forevery « such that . Y k.

Observe that the clauses for O, O, ©, and B resemble the corresponding definitions
in LTL+p with the difference that N is replaced by I and the linear order on N is
replaced by the partial order —*. (Cf. also our remarks about modal logic in the
Second Reading paragraph in Sect. 2.3.) Validity and consequence are defined as
before. Typical laws of the logic include the following formulas.

(ET1) OA — OOA,

(ET2) BA — BBA,

(ET3) OA — AAOOA,

(ET4) BA — AAOGEA,

(ET5) A — €04,

(ET6) A — OBA,

(ET7) ©(A — B) — (WA — ©B),
(ET8) A — O-D-A4,

(ET9) mA — mWOA.

(ET8) expresses the symmetry of the relation Y and (ET9) is given by its “inheritance
property”. This can easily be seen when proving it:

K,(WA) =tt = K,(4) =1t forevery x such that: ¥ x
= K,/ (A) =tt forevery x and £’ such that ¢ Y x and kK —* &/
= K,(OA) =1t forevery x such that t Y »
= K, (WOA) = tt.

DESL is decidable and can be axiomatized. Describing system properties is simi-
lar to linear temporal logics (with another understanding of system runs) as far as the
use of the operators O, O, ©, B is concerned. The operator M is used for expressing
conflict freeness: the informal meaning of MA noted above can also be understood as
saying

“All states in which —A holds are not in conflict”.
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System Verification by Model Checking

In this last chapter we come back to the verification of (properties of) state systems.
Verification means to show that the system in question has some property (expressed
by a formula) F'. In its basic deductive form treated at great length in Chap. 7, this
is performed by deriving F' from specification axioms using the proof-theoretical
means of the underlying temporal logic.

We now study an alternative approach called model checking. This is a method
for semantical system verification not using any deductive means of the logic. More-
over, it does not use a temporal logic system specification but refers to the respective
system in a more “direct” way.

Model checking is used as an algorithmic method and it can be applied for dif-
ferent temporal logics. In any case, it presupposes some assumptions on the decid-
ability of the verification task. We treat the method for finite state systems which
ensure these assumptions, and we concentrate on LTL and CTL as underlying log-
ics. In Sects. 11.2—11.5 the basics of the model checking approach are studied in
detail. Some short comments on more advanced techniques in Sect. 11.6 conclude
the considerations.

11.1 Finite State Systems

To verify some property F' for a state (transition) system I' means to show that F'
is I'-valid. I'-validity is a semantical notion, whereas the “deductive” approach to
verification by deriving F' within a formal system of temporal logic from a set A of
specification axioms for I" (or some modification of this as in Sect. 9.4) is a proof-
theoretical one. It is justified because of the argument chain

ArFF = ArEF = Fis[-valid

(cf. Sect. 7.2).
Another approach could be to carry out the proof of the desired assertion on the
semantical level itself either by showing Ar F F' or even “directly”, i.e., without
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any reference to specification axioms, by just using the definition of I -validity. In
general, the proof-theoretical approach appears more attractive than such semantical
methods since derivations are formal, schematic activities and may be supported by
at least semi-automatic means. General semantical reasoning is not that “mechani-
cal” — unless the underlying logic is “poor” enough. (In fact, this is one methodolog-
ical purpose of introducing formal systems in logics.)

These findings may, however, change in special situations. For example, if the
underlying temporal logic is propositional (and Ap is finite) then the semantical
relationship Ar E F' is decidable and might — in principle — be established even
algorithmically. It could be shown without using a formal proof system, e.g., by
applying the methods discussed in Sect. 2.5. Clearly, systems (“directly””) formalized
as propositional STSs are examples for this special case and, as indicated in Sects. 6.1
and 6.2 by the circuit system [ 5., there are in fact real applications of this kind.

The restriction to propositional STSs and their corresponding propositional tem-
poral logic is not as strong as it may seem at a first glance. In general, first-order
STSs are beyond the borderline of reasonable semantical approaches. In many ap-
plications, however, state systems formalized as such STSs do not really need the
full power of first-order logic but can, in fact, also be represented by a propositional
STS (in other words: the first-order STS can be encoded as propositional STS) and
system properties can be formulated in propositional temporal logic.

An important class of such state systems is given by finite state systems, i.e.,
systems with only finitely many states. Consider, as an example, the terminating
counter [;.ount Of Sect. 6.2 with the system variables on and c. The possible values
of ¢ in arbitrary states are restricted to the set {0, 1, ..., 100}, so the set of all states
of I'icount 18 clearly finite. Let now

cvaly, cvaly, . .., cvaligg

be new propositional system variables and V= {on, cvaly, cvaly, ..., cvaljpo}. For
every state 1) of Iycount let

7V — {ff 1t}
be defined by 77(on) = n(on) and
N(cvaly) =tt & n(c) =k for 0 <k <100.

Every such 7 contains “the same information” as the original 7: the value for the
system variable on is the same and the value n(¢) = k of the individual system

variable c¢ is encoded by 77(cvaly,) = tt. So let W be the set of all such 77 and define

T = tot(T")
where

T = {([tt, cvalg], [tt, cvali+1]), ([tt, cvaly], [ff, cvaly)),
([ff, cvalg], [ff, cvali]), ([ff, cvali], [tt, cvalp]) | 0 < k < 99}
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(the second componentin [... ., ...] denotes the cval;, with 77(cvaly,) = tt). The propo-
sitional STS

ftcount = (Qv vv ,Wa FT)

obviously represents the same state system as the first-order STS I'}cpyn:. For exam-
ple, a run of the system represented by the execution sequence

[ff,32] — [tt,0] — [tt, 1] — ...
of I'teount is described by
[ff, cvalsa] — [tt, cvaly] — [tt, cvaly] — ...

in Ftcount‘

System properties described within some first-order temporal logic with respect
t0 Iicount can be expressed in a propositional temporal logic corresponding to
I'ycount- For example, the property

c=z—c>zunlc=0

is “translated” to

100 100
Z./:\O (cvali — (J\_/Z cvalj) unl cvalo>.

A property like “there is a number n and an execution sequence in which the counter
value will eventually be different from n” which could be written as

FzEO (¢ # )
in some first-order extension of BTL is propositionally expressed by

100
\/ EC—cval; .
i=0

It is easy to see from the example how this construction works in general. If a
first-order STS I represents a finite state system then the domains |Sp|s (i.e., the sets
of possible values of individual system variables) can be chosen to be finite for every
sort s € Sy and I' is encoded by a propositional STS I" = (0, V., W, T') where
e V ="VrU U V. with V, = {avaly | d € |Sr|s} for every a of sort s

aceXr
(Vr and all V, being pairwise disjoint),

e anystate € Wy isencoded by 77: V — {ff, tt} with 7j(v) = n(v) forv € Vp
and

N(avaly) =tt < n(a)=d for avaly € V,,a € Xp
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and Wr is the set of all such states 77; this set is finite,
e T is the set of all pairs (77,7) € W x W such that 7] and 7]’ encode 7 and 7’
with (n,n') € Tr.

The translation of properties of I" into the propositional temporal logic correspond-
ing to " has no special temporal aspect and is well known from classical logic.
Apart from some simple technical details concerning variables and function symbols
the main principles are:

e atomic formulas p(a, b,...) with a, b, ... € X are translated to

\/ (avalda A bvalg, A . .. )
pSF(da,,db,...):ﬂ

(with an analogous translation of formulas a = b),
e quantification of formulas with 3 or V runs only over finitely many values and is
replaced by disjunction or conjunction, respectively.

(Observe that formulas with free variables as in the example can also be viewed as
universally closed.)

Summarizing the whole discussion we may assume without loss of generality that
an STS representing a finite state system is propositional and has only finitely many
states. According to our general definitions in Sect. 6.2 the set V' of (propositional)
system variables may be infinite. However, because of the finiteness of the state set,
it is quite easy to encode an infinite V' by a finite one. Moreover, we mentioned
in Sect. 6.2 that the general choice was made only for some “theoretical” reasons
whereas in practical applications V' is usually finite. (This fact is not invalidated by
the above encoding of first-order finite state systems into propositional ones.) So we
assume that the set V is finite itself. (Note that the state set and also the transition
relation are then “automatically” finite.)

We give the following separate definition for this case.

Definition. A finite (state) transition system (briefly: FSTS) & = (V, W, T) is
given by

e afinite set V of system (or state) variables,
e aset W of (system) states n: V — {ff tt},
e atotal transition relation T C W x W.

In the following considerations any FSTS will (also) be handled as a propositional
STS and notions of successor state, execution sequence, etc., and notations like
U(V), Wy, etc. will be adopted from Sect. 6.2.

Finite transition systems may be depicted in a graphical representation as transi-
tion diagrams. States 7 are given by nodes in the diagram “containing” those system
variables v with n(v) = tt, and arrows between the nodes represent the transition
relation. For example, the FSTS T tcount from above is represented by the transi-
tion diagram in Fig. 11.1 (where we write ¢, instead of cvaly). The node containing
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Fig. 11.1. Transition diagram for a counter

only ¢; represents the state [ff, ¢;], the arrow from this node to that with on and ¢
represents the pair ([ff, ¢1], [tt, co]) of the transition relation.

The temporal logic language of an FSTS ¥ is some propositional one. A (tem-
poral logic) specification of ¥ is given by a set Ay of formulas of this language. For
example, a specification of the terminating counter in its propositional form I.oyne
above could be given by the axioms

100

\ cvalg,

k=0

cvaly, — —cval; for 0 < k,7 <100, k # 5,

on A cvaly — (on’ A cval )V (mon' A cvaly) for 0 < k < 100,
—on A cvaly, — (—on’ A cval,) V (on' A cvalf) for 0 < k < 100,

cvalygg — (on' < on) A cvaljyg.

The first two of these axioms describe that ¢ has a (unique) value in the interval from
0 to 100 and the other three axioms are trivially taken from the first-order axioms
given for I'.ount in Sect. 6.2.

Coming back finally to the discussion at the beginning of this section, we may
now say that the semantical verification of some property F' for a finite state system —
formally represented as an FSTS ¥ — takes place within an (algorithmically treatable)
propositional temporal logic framework, and it means to show Ay F F or to check
whether F'is W-valid. The latter approach is called (temporal logic) model checking.

To show some consequence relationship Ay E F' (for finite Ay), a decision pro-
cedure like the one presented in Sect. 2.5 might be used. For example, if the axioms
of Ay and F are LTL formulas then Ay = F' can be shown by constructing a tableau
for the PNP (Ay, { F'}). Model checking algorithms are usually more efficient and,
hence, more attractive in practice than such procedures since they use the FSTS ¥
“directly” whereas the axioms of Ay “encode” ¥ and, in general, the decision pro-
cedures cannot take advantage of the special form of these formulas. For this reason
we will focus on the model checking approach in the following sections.

Concerning complexity, model checking algorithms themselves depend on which
temporal logic is used to describe the system property F. In the case of linear tem-
poral logic model checking algorithms have time complexity linear in the size of the
FSTS ¥ and exponential in the length of F'. Model checking with the branching time
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logic CTL* has the same complexity, but restricting the logic to CTL changes the
situation significantly. CTL model checking can be performed with time complexity
linear both in the size of the FSTS and the formula. So, in practice, model check-
ing with CTL has been established as the most popular and best elaborated kind of
all the semantical verification approaches, and we will study this variant in detail in
Sects. 11.3—11.5. Model checking with linear temporal logic is only briefly sketched
in the next section.

Compared with the definitions in Chap. 6, an FSTS corresponds to the “basic”
case of STSs introduced in Sect. 6.2. Of course, we can extend the considerations to
the more refined kinds of transition systems. We restrict ourselves to the context of
verification by model checking and consider, firstly, systems in which certain initial
states are distinguished. In Sect. 6.3 such rooted STSs were defined to be endowed
with a formula start which could immediately be used for specification purposes.
Although specification is not relevant in the model checking approach, we can define
rooted FSTSs in the same way, but we can also come back to what was already men-
tioned in Sect. 6.3 and represent such systems “more directly” by explicitly adding
the set Wy C W of initial states to the FSTS definition. In any case, however, one
must take care then to formulate properties in a way which takes into account that
only execution sequences are considered which begin in an initial state.

Labeled systems in the sense of Sect. 6.4 need no particular treatment at all in the
present context. System variables of the form exec A are propositional and therefore
permitted in FSTSs (if they are needed for describing system properties). Enabling
conditions were useful for specification but do not provide more information than
what can directly be described in the transition relation of the system.

Example. The printer system shown in Sect. 6.5 can immediately be written as an
FSTS ¥rinter = (V, W, T') where

V ={exec) | X € {an, a9, B1,0B2,7}} U {req, rega },

W= {n:V — {fftt} |
if n(exzecay
if n(execas

= tt then n(req) = ff,
= tt then n(regz) = ff,
if n(execy) = tt then n(req;) = tt,
if n(execHs) = tt then n(req) = tt,
n(execA) = tt for exactly one \ € {041, asg, b1, 82,7},
T={mn)eWxW|
if n(execay
if n(execas

—_— — — —

)= (req) = tt, 7' (regz) = n(regs).

( ) = (req) = n(req), ' (regz) = 1t,

if n(ezec) = tt then n'(req;) = ff,n (rqu) = n(reg),

if n(execBs) = tt then n'(reqr) = n(req), n' (regz) = ff,
if n(execy) = tt then n'(req) = n(reqr), n’ (reqz) = n(regz)}.

Additionally assuming that the system starts in a state where there is no user request
we would obtain a rooted FSTS with the initial condition

—reqy N\ —reqe
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or the set

Wo = {n e W [n(req) = n(reg) = ff}

of initial states. The property described by the formula req; — <$exec 51 (cf.
Sect. 7.4) for the non-rooted version should be formulated as

—reqy A\ —rega — O(reqp — Oexecr)
(in both cases) if the system is rooted. A

Actually we used the system I, in Sect. 6.5 to motivate the concept of
fairness. Of course, fairness assumptions may be relevant when concerning the veri-
fiability of properties of an FSTS as well and we will study this issue separately and
in more detail in Sect. 11.4.

11.2 LTL Model Checking

According to the definition of ¥-validity in Sect. 6.2, to verify by model checking
that an FSTS ¥ has a property F' which is described in a (propositional) linear tem-
poral logic means to show that all execution sequences Wy of ¥ (which are now just
temporal structures) satisfy F'. Algorithms for this task typically use some tableau
construction, and in fact, restricting the logic to the basic LTL, we may directly take
the construction presented in Sect. 2.5 and modify it a little to provide an LTL model
checking algorithm.
Consider, as an example, the FSTS ¥ ({v;, v2}) given by the transition diagram

m @-@ 72
O

(denoting the two states of ¥ by 77 and 172) and let
AEUl\/UQ—>DU1.

Clearly, A is W-valid but not universally valid. The latter fact is reflected by the
tableau 7p for the PNP P = (0, {A}) shown in Fig. 11.2. (We use an extended
form with the rule (V™) for disjunction and omit the set parentheses in the graphical
representation since all non-empty formula sets contain exactly one element.) 7p
is successful, so =4 is satisfiable. Let us examine this observation somewhat more
precisely.

The tableau contains all possible “attempts” of how — A could be satisfied. Nodes
Q particularly indicate how the propositional constants of A should be evaluated by
tt (if contained in pos(Q)) or ff (if contained in neg(Q)) in the states of a satisfying
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1

6 8
V1, V1 ] [ V2, V1 , 00 [ 2, OO0

%
@ OD’Ul

Fig. 11.2. Tableau for (0, {A}), A = v1 V v — Oy

M

temporal structure K. A closed node like the one marked 5 is “contradictory”” and not
helpful for finding K since it contains v; both positively and negatively.

The definition of closed nodes reflects the fact that we look for an arbitrary K, so
“contradictions” are only given by nodes according to the clause (C1), i.e., satisfying
condition (L) and their propagation through the tableau by the inductive clauses
(C2) and (C3).

Turning now to the ¥-validity of the formula A, it is in fact quite easy to modify
the tableau 7p along these basic ideas such that this fact can be drawn from it in a
similar usage. An arbitrary formula F' is W-valid if and only if there is no temporal
structure Wy containing a state 7 in which F' has the truth value ff. Such an 7 can
be any state of ¥. So the modified tableau in our example should comprehend all
attempts for all n € Wy of how to satisfy - A by some Wy “at state 1”; in other
words, how to make — A true in 7 under the assumption that the continuation of 7 in
any temporal structure under consideration is given by the transition relation of ¥.

Consider, e.g., the state 77;. Looking for a possibility to make — A true in 7; within
some Wy means that the nodes 1-8 in 7p which do not involve any step according
to the tableau condition (O) must be “consistent” with the definition of 7;. Node 5
is still “contradictory in itself”, but nodes 6 and 8 which both suggest a state 1 with
n(vg) = tt can now also be viewed as closed (without any successor node) since this
contradicts 1y (ve) = ff.
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Fig. 11.3. Modified tableau

Node 10 is reached by a step according to (O) and therefore deals with the pos-
sible successor nodes of 777 in Wy. These are 1; and 72, so we may split the node 10
into two instants which have to be consistent with 1; and 7)., respectively, and pro-
ceed then in the same way. A tableau following this idea could look like the one in
Fig. 11.3

Each node is augmented with the additional information about which state of ¥
it should be consistent with. Nodes 9 and 10 are the two nodes corresponding to
the former node 10. The successors of node 12 are nodes 9 and 10 as for node 7,
and the successor of node 14 is node 9 since 7; is the only successor state of 75
in ¥. The nodes 5, 6, 8, 11, and 13 are to be seen as closed, the latter two because
of m1(v1) = m2(v1) = tt. So, applying the propagation rules (C2) and (C3), the
root 1 of this tableau would turn out to be closed which shows that = A cannot be
made true in state 1; in a temporal structure Wy . Observe that if we change ¥ such
that 72 (v;) = ff then node 13 would not be closed (and would have some successor
node), and thus the root would not be closed either. In fact, A would then not be valid
in any execution sequence Wy = (..., 11,72, .. .).

So far, we have only considered how — A could be true in state 7;, and the tableau
in Fig. 11.3 reflects this. We could build now another such modified tableau for 7,
(in general: for all states of the FSTS) or, more concisely, we may identify equal
nodes, i.e., nodes with equal PNP and equal state information and thus melt these
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single tableaux into only one which then has two roots (in general: n roots for an
FSTS with n states).

Summarizing, we may describe the modified tableau construction as follows.
Given an FSTS ¥ = (V, W, T), a W-PNP is a PNP P such that every F € Fp
is a formula of Ly (V). A tableau for ¥ and a W-PNP P is a directed graph 7 of
pairwise distinct pairs (Q,7) where Q is a W-PNP and ny € W. T contains all the
pairs (P,n), n € W, as roots and for every node (Q,n) of 7, Q = (F*,F ), one
of the following conditions has to hold:

(L) false e Ftor FTNF~ # 0 orn(v) = ff for some v € FT orn(v) = tt for
some v € F~ (where v € V), and (Q, n) has no successor node.

(—1) A — B € FT for some formulas A, B, and (Q, 1) has precisely two succes-
sor nodes: the left-hand successor ((F1*\ {4 — B}, F~ U{A4}),n) and the
right-hand successor (((F*\ {4 — B}) U{B},F~),n).

(=) A— B e F for some formulas A, B, and (Q, ) has precisely the succes-
sornode ((Fr U {4}, (F~\ {4 — B})U{B}),n).

(OF) OA € F+ for some formula A, and (Q,n) has precisely the successor node
((F*\{DA}) U {4,004}, F-),n).

(O07) OA e F~ forsome formula 4, and (Q, ) has precisely two successor nodes:
the left-hand successor ((FT, (F~ \ {O0A4}) U {A}),n) and the right-hand
successor ((F*, (F~\ {O0A4}) U {0OA4}),n).

(O)  All formulas in Fg are of the form false, v (where v € V') or OA for some
formula A, node (Q, n) does not satisfy (L), and has precisely the successor
nodes ((01(Q), 03(Q)),n’) with all ' such that (n,7’) € T.

(Again, o1 and o3 are the functions defined in Sect. 2.4.) Note that because of the
finiteness of the state set W there are only finitely many possible nodes for making
up the tableau.

The set of closed nodes of such a tableau 7 is defined as in the original construc-
tion:

(C1) Allnodes (Q,n) of T that satisfy condition (_L) are closed.

(C2) Every node (Q,n) of T all of whose successors are closed is closed.

(C3) If (Q,n) is anode and A is a formula such that A € neg(Q) and every path
from (Q,n) to nodes (Q',n') with A € neg(Q’) contains some closed node
then (Q, n) is itself closed.

(We have listed only conditions for expansion and pruning steps with respect to the
basic LTL operators. Extensions for derived operators can be given in the same way
as in the original definition.)

We do not go into proof details, but it should be quite evident from the elabo-
rated proofs in Sect. 2.5 and the above considerations that the former (appropriately
modified) lemmas can easily be transferred to the present situation providing the de-
sired model checking algorithm: given an FSTS ¥( V') and a formula F' of L. (V),
in order to decide whether F' is ¥-valid one can construct a tableau for ¥ and the
U-PNP ((, { F}) and decide whether all of its roots are closed.
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We finally note that this verification method can easily be adapted to the case of
rooted FSTSs: if, e.g., a system is given with an initial condition start then the roots
of the tableau are the pairs (P’,n) where P’ = (pos(P) U {start}, neg(P)).

We have observed a close connection between the tableau construction and Biichi
automata in Sect. 4.4, and this connection has been very fruitful for deriving model
checking algorithms for LTL. We sketch the practically important case where [ is a
rooted FSTS given with a designated set W, of — for simplicity — precisely one initial
state 7 (cf. Sect. 11.1), and where one is interested in the validity of an initial prop-
erty I in the sense of Sect. 9.4. This means that Ko (#') = tt holds for all temporal
structures K that arise from execution sequences of I starting at state 779. Equiva-
lently, there does not exist any execution sequence from 7 such that Ko(F) = ff
holds for the corresponding temporal structure. According to Theorem 4.4.1, this
means that no such structure is accepted by the Biichi automaton (2(y (ry). Fur-
thermore, a rooted FSTS I itself resembles an automaton (with trivial acceptance
condition), and a product construction similar to the one described in Theorem 4.3.1
can be used to construct a Biichi automaton “synchronizing” I" and {2(g {y). This
automaton defines the empty language if and only if F' is (initially) ['-valid, and
language emptiness of Biichi automata can be decided by Theorem 4.3.8. In fact,
the proof of this theorem provides the idea to compute an element of the language
when it is non-empty, and graph search algorithms employed to determine emptiness
yield such a witness in a direct way. In the context of model checking, a witness of
the product automaton represents a counterexample: an execution of I" from 7 that
does not satisfy F'. The ability to produce counterexamples makes model checking
an attractive approach in practice.

More precisely, the locations of the product automaton are pairs (7, ¢) where 7
is a state of I" and g is a location of {2y (). The initial locations are of the form
(M0, qo) for initial locations gy of §2(y (r}). The transition formulas of the product
automaton synchronize possible transitions of I" and of {2y (r}) as follows:

, true if (n,n') € Trand Ed(q, ¢'),
o(n, a), (o, 4')) = {false otherwise. !
The set of acceptance locations of the product automaton is the set of all pairs (7, g5 )
such that gy is an accepting location of {2(g (ry)-

The size of the automaton is the product of the sizes of I" and of {2y {5y, and
the latter can be exponential in the size of the formula F', as we have observed in
Sect. 4.4. However, formulas are often quite short, and the linear factor contributed
by I' is often the limiting one; this is the infamous state explosion problem of model
checking. So-called “on-the-fly” algorithms alleviate the problem by interleaving the
emptiness check and the construction of the product automaton, thus avoiding the
explicit construction (and storage in computer memory) of the latter.
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11.3 CTL Model Checking

Model checking has been successfully applied particularly in the CTL framework.
Recalling the remarks about the application of BTL to state systems in Sect. 10.3
(which can be carried over to CTL as well), an FSTS ¥ = (V, W, T') induces in this
case a language Loty = Lern(V) and a temporal structure KY = ({0, },ew, T)
for V with i, = ¢« for every « € W, briefly denoted by

KY = (W, T).

A property of ¥ is given by a formula F' of LcrLy and to verify by model checking
that ¥ has this property means, according to the definition of ¥-validity, to show that
F is valid in K?, i.e., that

Ky (F)=tt foreveryne W.

(If ¥ is rooted with a set Wy of initial states, we may be more interested in determin-
ing if Kf( F) = ttholds for all n € Wjy. The techniques described in the following
are easily adapted to this situation.)

There are several different approaches to perform this task algorithmically. We
present here one method which particularly allows for quite efficient implementation.
The idea is to determine all states € W with Kf(F) = tt and then check whether
these are all states of W. The latter part is trivial, so, introducing the notation

[Fly ={neW |K}(F) =t}
(for arbitrary formulas F' of LcrpLy), we may fix the essential part of this CTL model
checking approach as follows:
e Given an FSTS ¥ and a formula F' of Ly, determine the set [F],.

We call [F],, the satisfaction set of F' (with respect to ¥), and for simplicity we
will often write [ ] instead of [F7],, and also K, instead of K if the context of the
given ¥ is clear. The notation [F],, resembles the similar notation [F] introduced
in Sect. 3.2. In fact, we will shortly come back also to some techniques discussed
there.

w2y
w0

Fig. 11.4. An FSTS Wy
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Example. Let ¥, ({v1, v2}) be the FSTS represented by the transition diagram
in Fig. 11.4. Then

KPeomr = ({771’ 7727773}a {(771’772)7 (7717”3)) (nQ’ 771)’ (7727773)7 (7737773)})'

Up to some renamings, K== is just the temporal structure K = ({1, },e(1,2,3}, =)
from Sect. 10.4 which was defined by — = {(1,2),(1,3),(2,1),(2,3),(3,3)} and

"2 13
tt tt ff
ff tt tt

U1
V2

For the formula A = v; Eunt (v A v2) we found there that K; (A) = Ky(A) = tt
and K3(A) = ff. With respect to the notation used for K= we write this now as
K, (4) = K,,(A) =ttand K,, (4) = ff, so we have [A] = {n1,n2}. A

In general, given ¥ = (V, W, T), the set [F] can be determined recursively
with respect to the formula F' and, since W and T are finite, this provides in fact an
algorithm for computing it. We begin with the obvious cases concerning the classical
logical connectives of CTL:

o [v] ={neW[K,(v)=tt}
={neW|nl) =t} forvelV.

o [false] = 0.
o [A-B]={neW |K,(4— B)=tt}

={neW|K,(A) =ff or K,;(B) = tt}

= (WA A v [B].
The third clause states the fact (which occurred implicitly already in the setting of
Sect. 3.2) that the classical implication operator — is represented by some set opera-

tions on [A] and [B]. It is clear that this extends also to the derived operators —, V, A
in the following way:

[-A] = WA [A]-

[Av B] =[A]U[B].

[AA B] =[A]N[B].

Turning to the proper CTL operators EO, ECJ, and Eunt, the first of them is still
easy. Denoting the inverse image operation of the relation 7' by 7! (which means
T-YW') = {n € W | there exists n’ € W' with (n,7') € T} for W' C W) we
have

[ECA] = {n € W | K,/ (A) = tt for some n’ with (n,7") € T'}

= T7H([AD-
Example. Let V., be the FSTS of the previous example. According to the clauses
up to now we have



388 11 System Verification by Model Checking

[o1] = {m1,m2}
[va] = {n2,m3},
[~vi] = W\ {m,me} = {ns},
[or Ave] = [vi] N [v] = {m, m2} N {m2, s} = {m2},
[~v1 Vo] = [mo] U o] = {ns} U {nz,ms} = {n2,ms},
[ECu] = T~ ([w]) = T~ ({m,m2}) = {m1,m2}
These results are informally quite evident from the transition diagram. For example,

[EOCu ] is the set of those nodes for which there is an arrow to another node which
contains v;. These are just 7; and 7. AN

The remaining cases of the operators EO and Eunt are somewhat more difficult.
For their treatment we recall, as basic idea, that these operators satisfy the fixpoint
characterizations

(BT1) EDA « AAEOEOA,
(CT1) AEunt B < BV (A AEO(A Eunt B))

(cf. Sects. 10.3 and 10.4). This fact indicates that we can characterize the correspond-
ing satisfaction sets as fixpoints of certain functions, quite similarly to how this was
elaborated in Sect. 3.2 for the case of linear temporal logic operators. In the present
situation we consider, for a given FSTS ¥ = (V, W, T), functions

T:2W oW

and recall that some Z C W is a fixpoint of such an 7" if 7(Z) = Z. Furthermore,
fixpoints can be compared by set inclusion, so least and greatest fixpoints may be
distinguished among them.

Consider now the function

Ya(Z)=[AINT7}(2)
(for some given formula A of Lcrry). From similar definitions in Sect 3.2 and the
equivalence (BT1) it should be quite evident that this function tackles the case EOA.
Theorem 11.3.1. [EQA] is the greatest fixpoint of T 4.

Proof. We have

n € [E0A] & K,(EDA) = tt

& there is a fullpath (19, 71,72, ...) in W with g =7
and K, (A) = ttforevery k € N

& K, (A) = ttand there exists 7 € [EDA] with (n,7') € T
& ne[A]andn e T-H([EDA])
& n e Tu([EDA]),

so [EOA] is a fixpoint of 14.
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Let now Z be an arbitrary fixpoint of 74 and g € Z. So, Z = Y4(Z) and
therefore 1y € [A] and (1o, 71) € T for some 77 € Z. Applying the same argument
for 777 and continuing inductively, we find a fullpath (79, 71,72, ...) in W such that
n: € [A],ie., K, (A) = ttforall i € N. This means that 9 € [EDA] and therefore
Z C [EOA]. So [EOA] is in fact the greatest fixpoint of L. A

Turning to the case of A Eunt B and following the equivalence (CT1), we define
the function

Tap(Z) =[BlU([A]n T7'(2))
(for formulas A and B of LcrLy) and obtain the following result.
Theorem 11.3.2. [A Eunt B] is the least fixpoint of T p.

Proof. As in the previous proof we first find that [4 Eunt B] is a fixpoint of X4 g
because of

n € [A Eunt B] < K, (A Eunt B) = tt
< there is a fullpath (19, 71,72, ...) in W with g =7
and K, (B) = tt for some j € N
and K,;, (A) = ttforevery k,0 <k <j

< Ky(B) =tt
or
K, (A) = tt

and there exists 1’ € [A Eunt B] with (n,7') € T
& ne[B]orne [A] N T~1([A Eunt B])
< 1 €74 p([A Eunt B]).

Let now Z be an arbitrary fixpoint of T4 g, i.e.,
Z =Yap(Z) = [B]U([AIN T7'(Z)).

It remains to show that [A Eunt B] C Z so that [A Eunt B] is the least fixpoint
of ¥4 . Let gy € [A Eunt B]. This means that there is a fullpath (1o, 71,72, . ..)
in W and some j € N such that K, (B) = ttand K, (4) = ttfor 0 < k < j. The
number j depends on 779 and to show the claim we prove now by induction on this j
thatng € Z.

If j = 0 then K, (B) = tt,s0 7 € [B] and 7y € Z is clear. For j > 0 we obtain
Ky, (A) = tt; hence 79 € [A]. Moreover, considering the fullpath

(Mos My os Moo ) = (MyM2s oo o3y )

we find that K,/ (B) = K, (B) = ttand K, (A) = tt for every k,0 < k < [. This
implies 7, = 7| € [A Eunt B] and because of [ < j we may apply the induction
hypothesis to the case of 77; and obtain n; € Z. With (1o,71) € T we get altogether

no € [A]N T~(2)
and therefore 1y € Z. A
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In order to obtain an algorithm from the preceding theorems about [EJA] and
[A Eunt B] we recall from Sect. 3.2 that in general, given a set D, a function
T : 2% — 2P s called monotone if T(E;) C 7(Ez) for E;,E; C D with E; C E,.
Theorem 3.2.1 gives characterizations of the least and the greatest fixpoints, respec-
tively, of a monotone 7. If, additionally, the set D is finite, which is the case in our
application here with D = W, then we are able to modify this theorem in a way such
that simple procedures for computing these fixpoints can be derived.

To show this we start with the following simple lemma. (We write 7*(E) to de-
note i applications of 7" to IE; more formally: 7°(E) = E and T*T}(E) = T(T*(E))
for every i« € N.)

Lemma 11.3.3. Let D be a set and T : 2P — 2P a monotone function. Then, for
every i € N,

a) T'(0) C TH(D).
b) TH(D) D T+ (D).

Proof. The proofs for both a) and b) run by induction in :. For ¢ = 0 we have
T°(0) =0 € T(0) and T°(D) = D O T(D), and with the induction hypothesis
(for 7) we obtain

TEH0) = T(XH(0) S YD) = T(0).
YD) = r(r(D)) 2 Y(r'(D)) = (D)

since 7" is monotone. A

Theorem 11.3.4. Let D be a finite set and T : 2P — 2P a monotone function. Then
the following assertions hold.

a) There is some m € N such that Y™ (0) = T™(0) and T™(0) is the least
fixpoint of 1.

b) There is some m € N such that T™T1(D) = T™(D) and T™(D) is the greatest
fixpoint of 1.

Proof. a) By Lemma 11.3.3 a) we have
TO0) CTH0) CT*0) C ...

The assumption that 7*(()) # Y1 (()) holds for all i € N would imply that this is
an infinite chain of subsets of D with permanently increasing numbers of elements.
This cannot be since D is finite; hence 7™ 1(()) = 7™ () for some m € N. This
also means that (7™ (0)) = Y™+ (D) = T™(0), so T™ () is a fixpoint of 7.

Furthermore, if E is another fixpoint of 7" then we find by induction on i that
T(0) C E forevery i € N: T9()) = @ C E is trivial and with the monotonicity of
T and the induction hypothesis we obtain 7**1(0)) = 7(T*(0)) C T (E) = E.

So we have 7 () C E and taking all together, 7 (() is the least fixpoint of 7".

b) The proof of this part is symmetrical, using Lemma 11.3.3 b). A
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This theorem provides the announced procedures for computing the least or the
greatest fixpoint in the case of a monotone function 7" : 22 — 2P and finite ID. One
has to compute successively the sets

(D), YD), Y3(0),...
or
(D), (D), Y*(D),...,

respectively, until Y *1(...) = T™(...) holds. The set 7™(...) is then the least
(greatest) fixpoint of 7". Theorem 11.3.4 particularly ensures that these procedures
terminate. (Actually, it is easy to see from the proof that in both cases the number of
elements of I is an upper bound for the number of necessary iterations computing
the 7(...) until the fixpoint is found.)

In order to apply this general result now to the computation of [EJA] and
[A Eunt B], it is only left to show that the functions 74 and 7’4 p defined above are
monotone.

Lemma 11.3.5. The functions T4 and T4 p are monotone.

Proof. Let Zy,7Zy C W, Zy C Zy. If n € Ta(Zy) then nn € [A] and there exists
some 1’ € Z; with (n,n’) € T. For this ' we have also ' € Z, which implies
1 € Y'4(Z>) and shows that 74 is monotone.

If n € Ta,p(Z1) then n € [B] in which case n € L4 p(Z2) is trivial or, other-
wise, n € [A] and (n,7") € T for some i’ € Z1,s0m € Y'a,p(Z) as in the case of
T 4. Thus, T4, p is monotone as well. A

Putting now all together, the satisfaction sets [EJA] and [A Eunt B] can be
computed as induced by Theorem 11.3.4. More precisely, we have the following two
procedures.

e Computation of [ETA]:
Compute successively the sets Zy, 2, Za, . . ., inductively defined by
ZO = W,
Zi+1 = [[Aﬂ N T_I(Zl'),
until Z,,, 1 = Z,, holds for some m € N.
Then [EDA] = Z,,.

e Computation of [A Eunt B]:
Compute successively the sets Zy, Z1, Za, . . ., inductively defined by
Zy =0,
Ziwr = [BlU([AIN T~1(Z)),
until Z,,,+1 = Z,,, holds for some m € N.
Then [A Eunt B = Z,,,.
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Example. For the FSTS ¥,,,,,, in Fig. 11.4 we have already computed that

[o1] = {m.ma},
[vi A ve] = {n2},
[-o1 V vo] = {n2,m3}

Let us now determine [EC(—wvy V v2)] and [u; Eunt (v; A vg)] with the above pro-
cedures. Applying the first one we have:

Z() =W,

Zy = [~v Vwu]n T Y{W)
={n,m}n W
= {n2,m3},

Zy = [~ V ] N T~ ({n2,m3})

= {772;773} nw
= 7.

This means that

[ED(—v1 vV v2)] = {n2,m3}-
To compute [v; Eunt (v; A v2)] we take the second procedure:

ZO = (Z),
Zy = [or Aup] U ([ ] N T7H(0))
= {m} U ({n,m2} N0)
= {m},
Zy = [or Aw] U ([i] 0 T ({m2}))
={m2} U {n,m}Nn{m})
= {771’772}’
Zz = [on Aw] U ([ni] 0 T ({m, m2}))
= {m2} U {n1,m2} 0 {n1,n2})
= {n1a772}
= Zo.

So we obtain
[[1)1 Eunt (’U1 AN ’UQ)]] = {7’]1, 772}
and this coincides with what we found already at the beginning of this section. =~ A

Summarizing our considerations, we have reached the announced goal: we have a
(recursive) algorithm which, given an FSTS ¥ and a formula F' of LcrLy, computes
the satisfaction set [F], and thus solves the CTL model checking problem. The
algorithm is given by the clauses
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[v]lg ={neW |nlv) =1t} forveV,
[false]y = 0,

[A— Blw = (W \ [A]) U[BI,

[ECA]w = T~H([A]D),

and the two iterative “subroutines” for the cases EJA and A Eunt B.

Similarly as in the case of LTL model checking (cf. Sect. 11.2), witnesses and
counterexamples that explain why CTL formulas hold or fail to hold can be com-
puted as a “by-product” of the computation of satisfaction sets. As we have al-
ready remarked for the LTL case, this ability of model checking algorithms, be-
yond being mere decision procedures, makes them attractive for use in industrial
practice. Consider a formula of the form EOA, a state 79 € [EDA], and let
T(n) ={n" € W | (n,7) € T} denote the set of successor states of an n € W
with respect to the transition relation T' of ¥. The set [EDA] N T'(19) cannot be
empty since K, (EDA) = tt implies K, (EJA) = tt for some ' € T'(19). Choos-
ing an arbitrary 1, € [EJA] N T () and continuing in the same way we find states
72,73, N4, - . . from the intersections of [EQA] with T'(n;), T'(n2), T(n3), . . .. So the
fact that 779 € [EDA] holds does not only tell us that there is a fullpath starting with
1o on which A holds in every state; the fullpath

(7707 m,mn2,n3,.. )
constructed in this way is a witness for this: we have K,, (A) = ttforall i € N.

Example. In the previous example we saw that [ED(—v; V v2)] = {n2,73}. With

T(ng) = {7]1,’[73}, HED(ﬁUl V ’Ug)]] N T<772) = {7’]3}, and T(’I]3) = {773} we obtain
the fullpath

(7727 n3,M3,M3, - - )
as (the only) witness for EQ(—v; V v2) being true in 7. A

With similar constructions witnesses for formulas F' of the form EOA, EC A, or
A Eunt B (with respect to some state 19 € [F]) can be found. Dually, if we consider
a formula AOA and a state 79 ¢ [AOA] then g € [EC—A] and a witness for EO—A
is a counterexample for AOA: a fullpath on which A will not be true in all states.
Counterexamples for AOA, AC A, or A Aunt B can be computed in a similar manner.

Analyzing the complexity of the CTL model checking algorithm, observe that at
least one state is added (when computing [Eunt A]) or removed (when computing
[ECA]) at each iteration of the fixpoint computation. Therefore, the computation
takes at most | W| iterations. The cost of computing the functions at each iteration
can be linear in d, and therefore (at worst) quadratic in |W|. In order to compute
[F] for a CTL formula F, sets [A] have to be computed for each subformula of F',
whose number is linear in the length of F'. Overall, the complexity of the algorithm
is therefore linear in the length of F' and cubic in | W|.

An improved algorithm is still linear in the length of F, but only quadratic in
| W] (and therefore linear in the size of I', which is dominated by the transition
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relation). The idea for computing [A Eunt B] is to perform a backward search
starting from the states in [B] (which has already been computed). For [ECA], the
graph of ['is first restricted to those states satisfying A, and the algorithm enumerates
the strongly connected components of this subgraph. Now, [EDA] consists of all
states from which such a graph component is reachable, which can be found using a
breadth-first backward search.

11.4 Fairness Constraints

As we have seen in earlier chapters, the validity (and, hence, the verifiability) of sys-
tem properties may require assumptions about certain fairness conditions. In case of a
linear temporal logic framework the inclusion of such conditions into the verification
process is easy since they can be expressed adequately by formulas of the underlying
logic. In deductive verifications the set Ay, of these formulas is added to the speci-
fication of the system, so the formulas may be used as assumptions in deductions. In
a tableau model checking algorithm the verification process for a property F' checks
whether —F' is satisfiable. In the algorithm presented in Sect. 11.2 this is done (in
the basic FSTS case) by constructing a tableau for the FSTS ¥ under consideration
and the W-PNP (0, {F'}). To include the fairness assumptions of A, means that
the satisfiability of —F' has to be checked under the additional condition that the for-
mulas of Ay, have to be true in every state of a temporal structure Wy . Obviously
this can be achieved by constructing a tableau for ¥ and the ¥-PNP

({BA] A€ Apir} {F}).

Turning to the CTL framework we face the fact (cf. the corresponding remarks
in Sects. 10.3 and 10.4) that “usual” fairness conditions cannot be expressed as CTL
formulas. However, fairness can be taken into consideration in CTL model checking
in several other ways. We describe in the following one such method and we begin
with illustrating it by an example.

Consider the printer system ¥, inse- With the system variables exvecay, execas,
exec (31, exec B9, execy, req, reqe given in the example at the end of Sect. 11.1.
Recalling the discussion of the corresponding STS Iy in¢er in Sect. 6.5 and transfer-
ring it to the present situation, ¥y, should be considered as a fair FSTS which
means to restrict the “relevant” execution sequences of ¥y, to those which fulfil
the fairness assumptions, e.g.,

e if req is true in infinitely many states then so is exec /31,
e if reg, is true in infinitely many states then so is ezec 3s.

If exec 3, (or execfs) is true in a state then —req; (or —7eqs) is true in the successor
state, respectively. Moreover, if req; (or regs) is true in a state and —req; (—regz) is
true in some subsequent state then exec 3y (erec32) must be true “in between”. So it
is evident that these assumptions are equivalent to

e —req is true in infinitely many states,
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e —reqy is true in infinitely many states.

(The fairness conditions for exzecc; and execas can be treated analogously.)

Restrictions of this kind can in fact be introduced into CTL model checking algo-
rithms. So we generally model the fairness of an FSTS ¥ = (V, W, T) by endowing
it with a finite set H of formulas of Lcry, called fairness constraints, and define a
fullpath (19,71, 72,...) in W to be fair (with respect to H) if, for every C' € H,
ka(C ) = tt holds for infinitely many & € N. The ¥-validity of a formula with
respect to H is given by restricting the range of the “path quantifiers” E and A in the
truth evaluation of formulas to fair fullpaths. (This kind of fairness is often called
simple and is in general weaker than strong fairness.)

Relating these definitions to the CTL model checking method of Sect. 11.3, the
algorithm shown there has to be modified such that it computes, for given H, the
following new satisfaction sets for formulas EOA, EOA, and A Eunt B:

[ECA]Y = {n € W | there is a fair fullpath (10, 71,72, ...) in W with
no =1 and KY (A) = tt},

[EDA]Y = {n € W | there is a fair fullpath (19, 71,72, . ..) in W with
no = nand KY (A) = tt for every k € N},

[A Eunt B} = {n € W | there is a fair fullpath (19,71, 72, ...) in W with
1o = n and KW( ) = tt for some j € N and
Ky (4) = tt forevery k,0<k<j}

We want to show that these sets can be constructed similarly as before and we begin
with the case of [EJA]™. (We again omit the index ¥ in the given context.) We first
recall from Sect. 11.3 that, for arbitrary formulas A and B of LcrLw, the “normal”
satisfaction set [A Eunt B] is the least fixpoint of the function T4  : 2V — 2W,

Ta5(2) = [B]U ([A]n T7'(2)).
Let Va7 : 2 — 2W for any fixed Z' C W be defined by
Yaz(2)=2"U([A]Nn T Y(Z)).

Slightly abusing notation, we write [A Eunt Z'] for the least fixpoint of X4 7/, and
inspecting the proof of Theorem 11.3.2 it is evident that

[A Bunt Z'] = {n € W | there is a fullpath (19, 71,72, ...) in W with
1o = nand n; € Z’ for some j € N and
Ky (A) = ttforevery k, 0 < k < j}.

Letnow 77 : 2 — 2W be defined by
T\ (Z N () T~'([A Eunt (Z N [C])]).
ceH

T’y is a modification of Y4 (Z) = [A] N T~(Z) which was used to characterize
[EDA] in Sect. 11.3 and, in fact, we obtain a corresponding result to Theorem 11.3.1:
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Theorem 11.4.1. [EDA]™ is the greatest fixpoint of T'}.

Proof. If ng € [ECA]™ then there is a fair fullpath (19,71,72,...) in W with
Ky (A) = ttforevery k € N. (m1,m2,73,...) is a fair fullpath as well, so we find
that for every C' € H there is j > 1 such that n; € [EJA]™ N [C]. We obtain
no € T~ Y([A Eunt ([EDA]™ N [C])]) for every C; hence

mo € [Aln () T7'([A Eunt ([EDA])™ N [C])])
CeH

which means 79 € 7, ([EDA]™).

On the other hand, if 7y € 7 ([EDA]™) then K,,, (A) = tt and there is a fullpath
(M, m2,m3, - -.) with (no,m) € T, n; € [EDA]™ for some j > 1, and K, (4) = tt
for 1 < k < j. So there is a fair fullpath (1}, 7}, ,,7},,,...) with } = 5; and
Ky (A) = tt for every k > j. With the fair fullpath (10,71, - - ., 75, %41, M 125 )
we find that 19 € [EDA]™; thus together we obtain 1, ([EQA]™) = [EQA]™, i.e
[EDA]™ is a fixpoint of 7).

Let now Z be an arbitrary fixpoint of 4, n9 € Z,and H = {C4,..., C,}. So
Z = Y (Z) and therefore K, (A) = tt and there is a fullpath with a finite prefix
(m1,...,m;) such that (no,m) € T, K, (A) =ttforl <k <j,andn; € ZN[Ci].
Since 7; € Z we find in the same way that K, (A) = tt and there is (1} 4,...,7))
such that (n;,7j41) € T, K, (4) = ttforj+1 <k< l,m; € ZN[Cz], and so on for
the other Cs, ..., C,. This ylelds a state sequence (7o, . . . ,n) and applying the same
argument to 7 and continuing inductively, we obtain a fair fullpath (19, 71,72, . - .)
in W with K, (A) = tt for every & € N. This means 79 € [EJA]™ and shows
7 C [EOA]™. So [EDA]™ is in fact the greatest fixpoint of 77. A

We still need the monotonicity of 77.

Lemma 11.4.2. The function Ty is monotone.

Proof. Let Zy,Zy C W, Zy C Zy,and g € 17 (Z1). Then ny € [A] and there is a
fullpath (n1,72,m3,...) with (19,11) € T and such that, for every C' € H, there is
j > 1withn; € ZyN[C] and K, (A) =ttfor1 < k < j. Thenalson; € ZoN[C];
so we obtain 79 € 7 (Z2) which proves the assertion. A

Taking these results it follows that [EJA]” can be computed according to The-
orem 11.3.4b) by starting with Zy = W and then computing successively the sets

H—l TA( )

until Z,, 41 = Z, holds for some m € N. Then Z,, is just [EJA]™. Observe that in
each iteration step the computation of the set [A Eunt (Z; N [C])] can be performed
as described in Sect. 11.3 for sets [A Eunt B]: starting with Z; = ) one iterates by

i =(Zn[Ch U AN T7H(Z).

Having a procedure for computing [EJ A, the remaining cases of [EOA] and
[A Eunt B]™ can be handled quite easily. The set
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Whair = [EDtrue]”

comprises all those states 17 of W for which there is a fair fullpath in W beginning
with 7). Using this set we obtain

[ECA]™ = {n € W | there is a fair fullpath (10, 71,72, . ..) in W with
no = n and K,), (A) = tt}
= {n e W |K,, (A) = tt for some 7, with (1,7:) € W and
there is a fair fullpath (11, 72,73, ...)in W}

= T7H([A]l N Wair)
and (using again the above notation for the least fixpoint of 74 z)

[A Eunt B]*" = {n € W | there is a fair fullpath (19, 71,72, ...) in W with

no = nand K, (B) = tt for some j € N and
K, (A) = tt for every k,0 < k < j}

= {n € W | there is a fullpath (99, 71,72, ...) in W with
no = n and K, (B) = tt for some j € N and
K, (A) = ttforevery k£,0 < k < j and
there is a fair fullpath (n;, 7} 1,742, )}

= [A Eunt ([B] N Wy,r)]-

Both sets can be computed with the algorithms given in Sect. 11.3 and the procedure
for [EDA]™, applied to A = true.

Summarizing, we see that the algorithm for computing satisfaction sets [F'] in
the presence of simple fairness constraints is a straightforward variant of the or-
dinary one. For the temporal subformulas of F, the sets [EOA]™, [EDA]™, and
[A Eunt B]™ are computed as described above. For the remaining subformulas, the
algorithm remains unchanged. The results of such computations, however, have to
be interpreted with some care compared with the “normal” case. If no fairness is in-
volved, the W-validity of F is decided by finally checking whether W = [F] holds.
But if fairness is taken into account then W may contain states which are not in
Wiasr and these, of course, need not be contained in [F']. So, what has to be checked
then is whether Wy, C [F] holds.

Finally we remark that witnesses and counterexamples can be found also if fair-
ness constraints are involved. This works in a similar way as indicated at the end of
the previous section for the case without fairness.

11.5 Symbolic CTL Model Checking

The CTL model checking algorithm elaborated in Sect. 11.3 manipulates sets of
states using the operations union, intersection, and difference and the inverse image
operation of a transition relation. We mentioned already that the algorithm can be
implemented quite efficiently. This is achieved by an adequate data structure, called
binary decision diagrams, which in fact allows for an efficient realization of such
sets and operations.
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Fig. 11.5. A binary decision diagram Begmyp

In general, binary decision diagrams are intended to represent boolean functions.
We adapt their definition here directly to our present goal of representing sets of
states of a finite state transition system.

Definition. A binary decision diagram (briefly: BDD) (with respect to a set V) is a
rooted directed acyclic graph with the following properties:

e Every non-terminal node g is labeled by an element var(g) of V and has pre-
cisely two successor nodes zero(g) and one(g).
e Every terminal node g is labeled by either 4 or —.

Example. Figure 11.5 shows a BDD B.,;,, with respect to V4 = {v1, v, v3, 04 }.
Terminal nodes are displayed by squares, edges leading to successors zero(...) or
one(...) are labeled by 0 or 1, respectively. (As in earlier graphs, the nodes are
marked by numbers 1-8 for identification.) A

Letnow V = {vy,...,vn}, W(V) be the set of all mappings n : V — {it, ff},
and 5 be a BDD with respect to V. Every node g of 3 determines a set Z, C W (V)
of such mappings (i.e., states) as follows.

e If g is terminal then Z, = W (V) if ¢ is labeled by + and Z, = () if g is labeled
by —.
e If g is non-terminal and var(g) = v; (1 < ¢ < m) then

Zg = ({n€ WV) [n(vi) = H} O Zoero(q)) U
{n e W(V) [ n(vi) =t} N Zope(g))-

We denote Z, for the root g of B by Zp and say that B determines the state set Zp.
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Example. For the BDD B, in Fig. 11.5 we find the following sets Z;—Zg for the
nodes (marked by) 1-8. (We briefly write {...} instead of {n € W (Vy) | ...} for
sets of states under consideration.)

Ze = W(Va).

Zg = 0.

Zs = ({n(va) =t} N Z7) U ({n(vs) = tt} N Zs) = {n(va) = ff}.

Zs = ({n(va) = i} N Zs) U ({n(vsa) =t} N Z7) = {n(vs) = tt}.

Zy = ({n(vs) = ff} N Zs) U ({n(vs) = tt} N Zs) = {n(vs) = n(vs)}.

Zy = ({n(v2) = N Z4) U({n(v2) = tt} N Z5) = {n(w2) = ff, n(vs) = n(va)}-

Zy = ({n(v2) =t} NZg) U ({n(v2) =t} N Zs) = {n(v2) = tt,n(vs) = n(va)}.
) = )

Zy = ({n(v1) =} N Z2) U ({n(v1) = tt} N Z3)
= {n(v) =n(v2),n(vs) = n(va)}-
Zp is Zy; in full notation: Zp = {n € W(Vy) | n(v1) = n(v2),n(vs) = n(va)}. A

The definition of the set Zp determined by some BDD B can be understood quite
intuitively as follows. Assume that on every path (this notion is used as in earlier
cases) from the root of B to a terminal node there is, for every v € V, at most one
occurrence of v as a node label. Then the path determines a state n) given by n(v) = tt
whenever the path proceeds from a node labeled with v to its one-successor and by
n(v) = ff if it goes to the zero-successor. Then 1 € Zp if and only if the terminal
node at the end of the path is labeled with +. For example, in By, the path through
the nodes 1,3, 4,5, 7 provides the state n with n(v;) = tt, n(v2) = t, n(vs) = ff,
n(vs) = ff which belongs to Zp. Any state " with /(v;) = tt and ' (ve) = ff given
by the path through 1, 3, 8 does not belong to Zp.

It is evident that, in general, sets of states can be represented by binary decision
diagrams with quite different structure. In applications like the one intended here
it is desirable to have distinguished canonical representations which are unique. To
obtain them we firstly restrict ourselves to ordered binary decision diagrams (briefly:
OBDDs). An OBDD 5 is a BDD (with respect to V) with the property that there
is a linear order < on V such that for any node ¢ in B, if ¢ has a non-terminal
successor node ¢’ then var(g) < var(g'). More intuitively: on all paths from the root
to a terminal node, the elements of V' labeling the nodes occur in the same order
(possibly missing some of them). For example, taking the order v, < vy < v3 < vy,
the BDD By, is ordered.

Given an OBDD B, a canonical OBDD is obtained by repeatedly applying the
following three transformations (which do not alter the state set determined by B):

e Removal of duplicate terminals:
Delete all terminal nodes with label + except one and redirect all edges leading
to the deleted nodes to the remaining one. Proceed in the same way with the
terminal nodes with label —

e Removal of duplicate non-terminals:
If var(g) = var(g’), zero(g) = zero(g’), and one(g) = one(g’) for some non-
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terminal nodes ¢ and ¢’ then delete one of them, say g, and redirect all edges
leading to g to ¢’.

e Removal of redundant tests:

If zero(g) = one(g) (= ¢’) for some non-terminal node ¢ then delete g and
redirect all edges leading to g to ¢’.

An OBDD is called reduced if none of these reduction transformations can be ap-
plied. It can be shown that for any state set Z and fixed order < on V there is a
unique reduced OBDD B which determines Z. We denote this OBDD by B(Z).
Of course, B(Z) depends on how V is ordered, and it should be noted that different
orders may in fact lead to OBDD representations of significantly different size. Algo-
rithms to find the “optimal” order are beyond practicable complexity but there exist
good heuristic methods which usually provide reasonable results to this problem in
practice.

Let us now come to the representation of the necessary set operations in the
framework of reduced OBDDs. We first introduce an auxiliary operation defined as
follows. Forn € W(V), v € V,x € {ff,tt} let n,.x € W(V) be given by

Nux(0) =X,
Mox(v) =(v')  for o’ # 0.
The restriction Z,,.x of some Z € W (V) is the state set
Zyex ={n € W(V) | ox € Z}.
This operation is represented by the following BDD restriction transformation.

e Construction of B(Z,.x) from B(Z):

— Delete all edges from a node g with var(g) = v to zero(g) if x = tt or to
one(g) if x = ff, respectively, and delete all nodes which then are no longer
reachable by a path from the root.

— Delete all nodes g with var(g) = v and redirect all edges leading to such
nodes to zero(g) if x = ff or to one(g) if x = tt, respectively.

— Apply the reduction transformations to obtain a reduced OBDD.

Example. As seen in the previous example, the state set

Z ={neW(Vs) | n(v) = n(vz2),n(vs) = n(va) }

is represented by the BDD B, of Fig 11.5 which is in fact a reduced OBDD. We
have

Zopott = AN € W(Va) | Doyt € Z}
where 7),,1t(v) = n(v) for v € {v1, v2, v3} and 1y, 1(va) = tt; thus
Zyytt = {n € W (V) | n(v1) = n(vz), n(v3) = tt}.

Applying the above construction to Bz, we obtain (without any reduction trans-
formations) the reduced OBDD shown in Fig. 11.6 which represents Z,, . A
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Fig. 11.6. A restriction of Bezmyp

With the restriction operation we are now able to give constructions for set union
U, intersection N, and difference \, and we can do this even in a uniform way for
these operations. The key idea is to use the Shannon expansion (applied to state
sets), i.e., the fact that if ® denotes U, N, or \ then

7® 7

=({neW (V) |n() =fin(Ze ) U
{neW(V)[n(v) =t}n(Ze® 2
={newW (V) |n(v) = n{ne W (V)| secZ®2'})U
{neW(V) [n(v) =ty {ne W(V) | n-ne Z®Z'})
={neW (V) |n(v) =N (2 ®Z, 4)U
{n e W(V) [ n(v) =t} N (Zpn ® Z) 1))

holds for arbitrary Z, Z’ C W(V),and v € V. Comparing this equation for Z & Z’
with the general definition of Zp for a BDD B, it is easy to see that the construction
of B(Z ® Z') can be organized recursively. As v in the expansion we take the “least
occurring” element of V. This v labels the root of B(Z & Z') and the zero- and
one-edges lead to the diagrams for Z,, . ® Z[}Hﬁ and Z, .4 ® Z,_ 4, respectively.
The recursion terminates if both diagrams which are to be combined consist only of
a single terminal node.

e Construction of B(Z ® Z') from B(Z) and B(Z")
(® denotes the union U, intersection N, or difference \ of sets; g and ¢’ denote
the roots of Z and Z’, respectively):
— If g and ¢’ are terminal then B(Z ® Z') has only one node which is terminal
and labeled by + if and only if
at least one of g or ¢’ is labeled by + in case ® is U,
both ¢ and ¢’ are labeled by + in case ® is N,
g is labeled by + and ¢’ by — in case ® is \.
— If g is non-terminal, var(g) = v, and ¢’ is terminal or non-terminal with
v < wvar(g’) or v = war(g') then construct By = B(Z, .t ® Z/ ) and
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-] -] ﬁ
(b) (©)

(a)

Fig. 11.7. Construction steps for a set intersection

By = B(Zy—tt ® Z,,_)- Then B(Z ® Z') is the OBDD with root g and the
roots of By and B; as zero(g) and one(g), respectively.

— The case that ¢’ is non-terminal and ¢ is terminal or non-terminal with a
label not less than the label of ¢’ with respect to the order < is handled
symmetrically.

— Apply the reduction transformations to obtain a reduced OBDD.

Example. Let Z = {n € W(Vy) | n(v1) =1tt}, Z' = {n € W(Vy) | n(w) = tt},
and assume again v; < vo. Figure 11.7 shows the essential steps when constructing
B(Z N Z"). The OBDDs (a) and (b) represent Z and Z’. Let B, and B_ denote
the trivial OBDDs consisting of just a terminal node which is labeled by + or —,
respectively. Then we have by the restriction construction

B(Zy, i) = B(Z! _4) =B_,

vor—ff

B(Zv1>—>tt) = B(Z7/12>—>tt) = B+ ’
and both B(Z! _ ) and B(Z/ ) are the OBDD (b). The root of B(Z N Z’) has

v —ff vy it
to be labeled by v; and the zero- and one-successors of the root are the roots of
B(Zyy it N Z;lHﬁ) and B(Z,,— N Z, ), respectively. The construction of these

diagrams provides B_ for the first and the OBDD (b) for the second one. Putting
them together yields the OBDD (c) which is finally reduced to the OBDD (d). A

Besides set operations we have to represent the transition relation 7" of a given
FSTS ¥ and its inverse image operation. For this purpose, let V¢ = {v° | v € V}
be a “copy” of V.Forn,ne € W(V) we define gy xny € W(V U V¢) by

m xXn2(v) = ni(v) forve V,
mxna(ve) =mna(v)  forv®e Ve

With T we associate now a subset 7 of W(V U V¢):
T ={mxne e W(VUV)|(m,m) € T}

T* is a set of states (with respect to the set V' U V¢ of system variables), and we
represent T' by the reduced OBDD B(T*).
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Fig. 11.8. A binary decision diagram for a transition relation
Example. Consider the FSTS @eypn, = ({v1, v2}, {m,m2,n3}, T) of Sect. 11.3
with 7y (v1) = n2(v1) = n2(v2) = N3(v2) = t, m3(v1) = M1 (v2) = ff, and
T ={(m,n2), (1, n3), (M2, M), (02, m3), (03, m3) }-
Then we have
T = {m1 X2, 1 X 73, 2 X101, 12 X 03,113 X N3}
where the elements of 7 are mappings { vy, v2, vf, v5} — {ff, tt} given by

\ M XN2 MXnN3 N2 XNt N2 XN3 N3 XN3

|t tt tt tt ff
v ff ff tt tt tt
ve| ot ff tt ff ff
ve| tt ff tt tt

Figure 11.8 shows a OBDD representation of 7. For example, the path from the
root of this BDD along the edges labeled by 1, 1, 1, 0 represents 72 X 771; hence the
pair (12,m1) of T. A

For representing the inverse image operation we first observe that, for an arbitrary
state set Z and system variable v we have

(*)  NE Zy—tVUZpt < thereexists ] € Z with n(v) =7(7) forv # v

since ) € Zy .U Zystt < Nystt € Z O Nyt € 2.
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Let now Z be a subset of W (V) foran FSTS¥ = (V, W, T) and

Z¢={m xny € W(V U V) | there exists n € Z with
12(v¢) = n(v) for every v¢ € VE°}.

Furthermore, let again V' = {vy, ..., v, } and consider the following sets:

70) = zen X,
z0 =29 vzl

i —ff vt
2) _ (1) (1)
Z( ) = Zv2€>—>ff U Zvﬁ»—ﬁt’

Sm) _ o (m=1) | (m—1)
Zzm =27 vz .

v it
Using the assertions () above n times we then have

7€ ZM & there exists 7 € Z(©) withj(v) = n(v) forv € V
& thereexists nxn’ € Z¢N T*
< there exists ' € Z with (n,n') € T.

Due to the construction of Z(™) the OBDD B(Z (™)) does not contain any nodes with
labels from V¢, so, according to this equivalence, this OBDD can also be viewed
as determining the set of those € W (V') for which there exists ' € Z with
(n,n') € T whichis just T~(Z).

Following a similar argument, an OBDD for Z € is given by an OBDD for the set
{n® e W(ve) | n(v¢) =n(v),n € Z}. Thus the inverse image operation can be
represented in the following way.

e Construction of B(T~1(Z)) from B(T*) and B(Z)
Construct B(Z¢) by replacing all labels v of non-terminal nodes in B(Z) by
v°, and then construct successively B(Z(), B(Z(1), ..., B(Z(™)) for the sets
z© 7z . Z(m) defined above.
Then B(Z(™))is B(T~'(Z)).

Example. Consider again the FSTS ¥, from the previous example. The OBDD
representation of its transition relation 7" was given in Fig. 11.8. The stepwise con-
struction of B(T~1(Z)) for Z = {2} is shown in Fig. 11.9. The OBDDs (a),
(b), (¢), and (d) represent the sets Z°, 2O 7MW and 23, respectively. So (d)
is B(T~(2)) = B({m})- A

The model checking algorithm of Sect. 11.3 computes the satisfaction set [F]g
for given FSTS ¥ and formula F' of Lcrpy. Summarizing the preceding efforts, it is
clear now that this algorithm can be implemented by manipulating reduced OBDDs
as representations of state sets. The OBDD constructions for set union, intersection,
or difference are applied wherever these operations are used in the clauses of the al-
gorithm. The case F' = EOA is handled by constructing B(T~*( W (A))), and such
inverse image constructions are also applied in the iteration steps of the procedures
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(a) (b) (©) (d)

Fig. 11.9. Construction steps for an inverse image

for formulas EOA and A Eunt B. The termination check in these latter procedures
needs to compare reduced OBDDs and determine whether they represent the same
set. Because of their canonical form this is easily carried out by checking whether
they are equal.

The representation of satisfaction sets of formulas by BDDs is often called sym-
bolic, emphasizing that the size of a representing BDD depends on the structure of
the underlying formula rather than on the size of the set: for example, the empty set
and the set of all states as satisfaction sets of false and true are both represented
by diagrams with just one node (the diagrams B_ and B introduced in an example
above). Consequently, the algorithm of Sect. 11.3 in the OBDD implementation is
called a symbolic model checking technique.

In practice a concrete model checking system realizing the algorithm typically
offers an input language in which the user can formulate the FSTS, possible fairness
constraints, and the formula(s) to be checked. Often the implementation does not
really “strictly translate” the “abstract” algorithm but utilizes certain optimizations.
After running the algorithm the model checker either confirms that the property holds
or reports that it is violated. In cases where this feature is applicable, a witness or
counterexample is delivered as well.

11.6 Further Model Checking Techniques

In the previous sections we have discussed some basics of the model checking ap-
proach to system verification. Based on these, there are many advanced techniques
which were designed to improve and extend the practical applicability of the method.
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Among others, some important examples of such techniques are

bounded model checking,

partial order reduction,

abstraction,

combination of deductive and model checking methods.

We conclude this chapter with some short comments on these keywords just to illus-
trate the wide range of useful modifications and extensions of the model checking
idea.

Bounded model checking can be considered as a symbolic model checking tech-
nique. As in the BDD-based approach, the transition relation 7' of the FSTS is
symbolically represented: by a formula characterizing the set T of states (cf.
Sect. 11.5). However, instead of computing fixpoints, the verification algorithm at-
tempts to find counterexamples whose length does not exceed some pre-determined
bound. To do so, it relies on efficient algorithms for solving the satisfiability (SAT)
problem of classical propositional logic PL, cf. Sect. 1.1.

We describe the principle of bounded model checking for LTL. Consider some
state 79 of an FSTS ¥ and a formula O A, where A is non-temporal. A counterexam-
ple to O A starting from 7 is provided by a finite prefix

No —>M —> ... —> Nk

of an execution sequence that reaches a state 7, in which A does not hold. An algo-
rithm for bounded model checking searches for such prefixes up to some fixed length
k € N. If a state in which A does not hold is found in this way then the correspond-
ing finite state sequence is a finite counterexample (for OA and 7 in ¥), showing
that OA does not hold in 7. Otherwise, the search is repeated with a larger k. The
repetition stops when some previously known upper bound is reached or — without
final decision — when the process runs out of available resources.

For formulas ¢ A (for non-temporal A) a finite counterexample cannot be of the
simple form above, but it must have some “loop structure”

RN

Ny —> M1 —> ... —>=1; —> ... > N.

If A is false in all 7g,...,n; then such a loop is a finite counterexample to the
formula < A in 7. This idea can be extended to arbitrary LTL formulas.

For an LTL formula F, a state ) of the FSTS ¥, and k¥ € N, a formula F,Ew’”)
of PL is associated such that F,gw’") is satisfiable if and only if there is a finite coun-
terexample of length % for F' and 7 in ¥.

We illustrate the definition of F,gw’") by an example. Consider the FSTS V.,

from earlier examples given by the transition diagram in Fig. 11.10 and the formula
F=3(-v V). Letk =1and

Ap = (m A= Avg) V(v Avg A (vf < =05)) V(2o A vg A—of Avg).
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w( ()
(o )

Fig. 11.10. The FSTS Yy, again

This formula describes the transition relation of W, using copies v{ and vs of the
system variables v, and v as in Sect. 11.5 (cf. Fig. 11.8). Thus, the formula

Al = AN ANAr

describes all state sequences 7 — 7’ of length 1 in ¥. Moreover, let A result
from A by replacing v; and w2 by v{ and v5 and the latter by further copies v;*
and vy, respectively. Then the formula

Az = Au A((AT Ao Avg®) V(AT A (0 = op) A (v = 15)))

describes all such sequences 172 — 1’ which contain a loop (from 7’ to 73 or to 1’).
Then it is evident that the formula

Fl(%””p’m) = As A (mvg Vo) A (o] V ouy)
encodes F' in the desired way. In fact, this formula is satisfied by the valuation

v — i, vy — ff, v ff,
vg = tt, vy — 1, ¢ = tt

which corresponds to the finite counterexample

12 H7733

for F'. Observe that a state sequence is a counterexample for F' if and only if it is
a witness for the CTL formula F' = EO(—wv; V vy). The result agrees with earlier
examples in Sect. 11.3 where we found that F” is true in 7, with the (infinite) witness

g —>MN3 —>N3 —>N3 —*>....

This sequence is just the “unfolded” finite counterexample for F'.

Turning to the next item of our short list of further model checking techniques,
we have observed in Sect. 11.2 that the state explosion problem is the main limitation
to the application of model checking. Symbolic model checking algorithms attempt
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to alleviate this limitation by providing compact representations of sets of states.
Alternatively, approaches have been considered that reduce the size of the system
that needs to be analysed during model checking.

An FSTS ¥ to be verified by model checking may represent a concurrent pro-
gram as studied in Chap. 8 (more generally: a system composed of concurrent pro-
cesses with some “interaction”). In this case the transition relation of ¥ represents
all possible interleavings of the atomic steps of the individual processes. For many
properties, however, the relative order of such steps in different processes is irrele-
vant and it suffices to consider only some representative interleaving sequences. This
particularly holds when only little synchronization takes place between the concur-
rent processes. Partial order reduction techniques are designed to reduce the number
of such sequences, i.e., execution sequences of ¥ and, as a consequence, the number
of states, which have to be considered in the model checking process.

The main problem for finding an appropriate reduction is to detect only from the
“local” knowledge available at a given state when some interleaving may be omitted.
A simple idea would be to connect this with the commutativity of two atomic steps
« and § which means that the state reached after executing them does not depend on
the order of their execution and may be depicted by

@ B B )«
m "2 —> 13 and m =1y —> 13-

To omit one of these sequences, however, is dangerous: the states 72 and 7} may
have successors other than 73 which may not be explored if the respective sequence
is ignored. Moreover, the property to be checked might be quite sensitive to the
choice of the intermediate states 72 and 7).

Algorithms embodying partial order reduction techniques differ in how these
problems are dealt with efficiently and in a way appropriate for the systems of inter-
est. We show, as an example, one possible selection of conditions such that one of
the above two sequences could be ignored in the model checking process.

We say that two atomic steps « and 5 commute in a state 77 where they are both
enabled (i.e., there are (1, 7)) € Ty “caused by «” and (n,n") € Ty “caused by 37)
if all of the following hold:

(3 is enabled in all possible successors of 7 reached by executing «,

« is enabled in all possible successors of 7 reached by executing 3,

the states reachable from 7 by executing « followed by (3 are the same as those
reachable by executing first /3, then «.

When model checking an LTL formula F' over ¥, the atomic step /3 can be de-
layed (i.e., the second sequence in the illustration above can be ignored) if the fol-
lowing conditions are satisfied.

e Fis stuttering invariant (in the sense of Sect. 9.3).
The atomic step /3 does not modify the values of the system variables occurring
in F.

e The step § commutes with all atomic steps v of ¥, in all states where 3 and
are simultaneously enabled.
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In practice, deciding whether two atomic actions commute can be costly, and the
third condition above is approximated by sufficient syntactic conditions. For exam-
ple, the assignment to a local variable of a process commutes with all steps that do
not modify the variables of the expression in the right-hand side of the assignment.

Abstraction is another technique for decreasing the number of states and tran-
sitions which have to be considered when model checking is applied to a system.
Recall from Sect. 11.1 that an FSTS may be an encoding of a first-order STS. Such
systems manipulate data and are a particular application area for this technique.

Abstraction is based on the observation that system properties in such cases of-
ten involve only simple relationships between the data values occurring during ex-
ecution. The idea is to find an abstraction mapping between the data of the given
systems and a small set of “abstract” data with the goal that when extending this
mapping to states and transitions one obtains an abstract version of the system which
is smaller and still sufficient for the verification of the property under consideration.
More precisely: the property holds of the given system if it can be proved for the
abstract one.

On the first-order STS level the abstraction mapping can typically be understood
to be realized by functions ¢, for every individual system variable a of the given
system. Assume that the domain D of possible values of a is partitioned into sets
Dy,...,D,. The set {d,...,d,} is a (finite) set of abstract values for a (called
abstract data domain) and the abstraction mapping ¢, is given by

g&a(d) = dz if d S Dl

for every element d € D. In an encoding FSTS we then have n propositional system
variables avaly, . . ., aval, encoding the abstract values, i.e., with the meaning that

N(aval;) =tt & n(a) €eD; for 1 <i< n.

(17 denotes the encoding of the original state 1 as in Sect. 11.1.) The appropriate
partition of D depends on the application. In the general case, it has to be defined by
the user. Observe that the abstraction technique therefore is not an entirely automatic
method in the same way that standard model checking is. Full automation can be
recovered for pre-defined abstract domains, such as partitioning the integers into
zero, strictly positive and strictly negative integers. Abstraction may be applicable if
the original domain DD is infinite, so the given system is not a finite state system.

Again we give a simple example for illustration. The counter system ., in-
troduced in Sect. 6.2 has (under some fairness assumptions) the property

O(e=0).

I'.ount has infinitely many states since the values of ¢ may be any natural number, but
it is quite obvious from the possible transitions (and can also be seen by an inspection
of the formal derivation of this formula in Sect. 7.4) that realizing the fact that any
(fair) execution sequence will eventually reach a state with ¢ = 0 does not really
refer to the concrete values of c. The only relevant “information” about c is whether
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Fig. 11.11. Transition diagram of an abstract FSTS

it equals O or not. Thus, a partition of N into the sets D; = {0} and Dy = N\ D,
provides a faithful abstract finite state system which can be represented as an FSTS
with the system variables on and ¢y and the transition diagram depicted in Fig. 11.11.
The system variable ¢ stands for “the value of ¢ is 0” and, e.g., the arrow from 74 to
11 represents the transition of switching the counter on in a state where it is off and
¢ # 0. All counting steps are represented by arrows leading to 7, i.e., to the state in
which the counter is on and ¢ # 0. Under suitable fairness assumptions, the formula
O(e = 0) can easily be verified for this FSTS and the result can be transferred back
to I count-

Instead of defining an abstraction mapping, a reduced system can be obtained by
a quotient construction with respect to an equivalence relation. This idea underlies a
technique known as symmetry reduction that identifies system states that agree “up
to permutation”. For example, systems are often composed of processes that behave
identically, and for many properties the precise identity of a process performing a
certain step can be ignored.

The idea of abstraction also is a natural basis for combining deductive and model
checking methods for system verification. Among several possible approaches, we
mention just one that is directly related to abstraction as just sketched. The abstrac-
tion mapping maps concrete to abstract systems. Thus, it works “semantically” and
in complex cases it might be difficult to see that the abstract system reflects the
concrete one in a correct way. The idea of the method is to formalize this step by
some deductive procedure between specifications of the systems on the two levels.
Moreover, the specification of the abstract system may be represented in a form of
a predicate diagram which can directly be viewed as (the transition diagram of) an
FSTS verifiable by model checking.

We use again the counter system I+ as a simple example to indicate the basic
idea. A specification of I';,,,; Was given in Sect. 6.2 by the two axioms

0n—>(On//\C’:c—‘,—]_)\/(—‘on//\c’:c)’
—on — (mon’ A =¢)V (on' A =0).
An adequate predicate diagram for the system (and the property &(¢ = 0) to be

proved) could be as given in Fig. 11.12. Its one-to-one correspondence to the tran-
sition diagram depicted for the above abstraction example is evident: ¢ = 0 can
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Fig. 11.12. Predicate diagram for a counter

be viewed as (another notation of) a propositional system variable, and negations
mean that a system variable has the value ff. So, model checking can be performed
as before.

On the other hand, the nodes of the predicate diagram can be read as formulas
by combining their atomic formulas by conjunction. Interpreting the arrows still as
possible “transitions” from a state to a successor state, the diagram represents the
formulas

onANc=0— (mon A =0)V (on' A #0),
onAc#0— (on' A #0)V (mon’ A #0),
—onAe=0— (mon’ A =0)V (on' A =0),
—onAc#0— (mon’ A #£0)V (on' A =0)

which specify the abstract system. These formulas are derivable from the axioms of
I'¢ount- Therefore, any safety property verified for the predicate diagram holds for
I'count as well. The technique can be extended to arbitrary temporal properties when
fairness hypotheses are faithfully represented in the predicate diagram.
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List of Temporal Logic Laws

We give here a compact list of laws of the various temporal logics, particularly in-
cluding those which are frequently used throughout the book. Furthermore, we note
some of the corresponding formal systems.

Laws of Basic LTL

(T1) -0A4 «— O—-A
(T2) -0A4 « O=4
(T3) -OA «— O-4
(T4) 0A— A

(TS) A—CA

(T6) 04 — OA
(T7) OA — OA
(T8) 04 — A
(T9) OOA — OCA
(T10) 0O0A «— 0OA
(T1D) OOA — A
(T12) 00A « OOA
(T13) QOA4 «— OO0 A
(T14) O(4A— B) < OA— OB

(T15) O(AAB) < OANOB
(T16) O(AV B) <& OAVOB
(T17) O(A < B) « (OA < OB)
(T18) O(AAB) < OAANOB

(T19) <O(AVB) « CAVOB
(T20) OO(AVB) « O0CAVOOB
(T21)  ©O(AAB) « ©COAACOB
(T22) O(A— B) — (0A — OB)
(T23) OCAVOB — O(AV B)
(T24) (CA - <©B) — O(A— B)
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(T25)
(T26)
(T27)
(T28)
(T29)
(T30)
(T31)
(T32)
(T33)
(T34)
(T35)
(T36)
(T37)
(T38)

List of Temporal Logic Laws

C(AANB) - CANOB
OC(AAB) - OCAANOOB
OOAV OOB — ©O(AV B)
0A«— AANOCOA

OCA— AVOOA

0(A— B) — (OA— OB)
O(A— B) — (©A— ©OB)
0OA — (OB — O(A A B))
0OA — (OB —O(AAB))
0A — (OB — O(AAB))
O(0A — B) — (DA — OB)
O(A— OB) — (04— ©B)
COCA «— OCA

OCOA4A «— COA

Laws for Binary Operators in LTL

(Tb1)
(Tb2)

(Tb3)

(Tb4)

(Tb5)

(Tb6)

(Tb7)

(Tb8)

(Tb9)

(Tb10)
(Tb11)
(Tb12)
(Tb13)
(Tb14)
(Tb15)
(Tb16)
(Tb17)
(Tb18)
(Tb19)
(Tb20)
(Th21)
(Tb22)
(Tb23)
(Tb24)
(Tb25)
(Tb26)
(Tb27)
(Tb28)

Auntil B <~ OOB A A unless B

A unless B <+ O(A unl B)

Aunl B < Aunt BV OA

Aunt B <+ BV (A A A until B)

A unless B < B atnext (A — B)

A atnext B — B before (—A A B)

A before B <+ =(AV B) unless (A A —B)

OA « A atnext true

OA <~ A A A unless false

OA < A unl false

Auntil B~ OBV O(A A A until B)

A unless B — OBV O(A A A unless B)
Aunt B <~ BV (AAO(A unt B))

Aunl B < BV (AANO(A unl B))

A atnext B « O(B — A) ANO(=B — A atnext B)
A before B «— O—=B A O(A V A before B)

—(A unless B) < O-=B A O(=A V —(A unless B))
O(-B— A) — Aunl B

O(Aunl B) «» OA unl OB

(AANB)unl C < Aunl C A Bunl C

Aunl (BV ()« Aunl BV Aunl C

Aunl (BAC)— Aunl BA Aunl C

Aunl (Aunl B) < Aunl B

(Aunl B) unl B < A unl B

0O(B — A) — A atnext B

O(A atnext B) « OA atnext OB

(A A B) atnext C' < A atnext C' A B atnext C
(AV B) atnext C «— A atnext C'V B atnext C
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A atnext (B V () — A atnext B V A atnext

Laws for Fixpoint Operators in LTL

(Tp1)
(Tp2)
(Tu3)
(Tud)
(TpsS)
(Tp6)
(Tp7)
(Tp8)

OA < vu(AAOQu)

CA — pu(AVOu)

Awuntil B < pu(OBVO(A A u))
Awunless B — vu(OBVO(AAu))
Aunt B « pu(BV (A AOu))
Aunl B < vu(BV (AAOu))
A atnext B — vu(O(B — A) AO(=B — u))
A before B — vu(O-BAO(AV u))

Laws for Propositional Quantification in LTL

(Tql)
(Tq2)
(Tq3)
(Tq4)
(Tq5)

VuA — A, (B)

VuOA «— OVuAd

VuOA «— OVuA

JuOA — OJuA

O(AV B) — JuD((AAu) V(B A-u))

Laws for Past Operators in LTL

(Tpl)
(Tp2)
(Tp3)
(Tp4)
(Tp5)
(Tp6)
(Tp7)
(Tp8)

SA — —Sfalse
-4 — -84
-04 — 6-4

A — 604

A — 084

S(A— B)—~©4— 6B
S(AANB)— SANOB
S(AANB)—SANSB

Laws of First-Order LTL

(T39)
(T40)
(T41)
(T42)
(Tb30)

(Tb31)
(Tb32)

(Tb33)

J2z0A « O3zA
VzOA «— OVzA
JzOA — O3JzA
VzOA « OVzA
3z(A unl B) < A unl (3zB)

if there is no free occurrence of z in A
Vz(A unl B) < (VzA) unl B

if there is no free occurrence of z in B
Jz(A atnext B) «— (JzA) atnext B

if there is no free occurrence of x in B
Vz(A atnext B) < (VzA) atnext B

if there is no free occurrence of z in B

415
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Derivation Rules of Linear Temporal Logic

(nex) A+ OA

(alw) At OA

(ind) A— B,A—-OCA+HA— OB

(ind1) A—-OCAFA—DOA

(ind2) A— B B—OBFA—OB

(som) A—-OBFA—OB

(chain) A—COB,B—-COCFA—-COC
(indunless)y A —OCVO(AAB)F A— B unless C
(indunl) A— CV(BAOA) - A— Bunl C

(indatnext)y A — O(C — B)ANO(-C — A) F A — B atnext C
(indbeforey A — O-CAO(AV B) - A — B before C
(p-ind) A,(B) — B F puA — B if there is no free occurrence of « in B
(qltl-ind) F — JuyO((ug <> ug) A Fy, (u2))
FF — HUQ((LIQ g 111) A DFul (112))
if every occurrence of variables v in F is in the scope of

at most one O operator and no other temporal operator
(indpast) A— B A—©A+A— BB

(indinit) init - A, 4A—->0AFA

(wir) A—<O(BVIY(y<yNAy(y))) FIyA - OB
if B does not contain ,
for /BNTIS Xwr

Laws of Generalized TLA

(GT1) O[], — A],
(GT2) DA — O[OA],

(GT3)  O[[A].], < D[4].
(GT4)  O[O[A]e, — [4,],,
(GTS)  O[A],, — D[[A].],,
(GT6)  O[[Al.,],, < DO[[4le],

Laws of Interval Temporal Logic

IT1n) empty chop A — A

(IT2) ©A chop B + O(A chop B)

(IT3) (AV B) chop C « A chop CV B chop C

(IT4) A chop (BV C) < A chop BV A chop C

(IT5) A chop (B chop C) < (A chop B) chop C
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Laws of BTL and CTL

(BT1)
(BT2)
(BT3)
(BT4)
(BTS)
(BT6)
(BT7)
(BTS)
(BT9)
(BT10)
(BT11)
(BT12)
(CT1)
(CT2)
(CT3)
(CT4)
(CTS)
(CT6)
(CT7)

EODA «— AAECEOA

ECA «— AV EOECA

AOA «—~ ANAOCAOA

AOCA «— AV AOCACA

AOA — EOA

EOA — EOCA

EDEOA «— EDA

EOEODA — EOEOA

EO(A A B) — EOA AEOB

EO(A — B) <« AOCA — EOB

EC(AV B) < ECAVECB

EJ(AA B) — EJAAEOB

AEunt B < BV (A ANEO(A Eunt B))

A Eunt B — EOB

EO(A Eunt B) < EOA Eunt EOB

AEunt CV B Eunt C — (AV B) Eunt C
(AN B) Eunt C — A Eunt C A B Eunt C
AEunt (BV C) < AEunt BV A Eunt C
AEunt (BAC) — AEunt B A A Eunt C

Derivation Rules of Branching Time Temporal Logic

(nexb)
(indb1)
(indb2)
(indc)

A— B - EOA — EOB

A— B,A—EOA - A — EOB

A— —B,A— AO(AV ~ECB) A — —~EOB

A— ~C,A— AO(AV ~(B Eunt C)) + A — —(B Eunt C)

The Formal System Xy,

(taut)
(1t11)
1t12)
(1t13)
(mp)
(nex)
(ind)

All tautologically valid formulas
-04 <~ O-4

O(A — B) — (OA — OB)
0A — ANOCUOA

A/A—- BFB

AFOA
A—B,A—-OAFA— OB

Additional Axioms and Rules for Extensions of LTL

(untill)
(until2)

(unless1)

Auntil B <~ OBV O(A A A until B)
A until B — OOB

A unless B <+ OBV O(A A A unless B)

417
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(unless2)

(atnextl)
(atnext2)

(beforel)
(before2)

(p-rec)
(p-ind)
(qltll)
(qltl2)
(qltl3)
(qltl-part)
(qltl-ind)

(pltl1)
(pltl2)

(plt13)
(pltl4)

(pltl5)
(pltl6)
(prev)
(indpast)
(iltl)
(init)
(since)
(backto)
(atlast)

(after)

OO0OA — A unless B

A atnext B < O(B — A) A O(—B — A atnext B)
OO-B — A atnext B

A before B <+ O—~B A O(A V A before B)

OO0-B — A before B

Ay (pud) — pud

A,(B) — B F puA — B if there is no free occurrence of u in B

A, (B) — JuA

JuOA «— OFud

Fu(u A OO-u)

A — B F 3Jud — B if there is no free occurrence of v in B

F— HHQO((UQ — ul) A Fu1 (UQ))

FEF — Jua((ug < ug) AOFy,, (uz))

if every occurrence of variables ! in F is in the scope of at
most one O operator and no other temporal operator

6-A4 — -S4

S(A — B) — (A — ©B)

BA— ANSBA

SO false

A — 604

A— 084

AFOA

A— B,A—-©A+A— BB

O—init

init — OA F A

A since B — 6BV (A A A since B)

A backto B <~ ©B V ©(A A A backto B)
A atlast B — ©(B — A) AN©(—B — A atlast B)

A after B < ©-B ANS(A V A after B)

The Formal System Xyorry,

(taut)
(1t11)
1t12)
(1t13)
(1t14)
(1t15)
(1t16)
(eql)
(eq2)

(mp)

All tautologically valid formulas

—-0A + O-A4

O(A — B) — (OA — OB)

OA — ANOCOA

A, (t) — JzA if t is substitutable for z in A
OdzA — J20A4

A — OA if Aisrigid

rT==z
r=y — (A— A,(y)) if Ais non-temporal
AA—BFB



(nex)
(ind)
(par)

List of Temporal Logic Laws

A FOA
A— B,A—-OCA+HA— OB
A — B F dJdzA — B if there is no free occurrence of z in B

The Formal System X,¢1ra

(taut)
(taut,y)
(gtlal)
(gtla2)
(gtla3)
(gtlad)
(gtlas)
(gtlab)
(gtla7)
(gtla8)

(gtla9)
(gtlal0)
(gtlall)
(mp)
(alw)
(indpf)

All tautologically valid formulas
O[A]. if A is a tautologically valid pre-formula
04— A
OA — O[A],
04 — 0O[OOA],
O[A — Bl. — (O[4]. — O[B].)
Ofe’ # ],

[

O(A — B) — (OA — OB)].
[D[A}el - [A]el]ez
[A]61 - D[OD[A}eJ

€2

[[A}el /\OD[A]El - D[A}el}
O[0O0A — O[0A],,]
AJA— BFB
AFDOA
A—>B,\:\[A—>OA]U(A) FA— OB

€2

€2

The Formal System Xgyy,

(taut)
(btll)
(btl2)
(btl3)
(btl4)
(mp)
(nexb)
(indb1)
(indb2)

All tautologically valid formulas
EOtrue

EO(AV B) «» EOAV EOB
EODA «~ AAECEOA

ECA «— AV EOECA

AJA— BFB

A— B +FEOCA — EOB

A— B,A—EOCA+A— EOB

A— -B/A— AO(AV-ECB) H A — —ECB

The Formal System Yc¢yy,

(taut)
(btll)
(btl2)
(bt13)
(ctl)

(mp)

All tautologically valid formulas

EOtrue

EO(AV B) «» EOAV EOB

EOA «—~ A ANEOCEDA

AEunt B <~ BV (AANEO(A Eunt B))

A/ A—-B+FB

419



420 List of Temporal Logic Laws

(nexb) A — B FEOA — EOB
(indbl) A — B,A—EOA + A— EOB
(indey A—-C,A—AO(AV—(BEuntC))+A— —(B Eunt C)
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