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Chapter 1

Introduction



1.1 Prerequisites

We assume that the reader has had some previous exposure to propositional

and first-order logic. The lecture notes | ] will certainly be good
enough. But, also any good textbook on the subject | ,
: ] will do.

Here we will occupy ourselves with some interesting yet not mainstream
results to get back into the mood. The emphasis is on providing exercises to
work on.

Meagre Vocabularies

To get a better insight into first-order logic logicians have taken a great
interest in studying the expressive power of various fragments of first-order
formulas. Well know examples are the fragments of Horn formulas, existential
or universal formulas or quantifier-free formulas. Here will will not restrict
the use of the logical operations, but put limitations on the vocabularies. It
is for example well know that it is no restricition to use only relation symbols
and forget function symbols of arity strictly greater than 0.

Definition 1 (Vocabularies)
A wvocabulary ¥ is called

1. a relational vocabulary if it possibly contains constant symbols, but no
function symbols of arity greater than 0.

2. a binary vocabulary if it is relational and all relations symbols in ¥ are
binary.

3. a triple vocabulary if it is relational and contains exactly on relation
symbol rel and this is ternary.

We also need a way to compare different types of vocabularies with regard
to their expressiveness.

Definition 2 (Comparing Vocabularies)

Let Vi, Vs be two classes of vocabularies. Vo is called as expressive as Vi
if for every signature ¥y in class Vi there is a signature ¥ in class Vo such
that



1. for every Xi-formula Fy there is a Xo-formula Fs and for every -
structure M there is a X1-structure My such that

M,y ):F1<:>M|:F2

2. and for every X -structure N there is a Yy-structure M such that

M12N

This definition may at first sound complicated. But, in the end it is just a
formal rendering of what you would intuitivly assume. To get some under-
standing for this definition try to do excercise 1.2.2.

Definition 2 describes the ideal situation. In most cases, in particular also
for Exercises 1.2.4 and 1.2.5, the transition from M to M is only possible
for structures M that are big enough.

Order Relations

Definition 3 (Order) A structure (M, R) where R is a binary relation on
M s called an order if it satisfies the following axioms

1. YaVyVz(R(z,y) AN R(y, z) — R(z,2)) (transitivity)

2. Yx(—R(z,x)) (anti-reflexivity)

Definition 4 (Linear Order) A order relation (M, R) is called a linear
order if it satisfies the following axiom

1. VaVyVz(R(x,y) V R(y,z) V x = y) (linearity)



1.2 Exercises

Exercise 1.2.1

Let F' be a formula in first-order logic, that is true in all infinite structures.
Then there is a natural number k such that F is even true in all structures
with k or more elements.

Exercise 1.2.2

Assume that ¥q, ¥o, Fy, Fy satisfy the two statements from Definition 2 on
page 7.

Then Fy is a X1-tautology iff Fy is a Yg-tautology.

Exercise 1.2.3

Assume that 31, Yo, Fy, Fy satisfy the two statements from Definition 2 on
page 7.

If validity of ¥1-formulas is undecidable then also validity of Xo-formulas s
undecidable.

Exercise 1.2.4
Show that the class of triple vocabularies is as expressive as the class of
binary vocabularies.

Exercise 1.2.5
Show that the class of binary vocabularies is as expressive as the class of
unrestricted relational vocabularies.

See also Ezercise 3.9.23.



Chapter 2

Axiomatic Set Theory
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Many formal specification languages, among them as prime examples Z and
B, use set theoretical concepts and notations. This is an appealing choice,
because these concepts are easy to understand and accessible without mathe-
matical training. Another advantage is the fact, that there is a well developed
mathematical theory of sets. In fact, before set theory was perceived as a
foundation for specification languages it was considered as a foundation for
all of mathematics. A very intriguing idea: once you accept a few axioms of
set theory all mathematical results can be derived from them. In this chapter
we will convey a first idea of how this works.

2.1 Basics

We will use the Zermelo-Fraenkel (ZF for short) axiom system for set theory.

In our presentation we follow the textbooks | 11
|, and | )

The full set of ZF axioms is given in Figure 2.1 on page 36.

The language of ZF set theory is the language for first-order predicate logic
with the binary relation symbol € as its only non-logical symbol. In the
formulation of the axioms the equality symbol = is also used. But note,
that using axiom A1l and formula ¢; = 5 may be equivalently replaced by
a formula containing only €. More precisely, axiom A1l states only one
implication. The reverse implication, i.e.

r=y—>Vz(z€x 4 2z€Y)

has nothing to do with set theory, it is a simple consequence of the congruence
axioms

z=y— (p(z,2) < p(z,y))
for any binary relation symbol p.
Any free variables in the axioms are implicitely universally quantified.

Before we go on, we need some notational conventions, otherwise our formulas
would soon be unintelligible.

We will use for any formula ¢(x) the syntactical construct {x | ¢(x)}, called
a class term. We intuitively think of {x | ¢(z)} as the collection of all sets
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a satisfying the formula ¢(a). This is only for notational convenience. The
new terms can be eliminated as follows:

y € {x| o(x)} is replaced by  ¢(y)
{z]o(x)} ey is replaced by  Ju(u € yA
Vz z€u+ 9(2)))

(

(
{z|o(x)} €{y[¢(y)} isreplaced by  Ju(¥(u)A
Va(z € u ¢ 6(2)))
Note, that using a class term {x | ¢(z)}, does by far not imply that {z | ¢(z)}
is a set. For ¢(x) := x ¢ x this would immediately result in a contradiction.
Only after we can prove that Jy(y = {z | ¢(x)}) can be derived from the
axioms, can we use {z | ¢(z)} as a set.

Having class terms is already very handy, but still further abbreviations are
necessary. Here is the first bunch:

Definition 5 (Abbreviations for sets)

0 = {x|z#zx}

{a,b} = {z|z=aVae=0>}

{a} = A{z|z=a}

(a,b) {{a},{a,b}} This is called the ordered pair of a and b

Note, that some of these abbreviations have already been used in the axioms
in Figure 2.1.

Let us look at some easy logical derivations from the ZF axioms.

Lemma 1 The following formulas follow from the ZF axioms
1. Fx(z = 0)
2. Va,y3z(z = {z,y})
3. Vax3z(z = {z})

4. Vx,y3z(z = (x,y))

12



Proof: The first step in all four proofs will be to unfold the abbreviating
notation of class terms.

1. In a first step we eliminate the = symbol in Jx(z = ()) using the
extensionality axiom, which yields: JzVu(u € x <> u € ). Now the
class term () is replaced as explained above: JzVu(u € = ¢ u # u).
Since u # w is contradictory, this is equivalent to JzVu(u € x — u # u).
Which is logically equivalent to JzVu(u ¢ x), and this is Axiom A4.

2. Eliminating = and the class term in Vz,y3z(z = {z,y}) yields
Va,y32Vu(u € z <> uw = zVu = y). This is, after renaming of variables,
axiom A5.

3. Special case of 2.

4. Unfolding the definition of an ordered pair, we get Vz,y3z(z =

{z} {z, y}}).

In first-order logic
Ywp
V[t /w]

is a valid rule, where [t/w] results from v by replacing all free oc-
curences of the variable w by the term ¢ and w are all variables in .
Can this also be done with class terms? In general the answer is, no.
But, if we can prove for a class term ct Vai3u(u = ct), then the same
replacement principle is true in ZF. Now, claim 4 follows from 2 and 3.

Lemma 2

1. If a and b are sets, then there is a set ¢ satisfying
Vz(z€c4rz€aNz€ED)
c is called the intersection of a and b, in symbols ¢ = a N'b.
2. If a and b are sets, then there is a set ¢ satisfying
Vz(z€c>z€aVzeb)

¢ 18 called the union of a and b, in symbols ¢ = a U b.

13



3. If A is a non-empty class term, then there is a set ¢ satisfying
Vz(z€ceoVu(ue A— z €u))
c is called the intersection of A, in symbols ¢ = () A.
4. If a is a set, then there is a set ¢ satisfying
Vz(z € c > Ju(u € a Nz € u))

c is called the union of a, in symbols ¢ = |J a.

Proof: Let us for the moment be pedantic.

1. This requires the subset axiom A3
WVz(z €y <> 2z € x N P(2)).

We replace the free variable z by a, the formula ¢(z) by z € b and
name the element whose existence is guaranteed by the axiom c. This
leads to

Vz(z€c4rz€aNzeD)

as required.
2. Despite the fact that set theoretical union is such a simple concept, it
does need two axioms to guarantee its existence. From the pair axioms,

A5, we get the existence of a the set d = {a, b} and the sum axiom, A7
yields the existence of a set ¢ satisfying

Vz(z € c4» Ju(u e d Nz € u))
Substituting d = {a, b} yields the claim.

3. Let A ={u|¢(u)}. Since A is assumed to be non-empty, we may pick
an arbitrary element b € A, i.e. an arbitrary b such that 1(b) is true.
Let ¢(z) be the formula Yu(¢(u) — z € u). We will, again, use Axiom
A3

IYWVz(z €y <> 2 € bA@(2)).

The element, whose existence is guaranteed is named c. This yields the
claim, when we observe the trivial equivalence

VaVu((u) = 2z € u) <> 2z € bAYu(Y(u) — 2z € u)

14



4. Use axiom AT.

Likewise it is easy to prove

Lemma 3
Vay, o, g1, Yo (@1, 22) = (Y1,y2) G T = AT2 =y )

Definition 6

1. A relation r is a set of ordered pairs, i.e.
rel(r) =Ve(zr € r — Jr1, xo(x = (21, 22)))

2. The relation r is said to be a relation on the set s if
rel(r,s) = rel(r) AVry, xo((x1,22) €7 — 1 € SA T € 5)

3. A function is a one-valued relation, i.e.
func(r) = rel(r) AVz, y1, y2({x, 11) € 7 A (T,92) €T — y1 = ya)

4. A function f is said to be a function from a set a to a set b if
func(f,a,b) = func(f) AVry, xo((x1,22) € f = 21 €Ea Ny €D)

Lemma 4
From the ZF axioms we can prove for any sets a, b the existence of the set
of all relations on a and of all functions from a to b, i.e.

1. YxIyVz(z € y <> rel(z,x))

2. Yu,wIyVz(z € y + func(z,u, w))

Proof: For this proof we need (for the first time in this text) the power
set axiom JyVz(z € y <> Yu(u € z — u € x)). We denote the set whose
existence is stipulated by this axiom by P(z).

1. For z,y € a the ordered pair (z,y) is an element of P(P(a)). The class
term Rel(a) of all relations on a is thus a subset of P(P(P(a))) = P3(a).
The power set axiom tells us that P3(a) exists. Since we can describe by
a first-order formula exactly which elements of P?(a) belong to Rel(a)
we get its existence by the subset axiom.

15



2. Similar.

We will have occasion to use the following, well known, definitions:
Definition 7 Let r be a relation.

1. the set dom(r) = {x | Jy((z,y) € r)} is called the domain of r

2. the setran(r) = {z | y(({y,z) € r)} is called the range of r
If r is furthermore a function and a € dom(r)

3. r(a) is the unique element b satisfying (a,b) € r.
Note that we can write r(a) as the class term r(a) = Ny | (a,y) € r}.

2.2 The Natural Numbers

Definition 8 (Successor) For any set a the set
at =aU{a}

1s called the successor set of a.

From our previous results it is obvious that a™ is a set, when a is. In the
following we will no longer mention facts of this simple kind explicitely.

We will use the empty set () to represent the natural number 0, )t = {0} =
{0} to represent 1, 17 = 0+ = {(),{0}} = {0, 1} to represent 2. In general,
for any natural number n we let n™ represent its successor. We want the
set of natural numbers to be N = {0,07,07+, 0% ...}. It remains to be
explain how this can be turned into a legal definition and prove the existence
of N from the ZF axioms.

Definition 9 A set a is called a Dedekind set if 0 € a and for all b € a also
bt € a. In symbols Ded(a) =0 € a AVz(x € a — x™ € a).

16



Lemma 5

Fy(y = [ {a | Ded(a)}
can be derived from the ZF azxioms.

N{a | Ded(a)} will be called the set of natural numbers and denoted by N.
In set theory it is also customary to use the symbol w instead of N.

Proof: The claim follows from Lemma 2(3) if we can show that there is
at least one set a with Ded(a). But this is guaranteed by Axiom A8, the
infinity axiom.

The Peano axiom system is usually taken as an axiomatic characterisation
of the natural numbers. In the context of set theory we should be able to
derive them from the set theoretical axioms.

Lemma 6 (Peano Arithmetic) The following theorems can be derived
from the ZF axioms

1. 0 e N.

2. If n € N then nt € N,

3. Vn(n € N = nt #0).

4. Yn,mn e NAm e NAnt =mt - n=m).
5

Vzx(0exAVylyex -yt €x) > NCux).

Proof: 1 and 2 are obvious by definition of N.

To prove 3 we note that n € n' is true for any n, thus n* cannot be the
empty set.

Assume for a proof of 4 that n™ = m™, i.e. nU{n} = m U {m}. Thus we
must have

1. menU{n}, ie. n=morm € n.

17



2. nemU{m},ie. n=mornem.

The foundation axiom, A2,
Jy(y € x) = Fy(y € x AVz=(z € x Az €y)),

instantiated for x = {n, m} yields after some simplifications n & m or m ¢ n.
Thus the above case distinction forces n = m.

Part 5 is again simple. Any x satisfying the premise of the implication is a
Dedekind set. Since N is by definition the intersection of all Dedekind sets,
we obviously get N C .

Before we move on to other topics let us pause to look at set theoretic proper-
ties of N, i.e. properties that are not part of our intuition of natural numbers
but arise from the particular set theoretic construction we have used to arrive
at N. We begin with a simple exercise on induction.

Lemma 7

For alln € N with n # 0
0en

Proof Set
r={neN|0en}U{0}
We need to show x = N. This is best done using the induction axiom. To

apply it we need to establish 0 € z, which is simply true by definition of x
and n € x — nT € x. There are two cases to be distinguished

Case n # 0 in this case n € x implies 0 € n. Since n C nt = n U {n} we
also get 0 € n* and thus n™ € x.

Case n =0 Here nt = {0} by definition. Thus obviously 0 € n* and also
nt € .

The element relation € is in general far from transitive, i.e. a € band b € ¢
do not entail a € c. There are however interesting special situations where
this is nevertheless true. This leads to the following definition

18



Definition 10 (Transitive Set)
A set a is called transitive if the €-relation restricted to a is a transitive
relation. In symbols

trans(a) <» Ve(x € a — x C a)
Do not confuse transitive sets with transitive relations.

Lemma 8

1. n is transitive for alln € N .

2. N 1is transitive.

Proofs

Ad1 Weuseinduction. The empty set 0 is transitive by definition. Assume
n is transitive and consider z € n™ = n U {n} with the aim to show z C n™.
If z € n then by hypothesis z € n C n*. If z = n, then by definition z C n*.

Ad 2 We prove Vn(n € N — n C N) again by induction. For n = 0 this is
clear since the empty set is a subset of every set. If n € N and by induction
hypothesis n C N then also n™ =n U {n} C N.

The order relation < on the natural numbers can be described as the smallest
transitive relation satisfying n < n* for all n € N. From the previous lemma,
Lemma 8, we already know that € is transitive on N.

Lemma 9
The relation € is the smallest transitive relation r on N satsifying (n,n™) € r
for all n.

19



Proof Assume that r is an arbitrary transitive relation on N satisfying the
required condition. We will prove

Vn,m(n € m — (n,m) €r)

This is best proved by induction on m. For m = 0 the statement is vacuously
true. So assume Vn(n € m — (n,m) € r) and try to proof Vn(n € m*™ —
(n,m*) er).

Case n € m By hypothesis we have (n,m) € r. By the stipulated proper-
ties of r (m, m™) and transitivity we get (n,m") € r, as desired.

Case n =m We immediately have (m,m*) € r.

In the set theoretic representation of the natural numbers we chose, we thus
discover the curious phenomenon that the <-relation cooincides with the e-
relation. As a consequence we have that any natural number is the set of all
its predecessors, i.e. n = {m | m < n}.

2.3 Recursion

In the last section we have reconstructed in ZF the set N of natural num-
bers. But what about addition and multiplication? Of course, we can write
down the usual recursive definitions of these functions. The question to be
answered is: can we prove existence of these functions from the ZFC ax-
ioms? We will first prove a general recursion theorem and later apply it to
get addition and multiplication.

Theorem 10 (Recursion Theorem)
Let F' be a function satisfying ran(F') C dom(F') and let u be an element in
dom(F'). Then there ezists exactly one function f satisfying

1. dom(f) =N,
2. f(0) =,
3. f(nt)=F(f(n)) foralln e N

20



Proof The assumptions ran(F) C dom(F') and u € dom(F') are needed to
make sure that all function applications of F' are defined.

Let us first prove the uniqueness part. Thus we start with two functions f
and g both satisfying 1-3 from the theorem. Set

r={yeN| fly) =g}

It can be easily seen that 0 € z and for all n € Nn € x implies n™ € z. Thus
by the last Peano axiom, the induction axiom, we get x = N, i.e. f=g.

To prove existence of f we first notice that there is no ZFC axiom that
explicitely relates to recursion. The idea is to instrument the existence of
unions, see Lemma 2, for our purposes. Let

H = {h| func(h) Ah(0) =uA3In(n#0Adom(h)=n
AVYm(m*t €n — h(m™) = F(h(m))))}

That is to say H consists of all functions defined on an initial segment of N
(remember that n is the set of all its predecessors) and satisfies the required
properties. Now we like to set

r=UH

There are some obstacles to be overcome to make this work. First, to appeal
to Lemma 2 for the existence of | J H we need to know that H is a set, and not
only a class term. Obviously H is a set of ordered pairs with first component
from N and second component from ran(F), thus H C P(P(N U ran(F))).
The power set axiom and Lemma 2 assure together with the assumptions
that P(P(N Uran(F))) is a set. Now we can use the subset axiom A3 to
derive that H is indeed a set. So f exists as a set.

Is dom(f) = N?

The proof procedes by induction. Since for hy = {(0,u)} we have hy € H,
we get immediately 0 € dom(f). If n is in dom(f) then there is h € H with
n € dom(h). Either n* is already in dom(h) or dom(h) = n*. In the latter
case we set hy = h U {(n",F(h(n)))}. Obviously hy € H and therefore
nt € dom(f).

Is f a function?

We prove by induction on z the claim unique(z)

Yy, vo(((2,91) € f AT, 2) € f) = y1 = ¥2)

21



Since all h € H are required to satisfy h(0) = u we have unique(0).
Now assume unique(n) and try to infer unique(n™). Consider y;, yo with
(nT,y1) € fand (nt,ys) € f. There are thus hy, hy € H with (n™,y;) € h;.
By definition of H we have for both i € {1,2} y; = h;y(n™) = F(h;(n)). Since
by induction hypothesis hy(n) = ho(n), we also get y; = ys.

Does f satisfy f(0) = u?
This is obvious.
Is f(nt) = F(f(n)) true for all n?

This is easy. There is h € H with h(n™) = f(n™). By definition of H we have
h(n™) = F(h(n)) and since f is a function we must also have h(n) = f(n).

Lemma 11

1. for every m € N there is a unique function add,, such that

add,(0) = m
add,,(n*) = (add,(n))*

2. for every m € N there is a unique function mult,, such that

mult,(0) = 0
mult,,(n™) = add,(mult,(n))

Proof
Ad 1 Apply the recursion theorem with v =m and F(z) = a*

Ad 2 Apply the recursion theorem with u = 0 and F,(x) = add,,(x).

Definition 11

1. o4y =g4ef add,y]

2. & %Y =gef multy[y]

22



Now the usual arithmetical laws for addition and multiplication can be de-
fined. Their proofs do not make reference to set theory any more, all that is
needed are the Peano axioms.

2.4 Integers

For this and the following two sections we follow the book | ].
The purpose of this section is to define the set of all integers Z using purely
set theoretical methods and making use of the already constructed natural
numbers N. The basic idea is to represent an integer z by an odered pair
(n,m) of natural numbers n,m € N such that z = m — n. The pairs (7,5)
and (10, 8) will then represent the same integer. This leads us to the plan
to represent an integer not by a single pair of natural numbers, but by an
equivalence class of pairs of natural numbers. Two pairs (my,n1) and (ms, no)
are equivalent if m; — ny = mo — ny. The problem is, that we do not
have at the start unrestricted subtraction at our disposal. Fortunately, we
can equivalently rephrase the above equation as m; + ny = mgy + ny where
subtraction is not involved. This leads us to the following definition.

Definition 12 For m,n,p,q € N we define
<m7n> i <p7Q> “def m+q=p+n
It can be easily verified that =; is an equivalence relation.

Definition 13

1. Form,n € N we define the equivalence class [(m,n)]; of the pair (m,n)
with respect to the relation =;, as usual, by:

[(m,n)]; = {(p,q) | (m,n) = (p,q)}
2. Z=Au|3ImIn(m e NAn e NAu=[(m,n)];)}
This definition introduces Z as a class term. But we have

Lemma 12 7Z is a set.

23



Proof We already know that N is a set. Thus for m,n € N we know that
(m,n) € P*N), [{m,n)]; € P*(N) and Z C P3(N). Thus the powerset axiom
together with the subset axiom ensures that Z is indeed a set.

We would like to say when an element z € Z is positive or negative. Since
z is an equivalence class of pairs of natural numbers the following lemma is
needed as a preparation.

Lemma 13 Let m,n,p,q € N and assume (m,n) =; (p,q).
Then the following is true

1. m<n&p<g
2. m=nsrp=q

3m>ns<rp>q

Proofs

zu 1:

zu 2: We need to show, by induction on m, that m + ¢ = p + m implies
p = q. For m = 0 this follows from 0 + ¢ = ¢ and p+ 0 = p. For m =1
we get 1 +¢ =¢g" =p+ 1= p" which gives by Peano’s axioms p = ¢q. Now
assume the for all p, and ¢ we know m + ¢ = p+m implies ¢ = p and we aim
to show (m+1)+¢q =p+ (m+ 1) implies ¢ = p. Making use of associativity
and commutative of + we get m + (¢ + 1) = (p + 1) + m. This yields by
induction hypothesis ¢ +1 = p 4+ 1 which in turn implies ¢ = p as we have
shown before.

zu 3: .

On the basis of Lemma 13 we can unambiguously define

Definition 14 Let [(m,n)]; € Z.
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1. [(m,n)]; is negative <qep m < n
2. [(m,n)]; is zero g4y m=n
3. [(m,n)|; is positive < qep m > n
The following lemma can easily be verified

Lemma 14 Let [(m,n)]; € Z.

e [(m,n)]; is negative < there is a unique p € N, p # 0 with (m,n) =;
(0, p)

e [(m,n)]; is zero < (m,n) =; (0,0)

e [(m,n)]; is positive < there is a unique p € N, p # 0 with (m,n) =;
(p, 0)

The arithmetic operations can be defined on Z as follows

Definition 15 Let [(m,n)];, [(p,q)]; € Z, then

o [(m,m)]; + [{p, )]s =aer [(m +p,n+ q)];
o [((m,n)]; — [(p, @))i =dey [{m +q,n+p)];

o [(m,n)]; x [(p, q)]i =aes [(mp + ng,mq + np)l;

For these definitions to make sense we have to show that they are independent
of the choice of representatives of the involved equivalence classes, i.e. we
have to prove the following lemma

Lemma 15 Let my, mo,ny,n2,p1,02,1,q2 € N be given with (my,nq) =;
(ma,n2) and (p1,q1) =i (P2, q2). Then

1. (my +p1,n1 + @) =i (M2 + P2, N2 + q2)
(m1 +q1,m +p1> =i (m2 + g2, N2 +P2>

2.
3. (mapy + niqr, maqr + napr) =; (Mape + Naga, Mags + Nap2)
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Proof Easy computation.

As a last item we define the order relations on Z:

Definition 16 Let [(m,n)];, [(p,q)]; € Z, then

o [(m,n)|; < (D, 0)]i ©aer [(Mm,n)]i — [(p,q)]i is negative

o [(m,m)]i < [(p, )] Sacy [(m,m)]i < [(p, @)]i or [(m,m)]i = [(p, @]
As an easy consequence of Definitions 14 and 15 we get

Lemma 16 For [(m,n)];, [(p,q)]; € Z

L [tm,m))i < [(p,@)li » m+g<n+p

2 [(m,m]i <[{p, )i & m+qg<n+p

In the same way one can continue to define the rational and real numbers as
sets and derive their known properties from the ZF axioms. Details may be
found in | , Chapter 6].

2.5 Ordinals

The theory of transfinite ordinal numbers is one of the most fascinating areas
of set theory. The Compact Ozford English Dictionary explains the term

ordinal number or just ordinal as a noun designating a number
defining a thing’s position in a series, such as ’first’ or ’second’.

In the context of axiomatic set theory, which is devoted to the study of
infinite sets, it is tempting to try to also extend counting into the infinite.
The convey a first idea how this could be done considering first the natural
numbers in their natural ordering. The number 6 occurs, not surprisingly at
the sixth position. Let us look at another sequencing

n<m< n=2*xngAm=2+xmygAng<my or
n=2xngAm=2xmgy+1 or
n=2xng+1Am=2xmg+1Ang<myg
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In this ordering first come the even numbers in their usual ordering and after
all of them come the uneven numbers again in their usual sequence:

0,2,4,6,...1,3,5,...

Now number 6 occurs at the forth position. To describe the positions of the
uneven numbers we need an extension of the finite ordinal numbers. These
will be called the transfinite ordinals. The number 7 will occur at the first
infinite positision, tradionally denoted by w. Number 5 will occur at position
w + 2. That this simple idea can be turned into a consistent mathematical
theory is the content of the remainder of this section.

As a first observation we note that not any arbitrary linear ordering is suitable
for counting, e.g., with the integers in their usual ordering there would be no
first number to start with. We need to require that after we have counted a
subset X of an ordered set (G, <) there is a next element after X, i.e., a least
element that is strictly greater than all g € X. Here is a formal definition,

Definition 17 (Well-founded Ordering) A linearly ordered set (G, <)
is called well-founded if for any subset X C G such that there is g with
Va(r € X — x < g) there is a least such gy € G, i.e.

1. Ve(x € X = x < go)

2. Vah(Vx(r € X - x <h) = go < h)

We call g the next element after X.
Quite frequently the term wellorder is used instead of well-founded ordering.

Most of the time the property of the following lemma is used as a definition
instead of Definition 17.

Lemma 17 A linear order (G, <) is well-founded if and only if every non-
empty subset Y C G has a least element.

Proof Assume first that (G, <) satisfies the property from Definition 17
and consider ) # Y C G. We need to find a least element of Y. Set
Z={g€G|Vh(h €Y — g<h)}. Since Y # () there is at least one g; € G
striclty greater than all elements of Z. By assumption there is thus a next
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element g after Z. It is easy to see that g is the least element of Y.

For the reverse implication we need to find a next element after some X C G
that does not dominate every element in G. Set W = {g € G | Vh(h € X —
h < g)}. By choice of X we know W # () and there is thus a least element
go of W. Again, it is easy to see that g, is the next element after X.

Here is another characterisation of wellorders

Lemma 18 A linear order (G, <y) is well-founded if there is no function
f N —= G such that for all n,m € N n < m implies f(m) <y f(n).

One usually summarizes this condition by saying that there is no infinite
descending chain f in (G, <y).

We needed two symbols < and <; to distinguish the ordering of the natural
numbers from the ordering on G.

Proof Assume there is an infinite descending chain f in (G, <;) then Y =
range(f) contradicts Lemma 17.

If on the other hand Y C G is a non-empty subset Y C G without a least
element then define f : N — G by

£(0) = an arbitrary element gq in the non-empty set Y’

f(n+1) = anelement g €Y with g <; f(n)

Obviously f is an infinite descending chain.

Lemma 19 (Principle of Well-founded Induction)
Let (G, <) be well-founded relation, ¢ a first-order formula such that

Ve e G(Vy(y € GAy <z — d(y)) = ¢(x))

then
Vo € G(o(x))

Note, that the assumption of the lemma implies as a special case ¢(go) for
the least element of (G, <).
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Proof Set H={zx€ G| ¢(z)}. Assume G # H. Then G\ H is non-empty
and thus there is a least element g; € G\ H by Lemma 17. By minimality
of g1 we get ¢(x) for every z < ¢g;. Our assumption entails also ¢(g;). This
contradicts g; € H. Thus we must have G = H.

Lemma 20 (Alternative Principle of Well-founded Induction)
Let (G, <) be well-founded relation, a a set such that

a#ODAVrea VylyeGAy<x—y€a)—x€a)

then
u=0_G

Proof Use the Lemma 19 with ¢(x) = z € a.

We will later need the following easy construction.
Definition 18 (Initial Segment)
Let (G, <) be an ordered set and a € G such that a is not the least element

in (G, <).
The structuture (Go, <,) is defined by

1. Go={9€G|g<a}

2. 91 <a g2 g1 < g2 for g1, 92 < a.
(G, <) is called a initial segment of (G, <)
We note the following easy facts.

Lemma 21 Let (G,<) be an ordered set and a € G such that a is not the
least element in (G, <).

1. (G4, <a) is again an ordered set.

2. If (G, <) is a well-ordered set then (Ga, <) is also a well-ordered set.
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Proof Easy.

The previous Lemma 19 can be generalized to the case (G, <) where G is
only described by a class term and need not be a set. If GG is replaced by a
class term also < has to be replaced by a formula, called WO in the next
lemma. It suffices to consider WO, G could be recovered as the domain of
WO if needed.

Lemma 22 (Extended Principle of Well-founded Induction)
Let WO(z,y) be a formula with the two free variables x,y such that

1. ZF FYu(u# 0 — Jo(v € u AVz(z € u = =WO(z,v))))

every non-empty set contains a W (O-minimal element

2. ZF FV¥x3u(x CuAVz,v(z € u AWO(v,2) = v € u))
every set can be extended to a superset that is closed under predecessors

of WO.

For any formula ¢ with ZF = Nz(Vy(WO(y,z) = ¢(y)) — ¢(x)) we obtain

ZF FYzo(z)

Proof This proof parallels the proof of Lemma 19. If Va¢(z) is not true
there is a set g with =¢(g). Let u be a superset of {g} closed under WO
predecessors which exists by assumption. Define v’ = {z € u | =¢(z)}. Since
g € u, we have v/ # (). By the properties of WO u’ contains a WO minimnal
element gy, i.e., g1 € v’ and forall h with WO(h, g;) we get h & u'. By choice
of u we have h € u. Thus we obtain ¢(h) forall h with WO(h, g;). By the
assumed property of ¢ this implies ¢(g;) a contradiction.

Example 1

1. The most simple example of a wellorder is (N, <).
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2. The structure (N, <y) with

n<m and both n and m are even
n<gme < n<m and bothn and m are uneven
n 1s even and m is uneven

can also easily be seen to be a wellorder.

3. We generalize the idea from example 2. For a number n let minp(n)
be the smallest prime divisor forn € N and n ¢ {0,1}. We now define

(Nv <2)
n=0and m#0
< e ) n= land1l <m
sz l<n<m and minp(n) = minp(m)
1<n,m and minp(n) < minp(m)

Using Lemma 18 we can see that (N, <y) is a wellorder as follow. As-
sume there is an infinite descending chain

ng >9MNy... > NK >2 ...
Then we must have from some point r on that for all k > r minp(ny) =

minp(n,). By definition of >o this would yield an infinite descending
chain n, >mn,_1...>ng > ... in N, <). A contradiction!

Our goal can now be stated more precisely: to find numbers for counting all
well-founded orderings. We start with the following definition

Definition 19 (Ordinal Numbers) A set a is called an ordinal if it is

transitive and satisfies
VaVy(r EanNy€a— (r€yVyeazVar=y).

Lemma 23

1. 0 25 an ordinal

2. If « is an ordinal then ot is also an ordinal.
Thus every natural number is an ordinal.
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3. The set of all natural numbers, traditionally denoted by the letter w, is
an ordinal.

4. If a is an ordinal, then every element 5 € a is an ordinal.

Proofs

ad 1 trivial

ad 2 See Exercise 2.11.2 .

ad 3 Follows from the fact that € is the (linear) order relation on the natural
numbers and Lemma 8(2) .

ad 4 By transitivity we know g C «, thus the €-relation restricted to [ is a
linear order, since it is already a linear order on the larger set . It remains
to show transitivity. So assume w € v and v € [ with the aim to show
w € B. Fromv € f C a we get v € a, thus also w € v C a and w € a.
Since the €-relation is a linear order on a we must have € w or f = w or
w € (. Since the first two alternatives contradict the foundation axiom we
get w € 3, as needed.

Lemma 24

1. Let o be an ordinal and x a transitive set, then

rCa<c>r e

2. If a and B are ordinals then o N 3 s also an ordinal.

3. For ordinals o and B we have

a€fVa=FVEeEax

4. If b is a set of ordinals then | Jb is also an ordinal.

Proofs

ad 1 The implication from right to left is rather simple. Since « is transitive,
we immediately get  C «. Since x itself cannot be an element of x we also
get strict inclusion z C a.

The reverse implication is a little bit more demanding. By simple Boolean
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algebra we get from z C « that o\ x # (). By the foundation axioms (see
also Exercise 2.11.1) there is set y € (o \ z) satisfying (a \ z) Ny = 0. Since
« is in particular transitive we have y C « and further y C z. If we can show
also x C y, then we arrive at x € o and are finished.

So let us consider z € x. Since x C o we also get z € . By the defining
property of ordinal we get y € 2V y = 2V z € y. The first two alternatives
imply, using for the first time the transitivity assumption on x that y € =z,
which contradicts the choice of y. Thus we must have z € y.

ad 2 Straightforward.

ad 3 We start with the obvious observations aN g C a and anN g C 5. We
claim that at least one of these set inclusions has to be an equality. Otherwise
we would have a N C o and a N B C B which would yield by part one of
the lemma (o N f) € a and (aN B) € 5. But this leads to the contradiction
(anp) e (anp). (anp) =« would imply by the first part of this lemma
a=pFVacep while (anf)=p would imply «a = 5V § € a.

ad 4 Let ¢ = [Jb. We first show that ¢ is transitive. For z € ¢ there is by
definition of the sum operation an element y € b with « € y. Since y is by
assumption transitive we get x C y and since y C ¢ we also have x C c.

If x,y € c then in particular x, y are ordinals and we get € yVax =yVy € x
from part 3 of this lemma.

Definition 20

1. An ordinal o such that o = pT = U {B} for some (5 is called a
successor ordinal.

2. An ordinal o such that for all B with 5 € « there isy such that f € yand
v € a 1s called a limit ordinal.

Lemma 25

1. For every ordinal a the structure (o, ¢€) is a wellorder.

2. (a,€) = (B, €) implies o = f.
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Proof

1 To show linearity consider [, 32, 83 € a with 8 € (5 and By € f3. By
Lemma 23(4) (3 is an ordinal. Thus Sy € B3 implies Sy C f3. Now, 31 € fo
implies ; € 3 as desired. Obviously, (a,€) is anti-reflexiv. The linearity
axiom is Lemma 24(3).

2 Is left to the reader, see Exercise 2.11.15.

Theorem 26 For every well-ordered set (G, <) there is a unique ordinal o
such that
(G, <) = (o €)

Proof We define
u={a € G| (Gq,<a) = (B,¢) for some ordinal 5}

If ap is the least element of (G, <) then trivially (G,, <,) = (0,¢). Thus
ap € v and u is not the empty set.

Before going on we note that if (G, <,) = (B, €) is true there can be only
one isomorphism f : (Gg,<a) — (B,€). If g : (G4, <a) — (B,¢€) is another
isomorphism we proof by well-founded induction that f(x) = g(z) for all
x € G, as follows. Consider b € G, i.e., b € G and b < a such that
for all ¢ € G, with ¢ < b we know f(c) = g(c¢). To apply Lemma 19 or
20 we need to show f(b) = g(b). Obviously, b is the least upper bound of
{c € G, | ¢ < b}. Since (B,¢) is a well-ordering the least upper bound v of
fle) | e < b} =gl(c) | ¢ < b} exists and since f and g are order-isomorphisms
we must have f(b) = v = ¢g(b). The argument at the same time also shows
that (Ga, <,) = (B, €) and (G, <o) = (7, €) for ordinals 3, v imply a = 7.

The next step in the proof of the lemma is to show v = G. For this we
employ again well-founded induction. For a € G with b € u for all b < a we
have to show a € u. Thus there are for every b < a an ordinal 5, and an
isomorphism f, : (Gy, <p) = (Bp,€). For by < by < a we just observed that
B, C By, and fp, an extension of f,,. We denote by ¢* the least element in
(G, <) that is strictly greater c. We may thus define unambiguously f on G,

o f(b) = fo(c)T if b= ct for some ¢ € G or
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e f(b) = the least (strict) upper bound of {f.+(c) | ¢ < b} if b is a limit
point in (G, <), i.e., for all ¢ < b also ¢™ < b.

Obviously, f is an order isomorphism from (G, <,) onto (U,., B, €). By
Lemma 24 (4) J,., Bp = o is an ordinal. This complete the proof of u = G.

Piecing together the isomorphisms (G, <,) = (34, €) to one isomorphis (G, <
) = (v, €) works the same way we have put together the isomorphisms (Gy, <y,
) = (B, €) for b < a to an isomorphism (G, <,) = (Ba, €).

Example 2 We reconsider the example of well-orders given in Fxample 1.

1. (N, <) 2 (w,e)
2. (N,<q) =2 (w+w,e€)
3. (N, <) & (w*w,e)
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A1 Extensionality Vz(z€x > z€y) >z =1y.
A2 Foundation Jy(y €x) - Jyly e x AVz=(z €z ANz €y)).

A3 Subset
WNVz(z €y z€xNP(2)).

for any formula ¢ not containing y.

A4 Empty set IV (x &€ y).

A5 Pair set IYWVr(r €y v =2 VIr==z).
A6 Power set yYVz(z € y <> Vu(u € 2 — u € 1)).
A7 Sum AYWVz(z €y <> Ju(z EuNu € x))
A8 Infinity

Jw(d € wA Va(r € w —
Jz(z € wA
Vu(u € z > u€xVu=ux))))

A9 Replacement

Va,y, 2(Y(2,y) ANp(z,2) =y =2) =
FuVw; (wy € u > Jwa(wy € a A (we,wr)))

A10 Axiom of Choice

Vo(x € z = x # 0N

Vyly ez —wazny=0Va=y))
%
JuVzIv(z € z w una = {v})

Figure 2.1: Axioms of Zermelo-Fraenkel Set Theory
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2.6 Konig’s Lemma (Optional)

Before we can state and prove Konig’s Lemma we need a couple of definitions
that are also interesting in their own right.

Following general practice we will write w insted of N in the present context.

Definition 21 (Finite Sets)

1.

2.

A set s is called finite if there is a bijective (i.e., injective and surjective)
function f from a natural number n onto s.
Using the terminoly of Definition 6 we may thus write

fin(s) <« In € w If(funct(f,n,s)A
Ve Ve Vy(({(x1,y) € f A {xe,y) € ) = 21 = 29)A
Vy(y € s = Im € n((m,y) € f)))

Remember, that a natural number n equals the set its predecessors, see
remark after Lemma 9.

If s is a finite set with funct(f,n,s) for a bijection f then n is called
the cardinality of s, in symbols card(s) = n.

3. A set s is called infinite if it is not finite, i.e., if = fin(s).

Definition 22 (Sequences)

1.

A finite sequence of elements from a set a is a function f from a natural
number n into a, i.e. func(f,n,a),

For a finite sequence f with func(f,n,a) we denote by len(f) = n the
length of f. The empty set () thus is a sequence of length 0.

An infinite sequence of elements from a set a is a function f from w
into a, i.e. func(f,w,a),

If f is a sequence, finite or infinite, of elements from a, i.e.,
funct(f,a,a) for a« = w or « € w and m € « then f | m is the
restriction of f to m,

frm={(ny) [ (n,y)efrn<m}
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5. If f is a sequence of elements from a of finite length n, i.e.,
funct(f,n,a) and m < n then tail(f,m) is the tail of f starting at
m7

tail(f,m) = {{(k,x) | (k+m,z) € f}

Informally we may write tail(xg, ... Ty, ... Tpo1,M) = Ty ... Ty_1. In
particular, tail(f,len(f)) is the empty sequence.

6. If [ is a finite sequence of elements from a of length k, func(f,k,a),
and x € a then f"x is the sequence

fre=fu{(k,x)}

of length k + 1.

Definition 23 (Trees)

1. A tree T of elements from a set a is a set of finite sequences of elements
from a closed under restriction, i.e.,

(a) Vt(t € T — In(n € w A func(t,n,a) and
(b) Vt¥n(t € T An <len(t) — (t1n)eT)

Think of the nodes of a tree T as the end points of its finite sequences.
The empty sequence thus represents the root of the tree and every f"x
15 a successor of f.

2. For a tree T and a node t € T with func(t,n,a) we denote by T | t the
subtree of T rooted in t, i.e.,

T1t={tail(g,n) [ g€ T A(g1n)=t}

3. For a tree T and a nodet € T with func(t,n,a) we denote by succ(T,t)
the set of successors of t in T,

succ(T,t) ={t"z |z €an (t"x) € T}

4. A tree T is called finitely branching if for all t € T the sets succ(T,t)
are finite. Note, there need not be an upper bound on the cardinality of
the successor sets.
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5. A branch p of a tree T of elements from a is an infinite sequence of
elements from a, i.e., func(p,w,a) such that for alln € w (f 1n) € T.

We will need the following simple observation

Lemma 27

Let T be a tree of elements from a andt € T'.

Then T 1 t is the disjoint union of {0} and the sets T | (t"x) for x € a and
thereT

Proof Easy.

Lemma 28 (Konig’s Lemma)
Let T be an infinite, finitely branching tree.
Then there is an infinite branch in T.

Proof This will be the first application of the axiom of choice A10:

Vo(x € z = x # A

Vyly ez —wazny=0Va=y))
%
JuVzrIv(z € z > una = {v})

in these lecture notes.

Consider the following two set

IS(T,t) ={t"x € T| T 1 (t"z) is infinite} (2.1)

Z ={IS(T,t) |t € T such that T'1 t is infinite} (2.2)

We claim that every set IS(T,t) € Z is not empty. So consider ¢t € T' with
T 1t infinite. We argue that IS(T,t) # (. Since T is assumed to be finitely
branching we get from Lemma 27 that T ] ¢ is the finite union of {(} and
T 1 (t"z;) with ¢ < k for some k. By exercise 2.11.17 at least one of the
T 1 (t"z;) will be infinite. Thus t"z; € I5(T,t).
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Furthermore, if 1S(T,t1) € Z and IS(T,ts) € Z for t; # t5 then IS(T,t1) N
IS(T,ty) = 0. If t; and ¢ty are of different length then also all element in
t € IS(T,t,) have a length different from all elements in 1.5(7, ;). In case
len(ty) = len(t2) = n the existence of t € IS(T,t1) N IS(T,t3) would yield
the contradiction ¢; = ¢t 1 n) = t5. The axiom of choice (instantiate the
parameter z with the set Z) yields the existence of a set U with UNIS(T,t)
a singleton set for all IS(7,t) € Z. Let ch be the function from Z to T with
UNIS(T,t) = {ch(IS(T,t)}. An infinite branch p of T' can now be defined
by recursion:
p(0) =0

p(n+1) = ch(IS(T,p(n)))

To show that this is a good definition we need to show that for all n the
argument I.S(7T,p(n)) is in the domain Z of the function ch. Be definition
IS(T,p(n)) € Z if T 1 p(n) is infinite. We therefore show be induction on
n the T 1 p(n) is infinite. For n = 0 we get infinity of T'1 ) = T from the
assumption of the lemma. The inductive step follows from the definition of
IS(T,t).
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2.7 Cardinals (Optional)

Cardinals or cardinal numbers are used to count the size of a set. It is one
of the great achievments of set theory to have extended counting to infinite
sets. Even more fundamental than the cardinal numbers themselves are the
definitions when two sets are said to contain the same number of elements,
or when one set contains strictly less elements than another one.

Definition 24 (Equivalence)

1. Two sets a, b are called equivalent, in symbols a =~ b, if there is a
mjective and surjective function f :a — b.
In German equivalent sets are called gleichmachtig.

2. A set a is smaller than b, in symbols a = b if there is an injective
function f :a — b.

Example 3

1. FornomeN nx>m&n=m

2. N~7Z
Here is an isomorphism F : N — 7
f0) =0
f@2n) = n forn#0
f@n+) = —n forn>0

3. N~Q Q the set of rationals

Lemma 29 (Basic Properties)

1. ~ is an equivalence relation.
2. 3 is a reflexive order relation.
3. a3bandb 3 aimplies a ~ b.
4. For any two sets a,b we have

a<borb=<aoracxb.
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Proof Items (1) and (2) are easy. Item (3) is quite intricate and goes by
the name of Schrider-Bernstein-Theorem. Item (4) finally uses the axiom
of choice (and is in fact equivalent to it). For all proofs see e.g. |

, Section 10].

Lemma 30 (Cardinality of the Powerset) For all sets a

a < Pla)
Proof The function sg : @ — P(a) that sends an element z € a to its
singleton set {x} € P(a) shows a X P(a). If f: a — P(a) is a bijection we
define the subset ¢ C a by

re€cexd fx)

Since f is a bijection there will be some y € a with ¢ = f(y). But, this yields
the contradiction y & f(y) < y € c.
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2.8 Ramsey Theory(Optional)

This section presents statements and proofs for a selction of results from what
is now called Ramsey Theory. This theory can be divided into a part dealing
with infinitary combinatorics and another addressing finite combinatorics.

2.8.1 Infinite Ramsey Theory

The material presented in this section is adapted from | ].

We first establish the most important definition in this section.

Definition 25 Let I be an arbitrary set and n € w. By [I|" we denote the
set of n-element subsets of I

" ={t|t CIAcard(t)=n}
In particular we get [N]? = {{z,y} | z,y € N Az # y}

Definition 26 1. We call QQ a partition of a set X, n symbols
Part(Q, X), if it is a set of mutually disjoint subsets of X whose union
gies all of X :

Vylye @ =y C X)
VyiVa(h € QAY € Q = 1 =y Vyr Nya = 0)
Ue=Xx

2. A finite partition Q = {Qo, ..., Qk—1} of X, Part(Q, X), may be equiv-
alently represented as a function P from X to k via

A partition G of [N]? into two parts, i.e., G : [N]* — 2, can be identified
with an undirected graph without self-loops on the node set N. Two different
nodes g,h € N are connected if G({z,y}) = 1.

Definition 27 Let P : [I|" — k be a partition of a set [I|" into k pieces.

A subset H C I 1is called homogeneous for P if there is n < k such that
P(t) =k for allt € [H]", i.e., [H]" is contained in one part of the partition
P.
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Theorem 31 (Ramsey’s Theorem)
For everyn, k € w every partition P : [w]™ — k has an infinite homogeneous
set.

The statement of this theorem is usually abbreviated as w — (w)}.

The special case w — (w)3 says that every infinite undirected graph contains
an infinite subgraph that is either empty (no two nodes are connected) or
complete (any two different nodes are connected).

The rest of this section will be devoted to a proof of Theorem 31. The proof
proceeds by induction on n. For n = 1 the claim of Theorem 31 is reduced
to

If an infinite set is partioned into finitely many disjoint subsets,
at least one of the subsets has to be infinite.

This is intuitively obvious. See Exercise 2.11.17 and its solution for a proof
from the ZF axioms.

Definition 28 Let P : [w]"™ — k be a partition. A subset H C w is called
pre-homogeneous for P if P on [H|"™' does not depend on the last element
of an (n + 1)-tuple, precisely:

For all xo,...,xp_1,y,2 € H withzy < ...xp 1 <y andxg<...xp 1 <2
P({xOJ"wxnfl?y}) = P({x()v”';xnsz})
For z = {xg,...,xp_1} € [w]" and y € w we will write T < y to abbreviate

/\Zg*l x; < y. The pre-homogeneity property of H for P can thus be for-

mulated as:
For all 7 € [H|" and y,z € H with Z < y and T < z we have

P(zu{y}) = P(zU{z}).

Lemma 32 For every partition P : [w|"™ — k with k € w there is an
infinite pre-homogenous subset H for P.
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Proof of Theorem 31 using Lemma 32 To prove the inductive step
we start with a partition P : [w]"™ — k. By Lemma 32 there is an infinite
pre-homogeous set H C w for P. We define a partition @) on [H]" by

Qh) =k & JheHRh<h APRU{RY) = k)

Since H_ is pre—homoger_leous for P there cannot be hy, hy with h < hy, h < hy
and P(hU{h1}) # P(hU{ha}). Thus, the definition for @) is sound.

By induction hypothesis there is an infinite homogeneous subset K C H for
Q, with, say, Q(k) = j for some 0 < j < k and all k € [K]". Since H was
pre-homogeneous we have:

Qk)=j & Yue Kk <u— PEU ) =)

Since any k € [K]"! may be written as ko U {u} with ko € [K]" and ko < u
we get for all k € [K]""!
P(k)=j

Thus K is also homogenous for P.

Proof of Lemma 32 We start with a proof for the special case n = 1.
We thus need to find an infinite pre-homogeneous subset for a partition
P : [w]* = k. Consider the complete tree T of fixed branching degree k.
In our representation of trees T is the set of all finite sequence of numbers
from 0 to & — 1. For every s € T we inductively define subsets A(s) C w and
numbers h(s) € w.

LA() =w

[ least element of A(s) if A(s) # 0
2. hs) = { 0 otherwise

3. A(s"j) = A(s)n{m > h(s) | P({h(s),m}) = j} for 0 < j < k.
Let Ty be the subtree of T with non-empty A(s): To = {s € T | A(s) # 0}. Ty

is an infinite tree. We even argue that there are nodes s of arbitrary length
such that A(s) is infinite. This is certainly true fir the empty sequence
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() (the root node). If A(s) is infinite we notice that ;. {m > h(s) |
P({h(s),m}) =7} ={m > h(s) | m € w}. Thus

[Uo<jcre{m > h(s) [ P({h(s),m}) = j} N A(s)

Une; sl {m > h(s) | P({h(s),m}) = 7} 1 A(s)]

U0§j<k A(s"j)

is infinite and one of the sets in this finite union has to be infinite. By
Konig’s Lemmas there has to be an infinite path s in Ty. It is easily seen
that {h(s1n)|n € w} is a pre-homogeneous set.

Let us now take up the general case and fix n > 1 and £ € w. Notice,
that this is not an inductive proof. We consider a more complicated tree
that we will again denote by 7. In describing 7" we will deviate from the
representation as a collection of finite sequences, as set out in Definition 23.
We revert to the more traditional method of giving the node set and the
descendant relation of 7. The node set of T, named N7, is the set of all
functions s : [m]* — k for m € w with m > (n—1). ¢ will be a descendant of
s, in symbols s <p ¢, if s: [m|" =k, t:[m+ 1" — k and ¢ is an extension
of s,i.e. s Ct.

Let us explore a bit what T looks like. The root of T is the empty function
so : [n — 1" — k. Note, that [n — 1]* = (. Next observe that [n]" is the
singleton set {{0,...n — 1}}. There a k possible descendants P} of sy given
by ]({0,...n —1}) = j. The set [n + 1]* contains, besides {0,...n — 1},
n more subsets of n + 1 of cardinality n. There are therefore n % k possible
descendants for each s{. We see that the branching degree of 1" gets bigger
very fast as we climb the tree, but it will always be finite.

By structural induction we define for all nodes s in N the functions A(s) C w
and h(s) € w:

o A(so) =w
o h(s) = { least element of A(s) if A(s) # ()

0 otherwise

o Fors:[m|" =k, t:m+1]" — k with s C¢
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At) = A(s)n{r>h(s) |VF e [m+1]"(P(h(F)U{r}) =t(F))}

We observe

Urep{r > bls) | VE € [m + 1"(P(h(F) U {r}) = t(F))}

{r>h(s)|rew}

where E(s) ={t: m+ 1" = k| s Ct}
To see this look at x > h(s). Definet : [m+1]" — k by t(F) = P(h(F)U{x})
for all F' € [m+1]". Oviously, x € {r > h(s) | VF € [m+1]"(P(h(F)U{r}) =
t(F))}. If A(s) is infinite there the is a descendant t of s such that A(t)
is infinite. This shows that the subtree Ty = {s € T | A(s) # 0} of T

is infinite. By Konig’s Lemma there is an infinite path s in 7Tj;. The set
{h(s 1 [m]™) | m € w} is a pre-homogeneous set for P.

2.8.2 Finite Ramsey Theory

Definition 29 A subset H of natural numbers is called relatively large if
card(H) > min(H)

Thus every infinite subset is relatively large. The set {100,101} is not rela-

tively large, while {100,101,1} is. The set {n | 100 < n < 200} is another

example of a relatively large set.

Lemma 33 For every natural numbers e,r, k there is a natural number m
such that for any partition P : [m|® — r there is a relatively large homogenous
subset HG C m of cardinality at least k.

It has become customary to formulate the statement of this Lemma as

For every natural numbers e,r, k there is a natural number m
such that m " (k)e.
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Proof We define the set of possible counterexamples

e = {p| thereis m’ € N such that p: [m/]®* — r and
there is no relatively large homogeneous subset
H for p with card(HZ) > k}

We define the immediate successor relation <7 on '“Tﬁ by

p1 <rpy iff pi:[m]® = pa i my +1]° = r and
p1=p2 1 [ma]®

Obviously, (*7¢, <7) is a finitely branching tree.

Assume, for the sake of a contradiction, that the lemma is not true. Thus,
for every m € N there is some p : [m]® — r in *T°. Therefore, (*T¢, <r)
is an infinite, finitely branching tree. By Konig’s Lemma, Lemma 27, there
exists an infinite branch {p; | ¢ € w} in this tree. For p = (J,., pi We see
p : [w]® — r. By the infinite Ramsey Theorem, Theorem 31, there is an
infinite homogeneous subset H C w. Since H is infinite also {h € H | h > k}
is infinite. Let Hy C {h € H | h > k} be a finite subset with card(H;) >
k and m = maz(H,). Then H; is a relatively large homogeneous set for
p 1 [m]® — r with card(H;) > k. This contradicts the assumption that the
lemma is false.

Notice, the unusual pattern of the proof of Lemma 33. Using the assump-
tion that the lemma is false we are able to construct a solution of it. This
contradiction establishes the proof.
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2.9 Peano Arithmetic with Finite Sets

(Optional)

In this section we present and study the typed theory PAFin. This theory
uses three types (or sorts) N, S, U where both N and S are subtypes of
U, NCUand S CU. The idea is that N is the type of natural numbers,
S is the type of finite sets of natural numbers and U is the least common
supertype of both. The signature ¥ of PAFin is the union of the signatures
ZPA and 25, that is 2 = EPA U 25.

EPAI Zsl

0:N e:UxS

1: N 0:S8
+:NxN—->N {,}:UxU—=S

*x : NxN—-N Pot:S—=S8
U:5—5
card: S —- N

The theory PAFin will be given by axioms in contrast to a definition by its
intended models. The axioms come in two parts, those of Peano Arithmetic
and those of Set Theory.

1.
2.

Vm(m + 1 % 0)

Vm¥n(m+1=n+1—m=n)

. Vm(m+0=m)

. VmVn(m+ (n+1) = (m+n)+1)

. Vm(m %0 =0)

CVmVn(m* (n+1) = (m*n) +m)

. for every Sp formula  (¢(0) AVn(o(n) = d(n +1))) = Ym(g)
_ for every S-formula  (¢(0) AVn(d(n) = ¢(n + 1)) = Vm(o)

Figure 2.2: Peano Axioms for PAFin
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The axioms for PAFin are given in Figures 2.2 and 2.3. Instead of explicit
variable declarations of the form e.g., x : N or x : S or x : U. We will
simplify notation by stipulating

m,n,k are always of type NV

x,y,z  are always of type S

X,Y,Z are always of type U
A couple of comments are in order. Axioms 1 to 7 are exact copies of the
Peano axioms found in many textbooks. The axiom schema 8 makes in-
duction available also for formulas that talk about sets. This is clearly an
extension of the usual Peano axiom system since it allows to reason with
formulas the are not even present in the syntax of it. By PA we denote the
axioms 1 through 7, while PA® denotes the theory given by all 8 axioms,
respectively axioms schemes.

Let A be the ¥ p4- structure (N, 0V, 1V, +V, %V) with universe the set of nat-

ural numbers N and the usual interpretations of the constants and function

symbols. Obviously, N = PA, i.e., N | ¢ for all axioms ¢ of PA. N is called

the standard model of PA. But there are also models M with M = PA that

are different from N. The theory PAU{l+ ...+ 1 < ¢ | n € N} with the
———

TN times

new constant symbol ¢ is consistent, since all its finite subsets are consistent.
Thus there is a model M = T. Obviously, M is different from A. Models
of PA different from N are callled non-standard models.

Next we will compare the axioms in Figure 2.3 with the axioms of ZF set
theory reproduced in Figure 2.1 on page 36. In any case it is essential to pay
attention to the type information. In the extensionality axiom a necessary
condition of equality is given only for sets since we agreed that variables x,y
are always typed S : x and S : y. In the foundation axioms the lefthand side
of the implication requires that = contains a set y as an element. For sets
that exclusively contain natural numbers as elements this axioms does not say
anything. Applying the axioms with {z} substituted for = we get the usual
consequence Vz(z € z). There is no surprise in the subset axiom. We only
have to use the variable X of type U, since elements of a set may be natural
numbers or again sets. For the following four axioms the PAFin formulation
differs on the surface syntax considerably from the ZF axioms. But, on the
semantics level they are equivalent. The leading existential quantifiers in all
four axioms are eliminated by introducing the corresponding Skolem constant
and functions. It is a noteworthy consequence of the given definition of the
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A1l Extensionality VX(Xerxe Xey o=y
A2 Foundation Jy(yex) = Jyly e AVz=(z € x Az € y)).

A3 Subset
WX (X €y X exAd(X)).

for any Y-formula ¢ not containing .

A4 Empty set VX(X &0).

A5 Pair set VXVYVZ(Z € XYY & Z=XVZ=Y).
A6 Power set YyVZ(Z € Pot(y) <> VU(U € Z - U € y)).
A7 Sum VWZ(Z ey > x(Z ex Nz €y))

A8 Finiteness A8a card(()) =
A8b  card({X, X}) =1
A8c —EIU(UGx/\UEy)
card(({z,y}) = card(x) + card(y)

Figure 2.3: Axioms of finite set theory for PAFin

sum operator | that the sum of a set that contains only natural numbers is (),
e.g., J{0,1,2,3,4} = (). The infinite axioms is dropped. We want the theory
of the whole tower of finite set of natual numbers and finiter sets of natural
numbers etc. It is not enough to drop the infinity axioms we have to insert
axioms that entail that all sets are finite. This is achieved by adding the
cardinality function to the signature g. Since in predicate logic functions
are always total this guarantees that all sets have finite cardinality. This
argument of courses hinges on the assumption that the three given axioms
are enough to force in any interpretation the function symbol card to be
interpreted unambiguously as the cardinality function. We will come back
to this issue later. For the moment we will investigate simple consequences
of Peano Arithmetik.

Lemma 34 The following formulas are derivable from PA.

1. Vn¥mVk((n+m) +k =n+ (m+k))
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VnVm(n +m =m +n)

VaVyVz(m« (n + k) =m*n+mx k)
VnVYmVk((n*m)xk =nx* (mx*k))
Vn¥m(n xm = mxn)

Vnam(2xm =nx(n+1))

NS o o e

(1+2+...n)=1xnx(n+1)

Proof These are easy and well known exercises in inductive proofs.
Let us prove item (6) by induction on n. For n = 0 we can choose m = 0.
Now assume that we know already n * (n + 1) = 2 xm.

m+1D)x(n+2) = nx(n+2)+n+2
nx(n+1)+n+n+2
2xm+2*xn+2

= 2x(m+n+1)

Item (7) is a favorite exercise for inductive proofs. To stay within the avail-
able vocabulary we should have written 2% (1+2+...n) =nx*(n+1). We
prefer the more familiar use of the fraction % which in the following argu-
ments could be easily avoided. The initial case n = 0 in the proof of (7) is

obvious. Assume for the induction step that ¥;<,i = 5 % n* (n+ 1).

Ei§n+17; = ElSnZ‘i‘(n‘i‘l)

= txnx(n+1)+(n+1)
sx(nx(n+1)+2x%(n+1))
%*((n—i—Z)*(n—I—l))
%*((n—l—l)*(n+2))

Here are some more easy, but less frequently explicitely mentioned conse-
quences

Lemma 35 The following formulas are derivable from PA:
1. Vn(n #0 — Im(n =m+1))
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2. VnVEVE' (n+k=n+k —k=F)
3. VnVEVE (nxk=nxk' An#£0—k=F)

Proof

(1) We use the induction axiom for the formula ¢(n) =n # 0 — Im(n =
m + 1). Obviously PA F ¢(0) since the lefthand side of the implication
is never true. So assume n # 0 — Im(n = m + 1) and set out to prove
(m+1) #0 — Im(n+1=m+1). By PA-axiom 1 this is equivalent to
dm(n+1=m+ 1). We distinguish two cases.

case 1: n =0 The claim to be proved reads in this case Im(1 = m + 1).
Obviously, m = 0 solves this.

case 1: n # 0 By inductive assumption we have Im(n = m + 1), e.g.
n = mg+ 1. By the logical equalitiy axioms we obtain n+1 = (mg+ 1) + 1,
as desired.

(2) This is proved by induction on n.

For n = 0 we have to prove VkVE' (0 + k = 0+ k" — k = k') which is obvious
by PA axiom 3 and commutativity of +.

In the inductive step we assume VEVE (n +k =n+ k" — k = k') and need
to prove VEVE' (n+ 1)+ k = (n+ 1) + k' — k = k). By the associative law
the claim is equivalent to VAVE ((n+ (k+1) =n+ (K’ +1) = k = k). From
the induction hypothesis we obtain k + 1 = &’ 4+ 1. Now, PA axiom 2 yields
k =K', as desired.

(3) left to the reader.

The main result of this section will be that the theory PAF'in is not stronger
than PA. But, it is a long way to get there. We begin by giving a precise
meaning when a theory is no stronger than another.

Definition 30 (Conservative Extension) Let X1, ¥y be two signatures
with Yo extending 3y, i.e. X1 C Y.

Let T be a theory given by axioms in ;.

Ty is called a conservative extension of T1 iff for any X1 -formula ¢

TQ"Qﬁ@Tll_gZS

In all the cases where we will use the concept of a conservative extension in
the following the axioms of T, are a superset of the axioms for 7). But we
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could not resists the mathematical habit to give the most general definition
without this restriction.

We start with a useful criterion for conservative extensions. The criterion
will consider models M for a signature ¥, and use the notation M 1 3
for ¥; C ¥, to denote the structure obtained from M by omitting the
interpretation of all symbols not in >, . If ¢ is a ¥; formula then, obviously,

ME¢iff M 1S = .

Lemma 36 Let T; be a theory in signature X;, with > C .
Assume that the following two conditions are satisfied:

1. For all models M of Ty the restriction M 1 X1 is a model of T;.

2. For any model My of Ty there is a model of My of Ty such that My
21 - le

Then T5 is a conservative extension of T;.

Proof Let ¢ be a X;.

We will first show T} F ¢ = T3 = ¢. So, assume 17 = ¢. To show T + ¢
we consider an arbitrary model M of T5. Since by assumption (1) of the
lemma we know that M 1 3; | T7 we get from T} F ¢ the consequence
M1 %) | ¢. Thus also M = ¢.

Now assume conversely that T, F ¢ with the aim to show 77 F ¢. For any
model M; of T} we thus need to show M; = ¢ By assumption (2) of the
lemma there is a X5 structure My with My = Ty and My |1 ¥ = M;. From
the case assumption Ty F ¢ we thus get My = ¢. Since ¢ is a ¥; formula
this entails M 1 ¥; | ¢. From the second property of My we get M; | ¢.

A class of particularly obvious conservative exentions are definitional exten-
tions.

Definition 31 Let 17 be a theory in signature ¥q. A theory Ty in signature
Yo is called a definitional extention of Ty if one of the following is true:

1. There is a new n-place function symbol f such that
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(a) ¥ =¥ U{f},
(b) there is a Xi-term t with variables x4, ..., x, such that

T2:T1U{f(l’1,...,$n)it}

2. There is a new n-place predicate symbol p such that

(a) ¥y = %1 U {p},
(b) there is a Xq-formula ¢ with free variables x1, ..., x, such that

T2:T1U{p($1,...,$n) (—>¢}

3. There is a new n-place function symbol f such that

((l) 22 = 21 U {f},
(b) there is a Xi-formula ¢ with variables x4, ..., Ty, Tpi1 such that
To=TyU{f(xy,...,2,) = Tpy1 < ¥} and

(¢c) Ty F Vi, ... Vr,3x, 10 and

Lemma 37 If T is a definitional extension of T} then Ty is a conservative
extension of T;.

Proof We will use criterion 36. Since in all three cases T C T, requirement
(1) of Lemma 36 is satisfied. Also requirement (2) of Lemma 36 can easily
been seen to be true since for any ¥; model M it is obvious how to define
the interpretation f™2 respectively p™?2 in a way such that My |= Ts.

Example 4 Let PAFins be the theory obtained from PAFin by adding the
binary function symbol (_, ) : U x U — S and the defining axiom

(X,7) = {X, X}, {X,Y}}

then PAFiny is a definitional extension by part (1) of Definition 31, and
hence a conservative, extension of PAFin.
(X,Y) denotes the ordered pair of X, and Y, see Lemma 3.
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Example 5 Let PA; be the theory obtained from PA by adding the binary
predicate symbol < and the defining axiom

<y Izy=z+2)

then P A, is a definitional extension by part (2a) of Definition 31, , and hence
a conservative, extension of PA.

Example 6 Let T7 be an arbitrary theory in signature ¥,. Further let dx¢
be a ¥1-formula without free variables and ¢ a new constant symbol.

Let Ty be the theory in signature ¥y = X1 U{c} obtain from Ty by adding the
aziom Jzp(xr) — ¢(c).

Then Ty is a definitional extension by part (3) of Definition 31, and hence
conservative extension of Ti

This is an example of the well-known Skolem extensions. It shows that the
item to be defined, here the new constant symbol ¢, need not be uniquely
defined. The existence requirement in this case is z(Jxp(x) — ¢(2)) which
clearly is a tautology.

Example 7 Let Ty in signature 1 = {<} be the theory of an order relation
and 3y = ¥y U{a}, To = Ty U{Vz(x < a)}. Then T, is not a conservative
extension of Ty since Ty F FyVa(z < y) but Ty t FIyVae(x < y).

Before we go on we note the following easy fact:

Lemma 38 If'T5 is a conservative extension of Ty and T3 is a conservative
extension of Ty then T3 is a conservative extension of T}.

Proof Obvious.

Lemma 39 If the ¥o-theory Ty is a conservative extension of the Yo-theory
Ty then there is for every Yo-formula ¢o a 3q1-formula ¢1 such that

To = ¢ < 1
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Proof For definitional extensions of type (1) (2a) of Definition 2a the new
function and predicate symbols are simply replaced by their ¥; definitions.
For definitional extensions of type (3) we use the tautology

Ve(x =t — ¢(z/t)) <> ¢

where ¢(z/t is obtained from ¢ by replacing an occurence of ¢ by the new
variable z. If t = f(t1,ts) the lefthand side of this formula is logically equiv-
alent to

VaVo Voo ((z = f(xy,x0) Az =t A xe = to) — (/1))

For the new function symbols we can now replace the equation z = f(xq,x2)
by its ¥y definition.
We trust that these hints convince the reader that this works in general.

Lemma 40 Let T O PA be a definitional extension in signature > of Peano
arithmetic PA in X D Ypa. Then for any 3-formula

T+ (6(0) AVR(d(n) = d(n + 1)) — Vm(¢)

Proof The induction axioms for formulas ¢ in ¥p, are part of PA and
thus of T'. All the other new axioms in 7" are definitions of the new symbols.
The claim follows from Lemma 39.

We want to dwell a moment on the conservative extension presented in Ex-
ample 5.

Lemma 41 We use n < m as abbreviation forn < m An #m
1. Yn(0 > n —n =0)

VnVmVk(n <mAm <k —m <k)

VYnVmVk(n <m — (n+ k) < (m + k))

Vn¥m(n <mVn=mVm<n)

YnVmn <mAm<n-—n=m)

VnVmVk(n <m — (nx k) < (mx*k))

S S Lo e
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Proofs

(1) 0 > n yields by definition 0 = n + m for some m. If m # 0 we get from
Lemma 35(1) m = mg + 1 and thus the contradiction 0 = (n + mg) + 1 to
PA Axiom 1. Thus m = 0 and we get 0 =n + 0 = n as desired.

(2) Easy, left to the reader.

(3) From n < m we get by definition n + ny = m and n # m. Thus
(n+k)ng = (m+ k) and (n+ k) # (m + k). For the last inequality we use
Lemma 35 (3). (4) The proof proceeds by induction on n. For m = 0 we
need to show Vm(0 < nVv0 # nVm < 0). By definition of the order relation
< and 0+n = n we get 0 < n, which is equivalent to (0 < nA0 # n)V0 = n,
ie., 0 <nVvO0=n.

For the induction step we assume Ym(n < mVn =mV m < n) and set out
to prove Vm((n+1) <mV (n+1) =mVm < (n+1)). For m = 0 this
follows from the initial case of this inductive proof by symmetry. For m #
there is mg with m = mgy + 1 by Lemma 35 (1). By induction hypothesis we
have n < moVn = myV my < n by additing 1 to every inequation we get
using part (3) (n+1) < (mp+1)V(n+1)=(meg+1)V(my+1) < (n+1),
ie. (n+1)<mV(n+1)=mVm< (n+1), as desired.

(5) By definition we get from n < mAm < n numbers ng, my with n+ny = m
and m + mg = n. Thus n = n + nyg + my. From Lemma 35 (2) we get
0 = ng + mp Part (1) of Lemma 35 can than be used to derive 0 = ng and
0 = myg.

(6) From m =n+mny we get (mxk) = (n+ng)xk =nxk+ng*k, ie.,
nxk < (mxk).

The examples for conservative extentsions we have seen so far were only a
warm-up for the following stunning result:

Theorem 42 PAFin is a conservative extension of PA.

The proof will keep us busy for the rest of this section. We start slow with
simple facts and move on to more and more complex formulas that are deriv-

able in PA.

As a preparation for the proof of the next lemma we recall the notorious
enumeration of pairs of natural numbers:
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(0,0) (0,1) (0,2) (0,3)

¥ X
(1,0) (1,1) (1,2)
¥ oox
(2,0) (2,1)
¥

(3,0)

We want to find a formula that computes the position of (m,n) in this enu-

meration starting with position 0. We observe that the diagonals contain

all pairs with the same sum of its components and each diagonal is by one

greater than the previous one. The diagonal starting in (0, k) contains k + 1

pairs. The position of (0, m) thus equals 1+2+...m which by Lemma 34 (7)

equals %*m* (m+1). To compute the position of (m, n) we first compute the
1

position of (0, m+n) and then add m. We obtain 5 *(m+n)*(m+n+1)+m.

These considerations show
N Vik3mIn(k = 5% (m+n) « (m+n+1)+m)
N E VYm¥nVm/Vn/(
sx(mAn)x(m+n+1)+m=3«(m +n)«(m+n+1)+m
—m=m'An=n')
But, are these two formulas derivable from PA? We have to work a bit
harder to see this.

Lemma 43 The following formulas are derivable in PA.

1. VEIm3n(k = 5« (m+n) « (m+n+1) +m)

2. YmVnVm/Vn/(
Txm4n)x(m+n+l)+m=3«m +n)«(m +n'+1)+m
—m=m'An=n')

Proof

(1) We use, of course, induction on k. For k = 0 obviously m = n = 0 does
the job. So assume k = 1 % (m +n) * (m + n+ 1) + m. We want to find n?/,
n/ such that k+1 =% (m/ 4+ n') (m' +n/ 4+ 1) +m'.
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Casen >0: Set m’=m+1and n’ =n — 1 and compute

sxm +n)«(m+n'+1)+m = sx(m+n)x(m+n+1)+m+1
Skt

Casen=0: Thus k=1 smx*(m+1)+m.
Set m’ =0 and n’ =m + 1 and compute

(m+1)x(m+2)
(m*x(m+1)+2%(m+1))
mx*(m+1)+m+1)

1

sx(m 4+n)x(m +n' +1)+m =

TN [0 | =
_|_ * K ¥

(2) The trick is to prove

VEYmYnYm/vn/(
kE=sx(m+n)x(m+n+1)+m=x(m +n)x(m+n+1)+m
—m=m'An=n')

by induction on k. The case k = 0 is easy. For the inductive step a replace-
ment of (m,n) by (m/,n’) as in part (1) of the proof will succeed. The details
are left to the reader.

Lemma 44 Let XL, bew the extension of Xpa by the following function
symbols:

L] :NxXN—=>N

m:N—N

ma: N — N

Let PA' the the extension of PA by the axioms

1 VEVm(mi(k) =m <+ In2sxk=(m+n)*(m+n+1)+2%m)
2 VkVn(m(k) =n<+ Im2xk=n+m)x(n+m-+1)+2xm)
3 Vmv¥nVk([n,m] =k<+ 2xk=(m+n)x(m+n+1)+2%xm))

We think of [n,m] as a code for the order pair of n and m and of 7, w5 as
the first respectively second projection.
Furthermore

PA' = VmVn(mi([m,n] ) =n A m([m,n] ) =n)
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Proof We claim that the addition of the function symbols 7, 7 and [, ]
yields definitional extensions of type (3) from Definition 31. We only need
to show that part (c) of this definition is satisfied. The formula to be proved
for 7, m is in both cases

Vk:EImEIn(ki%*(m+n)*(m+n+1)+m)

which is Lemma 43 (1).
For [, ] we need to show that Vmvn3k((2xk = (m+n)*(m+n+1)+2%m))
which is clear by Lemma 34 (6).

Derivability of the formula YmVn(mi([m,n] ) = n A m([m,n] ) = n) follows
from Lemma 43 (2).

We have seen the power of the induction axioms of PA. Sometimes however,
another proof principle, called the least number principle, is more convenient.

Lemma 45 For any X-formula ¢ the following is derivable in PA:
Ing — In(p AVm(m < n — —¢))
Proof Given ¢(n) define ¢'(n) = 3k(k < n A ¢(k)).

It can be easily seen that Vn(¢'(n) — Vm(n < m — ¢'(m))) is derivable
from PA. The induction axiom for —¢'(n) reads

(=¢'(0) AVR(=¢ (n) = ~¢'(n + 1)) = Vn(=¢'(n))
Contraposition yields
In(¢'(n)) = (¢'(0) v In(=¢'(n) A ¢'(n + 1))
By definition of ¢ the following formulas are derivable from PA.

L ¢/(0) = (0)
2 Va((~¢/(n) A@(n +1)) > ¢(n +1) AVim(m < n — —p(m)))

From these the claim of the lemma follows directly.

For the next developments we need the notion of divisibility.
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Definition 32 We say that n is a divisor of m (or n divides m) if there is
k with nx k =m.

This gives rise to a definitional extension that adds the new symbol n | m
defined by Ik(n x k =m).

Lemma 46 Adding the symbol _— _ and the axioms for truncated difference

Vn¥m(m >n — (m—n)+n =m)

Vn¥m(m <n —m—n=0) (2:3)

1s a definitional extenstion of PA.
Teh following are derivable

1. VnVmVk(kx (m —n) =kxm —kxn)

Proof

The formula that needs to be derivable according to Definition 31 (2a) is an
ewasy consequence of the definition of m > n.

(1) The cases m < n and k = 0 are simple. If m > n and k # 0 then
kxm > kxn. We obtain by distributivity and the truncated difference
axiom for m and n:

kx(m—n)+kxn=kx((m—n)+n)=kxm

From the truncated difference axioms for k x m and k x n we also get: (k *
m—kxn)+ksxn=kxm

Thus Lemma 35 (2) gives (kxm —k*n) =kx(m—n)+ kxn.

Lemma 47 The following formulas are derivable in the definitional exten-

sion of PA.

1. Vn¥Vmy¥ma(n | mqy An | mg — n | my + ms)

2. Yn¥miVmo(n | mi An | mg Amg > my — n | (mg —my))
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Proof

(1) This is fairly obvious: From n % k; = my and n * ks = my we obtain
n * (k1 + ko) = mq + mqy by the distributive law.

(2) By definition of divisibility we get numbers n; and ny such that m; = nx
ny and my = n*ny. From Lemma 41 (4) we know ny < naVng = naVng < ny.
From ny < ny we obtain from Lemma 41 (6) m; = n*ngy < nxn; = ms which
contradicts my > my by Lemma 41 (5). Thus we must have ny < noVny = no.
If ny = ny then also my = my. From ms = my + 0 and Lemma 35 (2) we
obtain (mg —my) = 0 and thus n | (me — my) trivially.

The last case to be considered is n; < no. By definition there is n’ with
ny +n' = no.

me = my + (mg —my) assumption in formula (2)
n*ng =mn*ng + (mg —my) assumptions in formula (2)
n*(ng+n') =n*xn + (mg—my) case assumption n; < ns
nxng+nxn’ =nxn;+ (mgy—mq) distributive law
nxn' = (mg—my) injectivity of 4+, Lemma 35 (2)
n| (mg —my) definition of divisibility

Lemma 48 Assume that the only common divisor of n and m is 1.
Then there exists nq,ng, my, mg such that nxny =m*xmy+1 and m*xmy =
n*ng + 1.

Proof

The claim follows from the well-known algorithm of Euclid to compute the
greatest common devisor of two integers. To keep these notes self-contained
we include the proof, as far as we need it, here. The algorithm is usually
presented for integers. We adapt it to natural numbers, i.e., positive integers.

We define pairs of natural numbers a;,b; for 0 < i < r by the following rules

1. ap = mazx(n,m), by = min(n, m)
2. a; > b; for all : with 0 <i<n
3. {ait1,bi41} = {bi,a; — b;}

4. a, = b,
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First we note that from a; > b; and a; > a; — b; we get max(a;, b;) >
max(ait1,biy1). For some j we must there get max(a;,b;) = 0. This entails
aj—1 —bj—1 =0, ie., aj_1 = bj—1. We may thus stop the construction with
r=j5—1.

For n = 14, m = 9 we obtain

ao = 14 bo =9 Qo = n bo = m
aq =9 bl = 5 aq = bo bl = ag — bo
a9 = 5 bg = 4 o = b1 bz = ai — b1
as = 4 bg = 1 as = bg bg = Qa9 — bg
ay = 3 b4 = 1 Qg = as — b3 b4 = bg
as = 2 b5 = 1 as = Ay — b4 b5 = b4
ag = 1 b6 = 1 ag — a5 — b5 b6 = b5

If k£ is a common divisor of @ and b we obtain by repeated application of
Lemma 47 (2) starting with ¢ = 0 that k£ is a common divisor of a; and b;
for all 0 < ¢ < r. Using Lemma 47 (1) starting with ¢ = r we see that a, is
a common divisor of a; and b; for all 0 < ¢ < r. Since by assumption of the
lemma the only common divisor of n and m is 1 we must have a, = b, = 1.

Substituting the defining equations for the sequence a;,b; from bottom to
top starting with a, = 1 and b, = 1 we obtain for every ¢, r > i >0

nixa;=mixb;+1 and mb*b; =nbxa; + 1
or (2.4)
mixb; =nixa;+1 and nbxa; =mhxb; + 1

Before we prove this lets us look at the above example computation:

defining equations version 1 version 2
ag = N b = m 11lxm—Txn = 12«xn—-3*xm =
a; = bo bl = ao—bo 4*&1—7*b1 = 12*b1—(11 =
as = by bo = a;—b dxby—3*%xay = 1 as— by =
as = bg bg = ag — bQ as — 3 * bg = 1 bg -
ay = as — b3 b4 = b3 aq — 2 x b4 =1 b4
as = ay — b4 b5 = b4 a5 — b5 = 1 b5
Qg = as — b5 1 = b5 Qg = 1 b@ =

Claim 2.4 is proved by reverse induction from ¢ = r to ¢ = 0. (If you dont’t
like this to forward induction on j =r — ¢ from j =0 to j =1r.)
For i =r weset n] =1, m] =0, ny =0 and mj = 1.
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Now assume

nt ok ai =mit kb +1 and mbT x by =0ttt xaig + 1
or
miT s b =0t xa +1 and nhT xag =mbtx b + 1
Case 1 b;y; = b; and a;41 = a; — b; leads to the following computation
i+1 1 1
nlfr *ai =mi kb +1 and m5tx b =0ttt xag + 1
itk (a; — b;) = Z+1>|<b +1 and ”‘H*b—n?’l (a; — b;) +
nﬁ“ ka; —n b =mit x4+ 1 and mitt s b = (b xa; — nbtt b i) +
Zl“*ai—( Z+1+7”L’+1)>|<bi+1 and (m Z“—l—n’“)*b —nzjl*ai—l—l
nixa; =mi xb; + 1 and  mb x b; = nb *a; + 1
or
m by =0tk a + 1 and n’j * Uiy = m2 Vsbigr +1
ZH*b—nﬁ“ * (a; — b;) + and nittx (a; — b;) = ZJr1>x<b +1
mi b = (ni ok a; — ntt x b ;) +1 and n’;rl xa; —ny kb =mbh kb 4+ 1
(m Z+1+nlf1)*b —n21+1>|<a,~+1 and ’Z’Ll*ai—( ’+1+n1+1)*bi+1
mixb; =nixa; +1 and nixa; =mh*xb; +1

Case 2 a;11 = b; and b; 11 = a; —

nitt % Qis1 = Vs biq + 1 and
ntt % by = m’1+1 x (a; — b;) + and
”1 *b; = (mih s a; — Z+1 *b;) +1 and
(n} i+l - m”l) * by = ”1 xa; + 1 and
ml*bi—nl*ai—i-l and
or
mi b =0t xag +1 and
mitt % (ai—b)—nll+1*b+1 and
m s a; —mith kb =0ttt kb -1 and
m’fr1 * a; = (n} i+ +mi) x b+ 1 and
nl*ai:ml*bi—i—l and

b; leads to the following computation

my by =nbt kag +1

my % (a; — by) = nbt b+ 1
my™ s a; — mittx by =nbtt b+ 1
my xa; = (n5T 4+ mET) « b + 1

nb * a; = mb x b; + 1

nstxai . =m 1*b¢+1+1
ZJrl>x<b—m’2+1 * (a; — b;) +
nsttx by = (mbth x a; — ZJr1>f<b)+1
( z+1+mz+1)*bi: z+1*az+1

mb* by =nbxa; + 1

We do not need much of the theory of prime numbers, but we cannot do

completely without them.

Definition 33 A natural number n > 1 is called a prime number if its only

divisors are 1 and n.
Thus 2 is the smallest prime number.
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Lemma 49 Let p be a prime number.
Ifplaxbthenp|a orp]|b.

Proof By assumption we know a * b = k * p for some k. Assume that p
does not divide a. Then the only common divisor of p and a is 1. By Lemma
48 we get m and n with n * p = m % a + 1. Multiplying both sides of this
equation with b we get nxp*b = m*a*b+ b. Substituting the equation for
a*b we obtain n* pxb=m=x*kx*p+0b. Now, Lemma 47 (2) gives us p | b.

Lemma 50 The new binary function symbol seq(_, ) is added in a defini-
tional extension of PA by the definition:

seq(m, k) =n <+ Im/(m(m) =m'*« (1 +m(m)x(k+1))+n)
AN <nAn<(14+m(m)*(k+1))

Using a more familiar notation, that we have not introduced here, we could
write seq(m, k) = m(m)mod(1 + ma(m) = (k + 1)).

Proof To show that adding seq(_, ) with tha given definition is a defini-
tional extension according to Lemma 31 (3) it siffices to show that

VmVndkam'(n 0 —=m=m'«xn+ kN0 <kAk <n)

is derivable from PA. For m = 0 the statement is true if we choose m’' =
k = 0 for any n. The inductive proof turns out to be easy. Assume that the
claim is true for m and all n # 0 and we want to show it for m + 1 and all
n # 0. By induction hypothesis we have m’ and k satisfying

m=m'sxn+kAN0<kAk<n).

Then
1= msn+k+1 ifk+1l<n
o m+1)xn+0 ifk+1=n
(

We leave the easy computations to the reader.

Lemma 51 For following formulas are derivable for every k

Seqr = Vng ... ¥ng_13Im( /\ seq(m,i) = n;)

0<i<k
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Proof As a preparatory step we consider the numbers 1 + n!(i + 1) for
0<i<n,withn!=1%2x%...%n as usual.

For 0 <i < 7 < n the greatest common divisor of

L+l +1) and 1+ nl(j+ 1) is 1. (2:5)

Proof of (2.5): If k is a prime divisor of 1 +n!(i+1) and 1+n!(j +1) then
by Lemma 47 (2) k is also a divisor of the difference n!(j —4). By Lemma 49
k is a divisor of n! or (j —i). Since 1 < (5 —i) < n the difference (j —1i) is a
factor of n!. Thus we see that k is a divisor of n! in any case and therefore
a divisor of n!(i + 1). Again appealing to Lemma 47 (2) we see that k is a
divisor of the difference (1 +n!(i +1)) —nl(i + 1) = 1. This yields k = 1.

to be completed
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2.10 Comments

1. ZF is by far the most common axiom system for set theory. Others
are the Neumann-Bernays-Godel system (this is e.g. used in |
|) and the Taski-Grothendiek system.

2. Notice, that ZF set theory is a theory of first-order logic, despite the
fact that sets are involved, which are usually thought of as second-order
objects. The point here is, that the classification into second-order,
third-order and so on is relative to a fixed level of first-order elements.
In set theory sets are first-order elements.

3. There are versions of set theory that start out with an initial set of
elements of arbitrary kind, usually called urelements. On top of these
set theory is built, i.e. there will be set of urelements, sets of sets of
urelements and so on. In our exposition we are interested in reduction
to first principles, so it makes sense to go all the way and consider
nothing but sets.

4. We have chosen the textbook [ las a reference
mainly for the reason that it is explicitely mention in the ANSI standard
draft for Z. A very gentle, but rigorous introduction may be found in

[ : ).

2.11 Exercises

Exercise 2.11.1 Is the formulaVaz(x # 0 — Jy(y € xAxNy = 0) derivable
from the ZF azxioms?

Exercise 2.11.2

1. Show by induction on m
VmVn(n € m —nt € mVnt =m)

2. Show by induction on n
Vn¥m(n € mVn=mVm € n)
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Exercise 2.11.3 Consider a finite set a and prove:
IfUa = a then a = 0.

Exercise 2.11.4

1. Give an example of a transitive set, that is not an ordinal.

2. Prove: if a is an ordinal then a™ is also.

Exercise 2.11.5 Show that the following class terms are not sets.

3. {x | rel(z)}
Exercise 2.11.6 Show on the basis of the axioms of ZF set theory that for

any two sets a, b the cartesian product a X b = {(z1,292) | 21 € a A z5 € b} is
also a set.

Exercise 2.11.7 Show that the class Ord of all ordinals is not a set.

Exercise 2.11.8 Let x be a subset of the class of all ordinals. By Lemma
2/(4) o = Jz is again an ordinal. It can easily be seen that o < [ < gef
a C B defines a linear order on Ord.

Show that « is the least upper bound of x, i.e.

1 <aforalpex
2 if <y forall B €x, thena <~y

Exercise 2.11.9 Can there be a set a such that a x a = P(a)?

For the definition of the cartesion product see Exercise 2.11.6.
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Exercise 2.11.10 This exercise I owe to a participant of my course.
Can there be four relations s, p,q,r such that

(q,s) €r and (p,r)€s?

Background: The problem originates from a foundational context where every
existing object is a relation. Here is an attempt to a positive answer. Let the
relation r be defined by r(x,y) < x is a subrelation of y. Furthermore let s
be the universal relation, i.e., s(x,y) for x,y. Then the requirements seem
to be satisfied?

Exercise 2.11.11 Show, that there can be no set a with the property a =

{a,0}.
In other words, the formula =3x(Vz(z € © <> z = x V z = 0)) is derivable
from the axioms.

Exercise 2.11.12 Show that for mo natural number n can there be sets
ai,...a, with
ap€ar ... €cap_1 €ay €ay

Exercise 2.11.13 Let X be a subclass of the class of all ordinals Ord such
that

1.0e X
2. ifa€e X thenat € X
3. ifvVB(f e a— e X) thena e X.

Then X = Ord.
This fact is called the principle of ordinal induction.

Exercise 2.11.14 Let G be the set of all finite sequences of elements from
{0,1}. In our setting G is the set of functions s with range(s) C {0,1} and
dom(s) € N. We define the usual lexicigraphic ordering <., on G:
s is an initial sequence of t or
5 <iez t & 3i(0 <i < length(s) Ni < length(t)A
Vj(0§j<i—>8j:tj)/\8i<ti)
Is (G, <jex) wellordered? (see Definition 17)
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Exercise 2.11.15 Let o, 3 be ordinals. Then
(a,€)=(B,6) > a=f
Exercise 2.11.16 Show that the class term {x | ord(x)} is not a set.

Exercise 2.11.17

1. Let s be the disjoint union of two finite sets s1, So, i.e., s = s1U Sy and
—Jz(r € s1 AT € $9).
Then s is again finite.

2. Let s be again the disjoint union of two sets s1, S, we write s = s1W Ss.
If s is infinite then sy or sy is infinite. This includes, of course the case
where both sy and sy are infinite.

3. Generalize part (1) of this exercise to finitely many finie sets. More
precisely: given a finite set a

(a) such that every element of a is a finite set,
Vs(s € a — fin(s))

(b) the elements of a are mutually disjoint,
Vs1Vsi(s1 €EaNsy €a— s1MNsy=0)

then |Ja is finite.

Less formaly we could claim: if so, ..., Sg_1 are mutually disjount finite
sets than also soU...Us,_1 is finite. This correlates with the previous
formulation via s = {sq,...,sk_1} and k = card(a).

4. If the union of finitely many mutually disjoint sets sy, ..., sy is infinite,
then at least one s; is infinite.
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Chapter 3

Modal Logic
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Modal logic is not only concerned with the study of truth or falsity of propo-
sitions but also takes into account in which way, in which modality, a propo-
sition is considered to be true or false. In philosophical logic the distinction
between statements that are neccessarily true and those that are possibly
true was important. Other modalities could be time where one would dis-
tinguish between facts that are true today and those that are true tomorrow
or were true yesterday. Another variation in modal logic is to reason about
statements a person believes to be true, or knows to be true.

Contributions to philosophical modal logic date back to the Middle Ages
and even into Antiquity, with the unavoidable reference to Aristotle. There is
great agreement in the scientific community to regard the publication |

| by C. I. Lewis as the beginning of the new era of formal study of
modal logic. More recently modal logic was discovered as a useful theory for
computer science, in particular in the areas of artificial intelligence, temporal
reasoning and program semantics.

Hughes und Cresswell could still claim that their book |

| published in 1968 covers the collected knowledge on modal logics of
their time. Today it is simply impossible to present and overview of the field
with any contention to completeness. Here is a list of selected monographs
and survey articles not devoted to a specific topic within modal logic and
accessible without prior knowledge.

e Melvin Fitting’s chapter in the Handbook of Logic in Artificial Intelli-
gence and Logic Programming, Volume 1, | 1,

e Part One in the CSLI Lecture Notes by Robert Goldblatt, |
B

e Colin Stirling’s chapter in the second volume of the Handbook of Logic
in Computer Science, | ],

e the chapter on propositional modal logic by Robert Bull und Krister
Segerberg and the chapter on modal quantifier logic by James Garson in
Volume 1T of the Handbook of Philosophical Logic, |

1 J

e the successor of their 68-er book by Hughes and Cresswell, |

J
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e the chapter by Peter Steinacker in Finfihrung in die Nichtklassische
Logik, Akademie-Verlags, Berlin, | ]

3.1 Syntax and Semantics

The study of modal logic centers on propositional modal logics. First-order
modal logics play a much lesser role. In this section we will present the basic
definitions of propositional modal logic: syntax, semantics, tautologies and
logical inference.

Definition 34 (Syntax of Modal Logic) Given a set of propositional
variables PVar we define the set PModFml of propositional modal formulas
inductively by

1. PVar C PModFml, i.e. every propositional variable s a model for-
mula,

2. if F1, Fy € PModFml then also
F1 /\FQ, F1 \/FQ, Fl — FQ and _|F1 m PMOdle,

3. if FF€ PModFml then also OF € PModFml and CF € PModFml.
A useful metric for modal formulas is the maximal nesting of modal operators.

Definition 35 (Modal Depth) The model depth md(F) of a formula
F € PModFml is inductively defined:

1. md(p) = 0 for p € PVar,

(

md(=F) = md(F),
md(Fy A Fy) = md(Fy V Fy) = max{md(Fy), md(F»)},
m(

OF) =md(OF) =md(F) + 1.
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The semantic domain used to interpret modal logic formulas are Kripke struc-
tures. For later purposes it is advantagous to split the definition in two parts.

Definition 36 (Kripke Frame)

A Kripke frame (G, R) consists of an arbitrary non-empty set G and an
arbitrary binary relation R on G.

Traditionally the elements of G are called possible worlds and the relation
R is called the accessability relation .

Definition 37 (Propositional modal Kripke structure)

A propositional Kripke structure K = (G, R,v) consists of a Kripke
frame (G, R) together with a mapping v : GxPVar — {0, 1}, which associates
with every propositional variable p € PVar depending on a possibly word
g € G a truth value v(g,p).

If v(g,p) = true we say that p is true in the world g.

b,q @: \2 p,7q

A

—pP,q 3\ =@ﬁpa_'q

Figure 3.1: Example of a Kripke structure

If a Kripke structure contains not too many possible worlds — which will
be the case for most examples we will encounter in this text — it is
possible to represent it graphically. Figure 3.1 shows a Kripke struc-
ture with four worlds G = {1,2,3,4} and the accessability relation R =
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{(1,3),(2,1),(2,2),(3,3),(3,4),(4,2)}. The function v can be read of to be
v(l,p) = v(2,p) = true, v(3,p) = v(4,p) = false, v(1,q) = v(3,q) = true
v(4,q) = false.

Definition 38 Let K = (G, R,v) be a Kripke structure, g a world in G and
F e PModFml.

The relation (K, g) E F, which we read as ,, F' is true (or valid) in world g
of the Kripke structure K“, is inductively defined as follows.

For simplicity of notation we write g |= F instead of (IC,g) E F

1 gEp iff wv(g,p) = true for p € PVar

2 g FANH iff gEFandgEH

3 g=FVH iff gForgEH

4 g=F—H iff (notgEF)orgEH

5 gE-F iff notgEF

6 gFOF iff  for all h such that R(g,h) it is true that h = F

7 gEOF iff  there exists a world h with R(g,h) such that h = F

Definition 39 A formula F' € PModFml is called a modal tautology if for
all Kripke structures K = (G, R,v) and all g € G

gEF

18 true.

Lemma 52 The following formulas are modal tautologies.

1. OF & =OF

OP — Q) — (OP — 0Q)
OPAQ) <« (OPADQ)
O(PV Q)+ (OPVOQ)

(OPVOQR)—O(PVQ)

S & e

O(PAQ) = (OPADOQ)
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Proofs

1. The definition of g = OF reads
for all h € G with R(g,h) it holds h = F
A simple reformulation of this is
there is no h € G with R(g,h) and h = —F
But, this is by definition g = —=O-F.

2. Let K = (G, R,v) be an arbitrary Kripke structure and ¢ € G an
arbitrary world. Assume g | O(P — @) with the aim of showing
g = OP — 0OQ. We procced by assuming in addition ¢ = OP and
need to prove g = 0Q. To do so we consider an arbitrary world h € G
satisfying R(g, h). We have finished if we can show h = Q. Using our
second assumption, g = OP, we know in any case h = P. The first
assumption, g = O(P — @), now yields h = P — @ and thus h E Q.

3. gEOPAQ) iff forall h with R(g,h) h E(PAQ)
iff for all h with R(g,h) h = P and h = Q
iff for all h with R(g,h) h = P
and
for all h with R(g,h) h = Q)

iff g (OP AOQ)

4. Easily follows from 3 and 1.
5. ¢ E (OPVOQ) ifft  forall h with R(g,h) h = P

or
for all h with R(g,h) h = Q
implies for all h with R(g,h) h = (P V Q)
if OWPvQ)

6. Easily follows from 5 and 1.
The power and beauty of modal logic has its roots in the sheer unbounded

variations of definition 37 by requiring specific properties of the accessability
relation R. Possible restrictions are to consider only Kripke structures with
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reflexive accessability relation, or transitive R, or Kripke structures where R
is a partial order relation. A rather queer terminology of classes of Kripke
structures has evolved over time and resisted any attempts of a uniform
standardisation. Here are some of the most popular classes.

Definition 40 (Classes of Kripke structure)

K = the class of all Kripke structure

T = the class of all Kripke structure with R reflezive

S4 = the class of all Kripke structure with R reflexive and transitive
S5 = the class of all Kripke structure with R an equivalence relation
K4 = the class of all Kripke structure with R transitive

B = the class of all Kripke structure with R transitive and symmetric
D = the class of all Kripke structure with R serial

i.e. for all g € G there is h € G with R(g,h)

Note, that what is really going on here is that classes of Kripke frames Cy are
defined, e.g., Cr = {(G, R) | R is transitive }. Then the classes C' of Kripke
structures whose frame belongs to Cjy are obtained.

The notion of tautology can now be relativized to restricted classes of Kripke
structures.

Definition 41 Let C be a class of Kripke frames. A formula F €
PModFml is called a modal C-tautology if for all Kripke structures K =
(G, R,v) with (G,R) in C and all g € G

gEF

18 true.

The modal tautologies defined in Definition 39 thus conicide with the K-
tautologies from Definition 41 .

Lemma 53 The following formulas are T-tautologies, i.e., valid in all re-
flexive Kripke structures.

1. Op—p
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p—<p
OO0p — Op
Oop — Op

Op — <$0Op

S & e

Op — OCp

Proofs

1. Let g be an arbitrary world in a Kripke structure £ = (G, R,v) with
transitive R. Assume g = Op. We want to show g = p. From g |= Op
we obtain h = p for all h € G with R(g,h). Since R is reflexive we
certainly have R(g, g) and the proof is finished.

2. Since Op — p is a T-tautology by the previous item O-p — —p is
also a T-tautology. Using tautology 1 from Lemma 52 we get that also
-Op — —p is a T-tautology. By propositional reasoning this formula
is logically equivalent to p — <p.

3. If a formula F' is a C-tautology then any formula F’ arising from F
by uniformly substituting the propositional atom p by an arbitrary
formula is also a C-tautology. If we replace p by Op in Op — p, which
is a T-tautology by item 1 we get that also OOp — Op is a T-tautology.

4. Same argument as in the previous item with p being replaced by <p.

5. Follows from 4 by replacing p by —p and the same equivalence trans-
formations as used in item 2.

6. Follows from 3 by replacing p by —p and the same equivalence trans-
formations as used in item 2.

It remains to introduce the last principal notion of modal logic, that of modal
logical inference. In contrast to classical logic the more complicated semantics
of modal logic offers more than one intuitive notion of logical inference, a
local and a global version. Furthermore, as we have done with the notion
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of tautologies, also logical inference can be relativized to specific classes of
Kripke structures.

Definition 42 Let M C PModFml und FF € PModFml, C a class of
Kripke structures.

1. M = F (Fis a (local) logical consequence of M )
iff for every Kripke structure KK = (G, R,v) and every g € G

g E M implies g = F

2. M =g F (Fis a global logical consequence of M )
iff for every Kripke structure KK = (G, R, v)
if gl M forall g € G then g = F for all g € G

3. M EY F (Fis a (local) logical consequence of M)
iff for every Kripke structure K = (G, R,v) in C and every g € G

g E M implies g = F

4. M =S F (F is a global logical consequence of M)
iff for every Kripke structure KK = (G, R,v) in C
if gl M forall g € G then g = F for all g € G

If we use the term logical inference without qualification we mean local logical
consequence. This will be our main concept, while global logical inference is
treated as a variation.

The difference between local and global logical inference is clearly illustrated
by the deduction theorem.

Theorem 54 (Deduction Theorem) Let Fy, F; € PModFml.

Py = By iff B FL— B

The proof is obvious.

On the other hand p =g Op is certainly true while ¢ p — Op, i.e. The
deduction theorem does not hold for the global consequence relation. See
exercise 3.9.14 on page 154 for more on this topic.

The observant reader might at this point expect a discussion of decidability
issues for modal logic. Since Kripke structures can be infinite it is not clear
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whether satisifiability is decidable, despite the restriction to propositional
formulas. We will show that satisfiability of PDL is decidable, Theorem
103 on page 194. Then Exercise 4.7.9 on page 207 states that this entails
decidability of modal satisfiability as a special case.
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3.2 Correspondence Theory

Correspondence Theory has been and still is an important part of the theory
of modal logic. To introduce its subject we start with a simple example.
Consider a reflexive frame (G, R), i.e., a frame satisfying (G, R) = VxR(z, x)
or in other words a frame whose accessability relation R is reflexive. No mat-
ter what interpretation v we use to obtain a Kripke structure K = (G, R, v)
all worlds g € G will satisty (K,g) E Op — p. Here and in the following
p, q will be used to denote propositional variables. Is the converse also true?
By the converse we mean, that given an arbitrary frame (G, R) such that
for all v and all g € G (K,g9) E Op — p is true for K = (G, R,v), then
R is reflexive. Assume that this is not true. Then there is a frame (G, R)
satisfying the stated property, but R is not reflexive. Thus there is gy € G
with = R(go, go). We define an interpretation function vy by

vo(g, p) :{ L if Rlgo.9)

0 otherwise

For Ky = (G, R, vy) obviously (Kg, go) = Op is true. But, by choice of gy we
also note that (o, go) = —p. Thus the converse of the above observation is
in fact true.

Definition 43 Let G be a class of frames and F' € PModFml.
We say that F' characterizes class G, if for any frame (G, R) the following
it true:

(G,R) € g

uf

(G,R,v) = F for every v

The fact we proved above can now be phrased as

Lemma 55
The class of reflexive frames is characterized by the formula Op — p.

The goal of correspondence theory can now be described as the search for fur-
ther characterizations results like Lemma 55, more general characterization
theorems and the investigations into the underlying principles and limitations
of these theorems.

82



We proceed by taking a look at some more characterization results. Figure
3.2 lists some frequently encountered properties of frames.

reflexive
symmetric

serial

transitive
Euklidian

weakly functional
functional

dense

weakly connective

© 00 O Tl Wi -

—_
(@)

weakly oriented

confluent

—_
—_

Figure 3

Lemma 56

VzR(z, )

Vavy(R(z,y) = R(y,z))
VedyR(z,y)
VaVyVz(R(z,y) A R(y, z) —
VaVyVz(R(z,y) A R(z, z) —
VaVyVz(R(z,y) A R(z, z) —
weakly functional + serial
VaVy(R(z,y) — Jz(R(z, z) A R( ))
V:E‘v’sz(R(:v y) N\ R(z, z) — (R(y
y=zVE(zy))

VaVyVz((R(xz,y) A R(z,2)) — Jw
(R(y, w) A R(z,w))

VaVy(R(z,y) — Jz(R(z,z) A R(y, 2)))

.2: Some properties of frames

The following is a list of defining properties of classes of frames and their
characterizing formulas.

~ o~

Proofs

N DO N A L~

reflexive
symmetric

serial

transitive
FEuklidian

weakly functional
functional

dense

weakly connective
weakly oriented
confluent

Up —p

p— OOp

Op — $p

Up — UUp

Op — OOp

Op — Op

Op < Op

O0p — Op

O((p A Bp) = q) vV B((g A DOg) — p)
OOp — OO

SOp — Op

Part 1 has already been dealt with in the text preceeding Lemma

55. We will give a proof for part 4. The proofs of the remaining cases will
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be Exercise 3.9.4.

Part 4 Let (G, R) be a transitive frame, v an arbitrary interpretation and
g € G. Let K denote the Kripke structure (G, R,v). We assume (K, g) = Op
and aim to show (K, ¢) = OOp. For all worlds ¢y, g2 satisfying R(g, ¢1) and
R(g1, g2) we need to show (K, g2) = p. By transitivity of R also R(g, gs) is
true. Thus the assumption (K, g) = Op immediately yields (K, g2) = p.

For the proof of the second part of characterizability we assume that (G, R)
is not transitive. Thus there are gg, g1, 92 € G with R(go, ¢1), R(g1,92) and
—R(go, g2). We define the interpretation function vy by

(1 if R(go,9)
UO(Qap)_{ 0 otherwise

For Ky = (G, R, vg) we immediately get (Ko, go) = Op. Since on the other
hand (Ko, g2) = —p is true, we obtain (Ko, go) = OOp. Altogether we have
shown that the formula Op — OOp is not valid in KCy.

Let us consider a slightly more general characterization result. We will con-
sider properties that are more complicated than those from Figure 3.2.

Definition 44
We will use the following abbreviation:

R*"(z,y) = Juy ... Jup_ 1 (R(z,ur) Ao A R(ug, uis1) Ao A R(un—1,9)).

For n = 1 we stipulate R*(z,y) = R(z,y) and for n = 0 we set R%(z,y) =
T =1.
Clm,n,j, k) = YwYwVws((R™(wy,ws) A R (wy, ws))
— E"LU4(R”(1U2, ’LU4) VAN Rk(U)g, W4)))

If (G,R) = C(m,n,j,k) we say that frame (G, R) has the C' property with
parameters m,n, j, k. Figure 3.3 offers a visual explanation of the C prop-
erties. For some choices of the parameters the C' property is equivalent to
some of the familiar properties considered above, see Exercise 3.9.5.

Theorem 57
For every quintuple m, n, j, k of natural numbers O™mO"p — 0IOkp s a
characterizing formula for the class of all frames satisfying C(m,n, j, k).
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m steps “" 1 steps

Figure 3.3: Visualization of the C' property

Here we use O™ as an abbreviation for O ...0 p with O% = p and likewise
——

n—times
for OMp.

Proof: We will throughout tacitly use Exercise 3.9.6.

For the first part we consider a frame (G, R) such that (G, R) = C(m,n, j, k).
For every Kripke structure K = (G, R, v) and every g € G such that (K, g) =
OmO"p is true we need to show (K, g) = 0/0%p. From (K, g) E ©™O"p we
infer the existence of a world g, € G with (G, R) = R"(g,¢91) and (K, g1) &
Omp. To show (K,g) = 07OFp we have to convince ourselves that for an
arbitrary world g, satisfying (G, R) = R/(g, g2) also (K, g2) | OFp is true.
From the assumption (G, R) = C(m,n,j, k) we immediately obtain a world
h € G with (G, R) = R"(g1,h) and (G, R) = R¥(g2, h). In addition (K, g) =
O7p yields v(h, p) = 1. By definition of R*(g, h) this implies (K, g2) E OFp.
For the second part of the proof we consider a frame (G, R), such that for all
v we know (G, R,v) | O™O"p — 0IOFp. To prove (G, R) = C(m,n,j, k)
we pick three arbitrary worlds g, ¢1,92 € G with the properties (G, R) |=
R™(g,91) and (G, R) = R/(g, g2). The task is to find a confluent h € G. To
this end we define v by:

v(g,p) :{ L iR, 9)

0 otherwise

For K = (G, R,v) this definition yields (I, ¢1) = O"p as well as (K,9) E
OmOmp. By assumption we know (K, g) | 07OFp and thus also (K, g2)
Okp. There is thus h € G with R*(gy, h) and v(gs,p) = 1. By definition of v
we must have R"(g1, h).

85



Similar proofs may be found in | | and [

|. A characterisation result for a much wider class of modal formulas is
presented in | |. A short presentation of Sahlqvist’s theory is
also contained in | , Appendix B].

Before we go on and try to place the characterization problem into a wider
context let us ask an obvious question. Do characterizing formulas always
exist? This question is far to vague to be interesting. It is hopeless to search
for characterizing formulas for every class G of frames. There are countably
many formulas in PModFml but uncountably many classes of frames. The
frame classes we have seen so far were all of the form G = {(G, R) | (G, R) =
¢} for a first-order formula ¢. This suggest to replace the vague question
above by the precise questions:

1. Given an arbitrary formula ¢ of first-order predicate logic is there a
characterizing formula F' € PModFml for the class G = {(G,R) |
(G, R) = ¢} of frames defined by ¢?

2. Given an arbitrary formula F' € PModFml let G be the class of frames
(G, R) such that for all v the Kripke structure (G, R,v) satisfies F.
Can G be defined by a first-order formula ¢?

To cut a long story short, the answer to both questions is no. As a neg-
ative answer to the first question we will eventually show that there is no
characterizing formula for the class of irreflexive frames.

It is a well known phenomenon that as a rule results claiming that an object
with certain properties does not exists are far more involved than positive
existence results. The case at hand is no exception. So we need some warmup
before we set out to prove Lemma 59 below. The crucial construction in this
proof is presented in the next definition.

Definition 45 Let K = (G, R,v) be an arbitrary Kripke structure. For every
g € G let g, g* be two new worlds different from each other and all worlds
in G. A new Kripke structure K* = (G*, R*,v*) is defined by

G = {d'lgeGie{l,2}}
R(g',19) iff R(g.h) &ije{1,2} ifg#h
R*(g',9°) iff R(g,9) &i#]j

v*(¢,p) = wv(g,p)
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The important feature in this definition is that R*(g*, g') is never true, nei-
ther is R*(¢?, g°). In case the orginal relation R satisfies =R(g, ¢) then none
of the theoretically four possible relations involving R* is true. In case R(g, g)
is true in the old Kripke structure then exactly R*(g', ¢°) and R*(g?, g') are
true in the new Kripke structure.

Lemma 58
For every Kripke structure IC and every world g of K the following is true
for every formula F € PModFml:

1 (K.g)=F iff (Kg")EF
2 (K,g)=F iff (K¢*)EF
3 Kl F iff K*E=F

Proof

We will prove 1 and 2 by simultaneous induction on the complexity of F'
Claim 3 is an immediate consequence of 1 and 2.

For the base case of the induction, F' = p, (p a propositional atom) both
claims are an immediate consequence of the definition of v*.

The cases of the induction step where F' = Fy A Fy, ' = —F;,or F'= F{V F,
are simple. We will present the details in the case ' = OF;. The only
missing case, I’ = OFp, can be handled completely analogously.

We assume (K, g) = OF; and want to arrive at (K*, ¢%) = OF;. This as-
sumption implies

(K, h) = Fy for all h € G mit R(g,h)

To show (K*, ¢*) = OF; we need to consider all u € G* with R*(¢%,u). Tt is
a good strategy to split the proof in two cases.

First Case: u = hI for some h € G, j € {1,2} with g # h and R(g, h).
By assumption (KC,h) |= F) is true and using the induction hypothesis we
get from this (K*, h?) = Fy, as desired

Second Case: u=¢’ and R(g,g).

By assumption we know (K, ¢) = F; and the induction hypothesis yields
again (K*,¢’) = F;. Note, that we must have i # j in the second case
and that at this point of the argument it is crucial that we prove 1 and 2
simultaneously.

It still remains to prove the reverse implication of the lemma. So we assume,
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Ve—R(z,x) Irreflexivity

VaVyR(z,y) Universality — see | ]
JxIyR(x,y) Nontriviality see | ]
Vaedy(R(z,y) A R(y,y)) see [ ]

Figure 3.4: Examples of non-characterizable frame classes

e.g., (K*,¢g') = OF; and set out to show (K, g) = OF;. (The second case
(K*, g*) = OF; can of course be treated completely analogously.) We need to
show (K, h) |= F for every h € G with R(g, h). By definition of R* we obtain
from R(g, h) the relation R*(g*, h?) regardless of g = h or g # h. Making use
of the case assumption we arrive at (K*, h?) = Fy. The induction hypothesis
allows us to conclude (IC, h) = Fi.

Lemma 59 Let G be the class of all irreflexive frames, i.e., those frames
satisfying Vx—R(x, z).
There is no characterizing formula in PModFml for G.

Proof

By way of contradiction we assume the existence of a characterizing formula
F € PModFml of class G. We consider the very special frame (G, R;)
with G7 = {go} and Ri(go,90). The Kripke structure (G*, R*) constructed
in Definition 45 is certainly irreflexive. For an arbitrary v by choice of F' we
must have (G*, R*,v*) = F and (G, R,v) & F. This contradicts Lemma 58.

Thus, a characterizing formula F' cannot exists.
| |

Futher examples of non-characterizable classes of frames are listed in Figure
3.4. Still more results can be found in | ).

We return to the second question above Can every class of frames charac-
terized by a modal formula be defined by a first-order formula? As already
remarked the answer is negative. Here is the example that proves it.

Lemma 60

The formula
(Op — B00p) A (B(Bp — p) — Up)
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characterizes all transitive frames (G, R), such that the inverse relation R™!
1s wellfounded, i.e., there is no infinite chain of elements go, g1,...,qp ... in
G such that R(g;, giv1) for all 0 <.

Proof: can be found e.g., in | , pp 195ff]. For the con-
venience of the reader and since it is not too complicated we present our
version here.

We already know that (Op — OOp) characterizes the class of transitive
frames, so we will only be concered with the second conjunct.

claim of part 1 If (G, R) is transitive but there is a interpretation v such
that (G, R,v) £ (O(0p — p) — Op) then R~ is not wellfounded.
We abbreviate (G, R,v) by K. There is thus a world ¢g; € G with

(K, 91) = D(Bp — p) (3.1)
but
(K, 1) = —-Op (3.2)
Statement 3.2 implies the existence of g, € G with R(g1, g2) and
(K, 92) = —p (3.3)
From 3.1 we also obtain
(K,92) FOp—p (3.4)
Together 3.4 and 3.3 yield
(K, 92) = ~Op (3.5)
This in turn implies the existence of a world g3 € G satisfying R(gs, g3) and
(K, g3) = —p (3.6)

Since R was assumed to be transitive we also have R(g1, ¢3). Thus 3.1 yields
again

(K, g3) =Bp—p (3.7)
Now it is easy to see that we obtain in this way an infinite sequence
9oy - -+ Gis - - - with R(g;, gir1) for all 4.

claim of part 2 If (G, R) is a transitive frame such that for (G, R,v)
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(O(dp — p) — Op) is true for all v then R~ is wellfounded.

In this case we assume that R~! is not wellfounded and will arrive at a con-
tradiction. There is thus a sequence g; € G with R(g;, g;+1) for all i > 1. We
define v by:

| 0 iff R(h,g;) for some ¢
v(h,p) = { 1 otherwise

As usual we abbreviate (G, R,v) by K. From R(g;, g;+1) we get by this defi-
nition (K, g;) = —p and R(g;+1, git+2) further yields (IC, g;) = —Op for all 4.
In the end we want to show that £ = (O(0Op — p) — Op) is not true.
We thus need an h* € G with (IC,h*) = O(Op — p, but (K, h*) E —Op.
We will in fact show that (IC,h) = Op — p is true for arbitrary h. Thus
(K, g9) = O(Op — p) is true for any g. Thus h* = g; for any ¢ will do.

So we consider an arbitrary h € G. We distinguish two cases. In case 1 we
assume that is no i with R(h,g;). By definition of v this gives v(h,p) = 1
ie., (K,h) = p and thus also (I, h) = Op — p. In the second case R(h, g;)
for some i. Because of (K, g;) = —p we also get (K, h) = —Op which trivially
yields (K, h) = Op — p as desired.

Corollary 61 Let G be the class of frames characterized by the formula from
Lemma 60. There is no first-order formula ¢ such that

G={(G,R)| (G, R) = ¢}

Proof: Follows from the fact that the wellfoundedness property cannot be
axiomatized in any logic satisfying the compactness property. For the con-
venience of the reader we repeat this easy argument here. Assume, for the
sake of a contradiction, that there is a first-order formula ¢ with the property
stated in the corrolary. Consider the following infinite set of formulas

I'={¢} U{R(c;,ci1) | i = 0}

Here the ¢; are new constant symbols. Obviously I' is not satisfiable, but
every finite subset of ' is. In first-order logic this is not possible.

We will give another interesting example using multimodal logic. In the
particular multimodal logic there will not only be one box-operator O, but
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two of them O, and O,. In the frames for multimodal logic there will be
instead of one accessability relation R two accessability relations R, and R.

The example to follow will make use of the concept of transitive closure.

Definition 46
The transitive closure of a binary relation R is the smallest relation R,
with the properties

1. Ry s transitive and reflexive

2. RC Ry

Theorem 62
The conjunction of the following multimodal formulas

Oup — (p A O,04p)
Ou(p — Opp) — (p — Dap)

characterizes the class of all multimodal frames (G, Ry, Ry), such that R, is
the transitive closure of Ry.

Proof: For the easy part assume (G, R,, R;) is a multimodal frame with
R, the transitive closure of R,. We need to convince ourselves that for any
interpretation v and any g € G for both formulas F' (K,g) = F is true,
with K = (G, Ry, Rp,v). To show (K,g) | Oup — (p A O,0pp), we assume
(K,g) E O,p and aim to show (K, g) E p A O,0,p. Since R, is reflexive we
get immediately (K, g) = p. For the proof of the second conjunct we aim to
show for arbitrary hy, h with R,(g, h1) and R,(hq, h) that (IC, h) |= p. Since
R, is the transitive closure of R} this implies R,(g,h) and the assumption
(K,9) = Oup indeed yields (K, h) = p. To show that the second formula
is satisfied we assume (K,g) E Ou.(p — Oyp) and (K,g) E p and aim to
prove (K,g) E Q,p. That is to say, for every h with R,(g,h) we have to
show (K, h) |= p. Since R, is the transitive closure of R} there are hy, ..., h,
with hg = ¢, h, = h and Ry(h;, hix1) for all 0 < ¢ < n. The proof now
proceeds by induction on n. For n = 0 we have ¢ = h and we are done.
For the induction step we have as a hypothesis (K, h,_1) = p. Since by
definition of the transitive closure we also have R,(g, h,—1) the assumption
(K,9) E Ou(p — Opp) tells us that (K, h,—1) = p — Opp is true. The
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induction hypothesis can now be used to arrive at (IC,h,—1) E Oyp and
Ry(hy—1, hy) finally yields (K, h) = p as desired.

For the difficult part we fix a multimodal frame (G, R,, R;) such that for
any interpretation v both formulas are satisfied in the Kripke structure K =
(G, Ry, Rp,v). The proof that R, is the transitive closure of Ry is split into
two parts:

part 1: R, C Tclosure(R)

Let g, h be worlds in G with R,(g,h). We define a interpretation v as follows:

[ 1 if (g,w) in Tclosure(Ry)
v(w,p) = { 0 otherwise

For any g € G we know (KC,g) = Ou.(p — Opp) — (p — Oup), where K
abbreviates (G, R,, Ry, v). To be able to make use of this fact, we will first
aim to show (IC, ¢) = O,(p — Opp).

To this end we consider a world w € G with R,(g,w) and (K, w) | p with the
obligation to show (K, w) = Oyp. By definition (I, w) = p is only possible
if (g,w) is in the transitive closure of R,. For any other world w’ with
Ry(w,w’) also (g,w’) is in the transitive closure of R, and by definition of v
we get (I, w') = p. This shows (K, ¢g) E O.(p — Opp) and the characterizing
properties of the second formula implies (IC, g) = (p — O,p). Since (g, g) is
in the transitive closure of any relation we get by definition of v in particular
(K, g) E p and thus (K, g) | Oup. At this point we remember the pair (g, h)
satisfying R,(g, h) that we started out with. From (K, g) = O,p we obtain
(K, h) = p. Again using the definition of v we see that (g, h) is indeed in the
transitive closure of Ry.

part 2: Tclosure(R,) C R,
We start with a pair of worlds (g, h) in the transitive closure of R;, and aim
to arrive at R,(g, h). The following interpretation will be useful:

[ 1 iff Ry(g,w)
v(w,p) = { 0 otherwise

Again we abbreviate (G, R,, Ry, v) simply by . By assumption we know
(K, 9) = Qup — (p A O,0Opp). We have taken care in the definition of v that
(K, g) = Ogp is true. Thus we also have

(K,9) E (p A O.Opp) (3.8)

Since (g, h) is in the transitive closure of R, there are worlds gg, g1, ... ... , Ok
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with go = ¢, g = h and Ry(gi, giv1) for all 0 < i < k. We will show
(K,g;) = pfor all 0 < i < k by induction on i. For i = 0 we get go = ¢
and the claim is part of 3.8. In the induction step we start with (I, g;) = p.
From this we obtain by the definition of v that R, (g, g;), which by 3.8 yields
(K, 9;) = Opp and thus, as desired, (K, g;+1) = p since Ry(gi, gi+1). In the
end we have shown (K, gx) | p, which is by gx = h also (K,h) = p. The
definition of v now yields R,(g, h) and we are done.

Is there a more systematic approach to find out which classes G of frames
characterized by a modal formula F' are first-order definable? An approach
that might even assist in computing the first-order definition from F' in case
it exists? We will indeed present such an approach. The masterplan is to
define the class G by a second-order formula ¢, that is quite straight forward,
and then investigate if ¢ may be equivalent to a first-order formula. That is
the tricky part. Thus the problem in modal logic we wanted to solve in the
first place is reduced to a much more general problem that is of interest in
many other totally different contexts.

3.3 The Tree-Property

We start by stipulating some basic notation.
Definition 47 (Trees)

1. A path in the Kripke frame (G, R) is a finite sequence (go, ..., gn-1) of
elements g; € G such that R(g;, giv1) for all0 <i<n—1.

2. If o = {go,.--,9n_1) 1S a path we say more precisely that o is a path
from go to gn-1.

3. Ifo = {go,...,gn) s a path in (G, R) we denote by (o) the last element
of o, thus {(c) = gy.

4. By oo+ g we denote the path obtained from oy by adding g at the end,
i.e., if 00 = (9o, -, gn) the oo+ g i {go,- -, Gn, g)-

5. (G, R) is called a tree if for any two g1, go there is exactly one path
either from gy to g or from go to g;.
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6. (G, R) is called a rooted tree if (G, R) is a tree and there is v € G such
that for all g € G there is a path from g. The element r is then called
the root.

If (G, R) is a tree then for no g € G will R(g,g) be true. Otherwise, (g),
(g9,9) and (g, g, g) would be different paths all leading from g to g.
Furthermore, G, = Z with R, (21, 22) iff 20 = 2; + 1 is an example of a tree
that is not rooted.

Definition 48 (Bounded Morphism)
Let K1 = (G4, Ry, v1), Ko = (Ga, Ry, v9) be Kripke structures.
A function p : G — G is called a bounded morphism if

1. for all g € Gy and propositional atoms p v1(g,p) = v2(p(g),p)
2 forallg,h € Gy Ralg,h) implies Ra(p(g), p(h)

3. for all g € Gy, if there exists h' € Gy with Ra(p(g),h') then there is
h € Gy such that Ry(g,h) and ' = p(h).

Lemma 63 Let p be a bounded morphism from Ky = (G1, Ry,v1) to Ky =
(G, Ro,v9), and g € G1. Then for arbitrary modal formulas F

King) EF < (Kyplg) EF

Proof The proof proceeds by structural induction on the complexity of the
modal formula F'. If F'is a propositional atom the claim follows directly from
item 1 in Definition 48. The propositional induction steps are obvious. So
we assume that the claim is true for Fy and proceed to prove it for F' = OFj,.
= Starting from the assumption (K1, g) = F we try to prove (Ko, p(9)) =
F. To this end consider b/ € G5 with Rs(p(g), ') with the aim to show
(Ko, ') = Fy. By item 3 in Definition 48 we obtain an h € G; satisfying
p(h) = h' and R;(g,h). By case assumption we get (K1,h) | Fy. The in-
duction hypothesis yields (Ks, p(h)) | Fo, as desired.

< Starting from the assumption (Ka, p(g)) | F we try to prove (Ky,g) =
F. To this end consider h € G; with Ry(g,h) with the aim to show
(Ko, p(h)) = Fy. By item 2 in Definition 48 we obtain Ry(p(g), p(h)). By
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case assumption we get (Ko, p(h)) = Fo. Again, induction hypothesis yields
the desired result.

Example 8 Let K* = (G*, R*,v*) be the Kripke structure constructed from
K = (G, R,v) in Definition 45 then p given by

p(g") = g forie {1,2}

1s a bounded morphism from KC* to IC. Lemma 58 is thus a special instance
of Lemma 63.

Example 9 Let (G, Rs) be a closed subframe of (G, Ry), see Definition 90
and Ko = (Ga, Ry, v9) the restriction of K1 = (G, Ry,v1). Then the identity
map piq : Go — Go is a bounded morphism from Ko in ICy. The solution to
Exercise 53.9.1 may then be seen as a special case of Lemma 65.

Definition 49 (Unfolding) Let K = (G, R,v) be a Kripke structure.
For an element g € G the unfolding Iy = (G, R, V) of K at g is given by

—

9 = {o | o is non-empty path in (G, R) starting with g}
(O’l,0'2> <~ O3 :Ul‘i‘g((}'g)

i.e., o9 is an extension of o1 by exactly one entry
vlo,p) = wv(l(o),p)

G
R

If the frame (G, R) contains a loop then G will be infinite.

Lemma 64 Let K = (G, R,v) be a Kripke structure, Iég = (ég,]%, v) its
unfolding at g. Then

K.9EF < (Kyig)EF

for every modal formula F'.
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Proof Because of Lemma 63 it suffices to show that p given by p(o) = ¢(0)
is a bounded morphism from K onto K. Properties 1 and 2 of Definition
48 follow directly from the definition of v and R. To check property 3 of
Definition 48 we consider o € ég, o= (go,-.-9gn), and h € G with R(p(c), h).

For o1 = (go, ... gn, h) = 0 4+ h we obtain p(oy) = £(0y) = h and R(0,01).

Corollary 65 If a modal formula F is satisfiable, then there is a Kripke
structure KK = (G, R,v) with (G, R) a tree with root r such that

(K,r)EF

Proof In view of Lemma 64 it suffices to convince ourselves that the un-
folding at ¢ 169 = (ég, R, U) of any Kripke structure K is a tree with root
(g). Since we have for any path oy,...,0,_1 in (ég, ﬁ) that oy must be an
inital segment of ¢, this is obvious.
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3.4 Second Order Logic

Definition 50

The signature 3 of a logic consists of the two sets F'Sym of function symbols
and PSym of predicate symbols.

There is furthermore a function o : FSym U PSym — N such that a(f)
fizes the number of arguments of the function symbol f, respectively a(r) the
number of arqguments of the relation symbol r.

A function symbol f with a(f) = 0 is called a constant symbol, a relation
symbol r with a(r) = 0 is a propositional variable. There is no difference
between a signature for a first-order language and a signature for a second-
order language. This statement is at least true for the second order language
we consider here. For typed second-order languages one would e.g., have to
adapt a.

The other syntactial elements that are used to built formulas, such as the
propositional operators —, A, V, —, <+ and the quantifiers V, 3 and auxiliary
symbols like (,) are called logical symbols and not listed in . We will also
consider the equality symbol = as a logical symbol. The last missing building
blocks for formulas are variable symbols and this is where the differences
between first and second order logic lie.

We still have symbols for first-order variables which we will usually denote
by lower case letters from the end of the alphabet, vy, vy,... or z,y, 2, .. ..

A new feature are second order variables for unary, binary, n-ary relation
symbols. These we will denote by upper case letters from the end of the
alphabet with superscripts indicating the arity V', Vi, ... or X2, Y* 73 . ..
Thus X! will be interpreted as a variable ranging over sets, X? as a variable
ranging over binary relations etc. We will not quantify over 0-ary relations,
which is no loss. Also in our version of second-order logic there will be no
variables and thus no quantifiers ranging over functions. This is again no
real loss since n-ary functions can be coded as n + 1-ary relations.

Definition 51
Let X2 be a signature. The set of terms Term is defined as usual:

1. every first-order variable x is a term.
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2. if t1,...,t, are terms and [ is an n-ary functions symbols in FSym
then f(t1,...,t,) is also a term.

There is no difference between first-order or second-order terms.
The set of second-order formulas FmlSO are inductively defined by:

1. t; =ty is an (atomic) formula in FmlSO for any two terms ti,ty,

2. p(ty,...,t,) is an (atomic) formula in FmlSO for terms ty, ..., t, and
any n-ary symbol p € PSym,

3. X™(t1,...,tn) is an (atomic) formula in FmlSO for terms ti,...,t,
and any n-ary second-order variable symbol X,

4. if Fy, Fy are formulas in F'mlSO so are =Fy, FyNFy F1V Fy Fy — F,

5. if F s a formula in FmlSO so are Vo F, 3oF, VX"F 3X"F for vari-
ables x, X".

If need arises we will write Termsy, and F'mlSOy; instead of Term and F'mlSO.
We will frequently write X instead of X*.

Formulas that do not contain second-order variables X* with ¢ > 1 are called
formulas of monadic second order.

The notion of free and bound occurences of first and second-order variable
follows the same pattern and we assume that no further details need be
provided.

Definition 52
A structure M = (D, I) for signature ¥ = FSym U PSym consists of a
non-empty universe D and an interpretation function I such that

1. for every symbol f € FSym the value I(f) is a function from D)
into D

2. for every symbol r € PSym the value I1(r) is a subset of D*™), i.e., an
n-ary relation on D for n = a(r).

There is no difference between a first-order or second-order structure for 3.
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The crucial definition is the evaluation of a formula F' € FmlSO for a given
structure.

Definition 53
Let ¥ be a signature, M = (D,I) a X-structure, 5 an assignment for
first-order variables and v an assignment for second-order variables, i.e.,

B(x) € D

y(Xm) D"

We will employ the following usual notation

gy _ | B frFy oo YY) if XM £Y
ﬁx(y)_ { d z'fx:y PVX"(Y>_ M ian:Y

hered € D and M C D™,

The evaluation valy g (t) for arbitrary terms t € Term is the same as in
first-order logic and we skip it here. In this case v has of course no influence
on the result.

The evaluation valpy g (F) for arbitrary formulas F' € FmlSO is inductively
defined by:

ValM,gﬁ(tl = tz) =1 Zﬁ ValMﬁ,,y(tl) = ValMﬁﬁ(tg)

valppg(p(t, .. tn)) =1 dff (valump(th), ..., valymp,(tn)) € 1(p)
ValM 577(X (tl, ,tn) =1 ’Lﬁ (ValMﬁ,,Y(tl), cee ,ValMﬂ’,Y(tn)) S ’Y(Xn)
valpg gy (F2F) =1 iff there is d € D with valy ga ,(F) =1
valpg g, (Vo F) =1 iff for alld € Dvalpga,(F) =1
valp gy (3X"F) =1 iff there is M C D™ with valy g m (F) =1
valp g, (VX"F) =1 iff for all M C D" valy g n (F)) =1

all remaining cases are as in first-order logic

If F' contains no free variables we write valpy(F') instead of valyg g (F) and
also use M = F in place of valp (F') = 1.

Example 10 Here is a simple example with empty Y. For the formula

E(z,y) = VX(X(2) < X(y)) we get valypq(E) = 1 4ff B(z) = B(y).
In other words E(x,y) defines equality.

Example 11 Let ¥ = FSym U PSym with FSym = () and PSym = {R}
with R a binary relation symbol, that is, ¥ is the signature for Kripke
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frames. Let G,.5; be the class of frames characterized by Op — p and F.p
the formula VX (Vx(Vy(R(z,y) — X(y)) = X(x)).

(G,R) € Grepr iff for all v we have (G, R,v) = 0Op —p
iff for allv and all g € G we have ((G, R,v),g) = 0Op — p
iff for all v and all g € G we have
i (G, R,v),g) = Op
then ((G,R,v),9) Ep
iff for all v and all g € G we have
if (G, R,v),h) [=p for all h with R(g, h)
then (G, R,v),9) Ep
iff for all v and all g € G we have
if v(p,h) =1 for all h with R(g,h)
then v(p,g) =1
iff (G,R)E Frep

The last equivalence depends on the fact that the interpretation v and the
assigment v(X) carry the same information. Given v we can define v(X) =
{9 € G |v(p,g) =1} and if v(X) = M is given we set v(p,g) =1 < g€ M.

Example 11 showed an example of a second-order formula that axiomatized
exactly those frames that are characterized by the modal formula Op — p.
This is just one example of the general phenomenon stated in the next lemma.

Lemma 66 For every modal formula F' € PModFml there is a formula
F* € FmlSO such that for all frames (G, R)

(G,R) = F* < (G,R,v) = F for allv

Proof As it stands the claim cannot be proved via induction on the com-
plexity of F'. We need to allow formulas F* with free first and second order
variables. For every propositional variable p occuring in F'let X, be a second-
order variable. F'? will contain exactly one free first-order variable, which we
will always denote by x.

The claim now reads:
For every modal formula F there exist a second-order formula F? with z as
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its only free first-order variable and at most the free second-order variable
X, for the propositional atoms p in F' such that:

vali 50 (F?) = 1 & (G, Rov),g) | F (3.9)

with f(z) = g and v(X,) = {h € G | v(p,h) = 1}.

Next we show how 2 can be explicitely constructed from F. We will denote
by G(u/w) the formula that arises from G by replacing all free occurences
of the variable w by w.

F F* |
p Xp(x)
FINF, FENF}
F,V F, FEV F3
—Fy By
OF, Vy(R(z,y) = F3(y/x))
O Fy(R(x,y) A Fi(y/z))

F* is the formula V2VX,, ...VX,, F? where pi,...,p; are all propositional
variables in the modal formula F'.

It is now a matter of routine to verify inductively that this construction yields
formulas F? that satisfy 3.9. We present the details for the base case F' = p
and the induction step F' = OF}.
F =p In this case F? = X, ().
valiar) g (Xp(2) =1 & B(x) € v(X,)

& ge{heGlu(ph)=1}

& v(p,g)=1

& ((G,Rv),9) p
F = OF, In this case F? = Vy(R(x,y) — FZ(y/x)).

valiar) s+ (F?) < valgr)s,(Fy) for all h € G with R(g, h)
and 3 = g
< ((G,R,v),h) E F, for all h € G with R(g, h)
(ind.hyp.)
A ((G7 Rv U)ag) }: DF10
Let us now return to Example 11. It can been seen without too much diffi-
culty, using basically the same type of arguments as in the proof of Lemma
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55, that VX (Vx(Vy(R(z,y) — X(y)) — X(z)) is logically equivalent to
VxR(z,z). An equivalence of this type is called an elimination of second-
order quantifiers. Is there a more systematic way to eliminate second-order
quantifiers? Or put in different words, is there a more systematic way to
find for a second-order formula an equivalent first-order formula? Let us
hasten to say that most second-order formulas do not have an equivalent
first-order formula and the question of deciding if a second-order formulas
has an equivalent first-order formula is undecidable, see e.g., |

, Subsection 3.4.6]. But, there are interesting subclasses of formulas
that allow second-order quantifier elimination. The basis result, presented in
the next lemma, has first been proved by Ackermann in | ].
We need one auxiliary definition.

Definition 54 Let F' be a second-order formula, Fy a subformula of F.

1. an occurence of Fy as a subformula of F' is called positive ( negative)
if it occurs in the scope of an even (odd) number of negation symbols.
Counting scopes of negation symbols is done after transformation into
a normal form where =,\ and V' are the only propositional connectives,
or occurences within the left-hand side of an implication are counted as
well.

2. Let R be a k-ary relation symbol. F' is called positive (negative) for R
if all occurences of formulas R(t) in F are positive (negative).

3. Let X* be a k-ary second-order variable. F is called positive (negative)
for X% if all occurences of formulas X*(t) in F are positive (negative).

Lemma 67 Let F be a second-order formula, with X* as its only free second-
order variable. Assume that valyg g (F) = 1.

1. if X* is positive in F then also valy g (F) =1
for all v with v(X) C v (X).

2. if X* is negative in F then also valy, g (F) =1
for all v with v'(X) C v(X).
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Proof Easy induction and also pretty obvious.

Lemma 68 (Ackermann’s Lemma) Let X* be a second-order variable,
and T a k-tuple of first-order variables. Let G be a first-order formula and H
a formula without second-order quantifiers and at most X* as a free second-
order variable.

1. If H is positive for X* then

IX*(VE(X*(Z) = G)ANH) < H

2. If H is negative for X* then

IX*(VE(G — XH(z)ANH) < H

In both cases H* is obtained from H by replacing any atomic second-order
subformula X*(t) by G. More precisely, we write X*(t) as X*(z)[t/z], which
is always possible, and substitute it by G[t/T].

Here the notation Glty,...,tx/x1,...,x%] stands for the formula that arises
from G by the simultaneous substitution of t; for x; for all 1 <11 < k.

Proof We will only show the details of part 1 of the lemma. This should
give the reader the right ideas how to proof part 2.

— By assumption we know for an arbitrary structure M = (D, ) and
arbitrary valuations 3,y valy s, (3X*(VZ(X*(Z) — G) A H) = 1. There
exists a subset V' C DF such that valpys.,(VZ(X*(Z) — G)) = 1 and

valpy g, (H) = 1 with vg = v¥. Let W be the set {d € D* | val y 5a(G) = 1}.
From valy g4, (VZ(X(Z) = G)) = 1 we get V' C W and from the positivity
of H we get valp g, (H) = 1 with 1 = 7%, To obtain H* a subformula
Xk(z)[t/z] of H is replaced by G[t/z]. Now, valp g, (X*(Z)[t/Z]) = 1 iff
valp p(t) € W iff valap g(GJt/z]) = 1. This leads us to valpy g4, (H*) = 1.

Finally, since H* is a purely first-order formula this is the same as
valp g, (H*) =1 or valpg(H*) = 1.

«  We start with valyg,(H*) = 1. Let, as above, W be the set
{d € D* | valy, za(G) = 1}. By the same argument as in the first part
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of the proof we obtain valy g w(H) = 1. By choice of W we also have
ValM”B%\év(Vj:(X’“(a’c) — G)) = 1. This shows valy g, (3X*(VZ(X*(z) —
G) AN H)) =1 as desired.

Example 12 Let us try to apply Lemma 68 to the formula F,..;;. We write
Frep1 = Y Fy with Fy - (rename variables y to x and x to z to avoid notational
conflicts with the lemma.)

VX(Vz(R(z,2) = X(z)) = X(2))

from Ezxample 11. Since the lemma only talks about existential second-order
quantifiers we consider the negated formula —Fy:

AX (Va(R(z,x2) = X(x)) A =X (2))

This formula satisfies the assumptions of the lemma with G = R(z,x) and
H = -X(z). Since H is obviously negative for X we are in case 2 of the
lemma. H* is computed as ~R(z,z). Thus ~Fy <> —R(z,z), i.e., Fy <
R(z, z) and thus also Fy.p < V2F, (=VzR(z, 2)).

Let us look at another example that shows that the application of Lemma
68 is not always so straight forward.

Example 13 We start with the modal formula p — OOp which we know
characterizes the class of symmetric frames. Translation into second-order
logic following the construction from Lemma 66 and subsequent negation
yields.

1 Fym VX(X(2) = Vu(R(z,u) = Jz(R(u,z) A X(2))))
2 Fym 3X(X(2) AJu(R(z,u) AV (R(u, z) - ~X(2))))

To make this formula fit the pattern of Ackermann’s lemma we move the
quantifier Ju in front of the formula, which can easily seen to be possible.
From now on u will be a free variable just as z. This leads to

3 —F,, JudX(X(2)A R(z,u) A\V(R(u,r) — =X(x)))
or equivalently

4 =F! o AX(Ve(X(x) = =R(u,z)) AN X(2) A R(z,u))

sym

Now we can apply Ackermann’s lemma with G = -R(u,z) and
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H=X(2)ANR(z,u).
5 -F! < —R(u,z) A R(z,u)

sym
more precisely

ba Yu(=F! =~ < —R(u,z) A R(z,u))

sym
which leads to
6 —F,., < Ju(—=R(u,z) AN R(z,u))

reversing the prenexing step for Ju

6a —Fyym <~ Ju(=R(u,z) A R(z,u))
and finally to

7T Fym < Yu(R(z,u) = R(u,z))

See Exercises 3.9.10 and 3.9.11 for more examples.

Algorithms have been proposed that automate the elimination of second-
order quantifiers, e.g., the DLS algorithm [Doherty ef ol 1997] that has
e.g., been implemented in [Gustafsson, 1996], Additional information can be
found in [M.Gabbay et al., 2008].

In [Conradie et al., 2009, Conradie et al., 2006b, Conradie et al., 2006a] an al-
gorithm for computing first-order equivalents in modal logic was introduced,
called SQEMA, which is based on a modal version of the Ackermann Lemma.
The algorithm can be accessed online at http://www.fmi.uni-sofia.bg/
fmi/logic/sqema/sqema. jsp
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3.5 A Tableau Calculus

We assume that the reader is familiar with the basic concepts of the tableau
calculus for first-order logic, as it is e.g., contained in | ].

In this section we present a tableau calculus for propositional modal logic
following | ]. Since the aspects of first-order logic and modal
operators do not interfere it is not difficult to extend this calculus to first-
order modal logic.

Definition 55 (Prefix)

1. A prefix o is a finite sequence of natural numbers.

2. A prefix formula is a syntactical element of the form oA where o is a
prefix and A a modal formula in PModFml

3. A signed prefix formula is a syntactical element of the form o Z A, with
oA a prefix formula and Z € {T, F}.

Thus (11)((pAq) = (OpV Oq)) is a prefix formula. Note, that (11)(pAgq) —
(1)(OpV ©q) is not a prefix formula. A prefix can only occur at the top level.
In examples we will write prefixes as (nins ... ny) instead of (ny,na, ..., ng).
This is possible since we will only need to consider prefixes with single digit
n;. Thus (111) will stand for (1,1, 1) and not for (1,11),(11,1) or (111). By
on we will denote the string that arises from o by adding the single digit n.

It remains to explain when a signed formula is true at a state g in a Kripke
structure (G, R,v). But, this is obvious:

gETA & gEA
gEFA & gE-A

The calculus we are going to present will be generic for most of the classes
of Kripke frames from Definition 40. The notion of accessibility between
prefixes will play a crucial role. In fact, the rules will be the same in all
cases, but will refer to different definitions of the accessibility relation.

Definition 56 (Prefix Accessability) Let o, o' be prefizes.
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is K-accessible from o iff o' =on for somen € N

is T-accessible from o iff o' =0 or o’ =on for somen € N

is S4-accessible from o iff o is an initial segment of o’

is K4-accessible from o iff o is a strict initial segment of o’
i.e.,o0 # o

To reduce the number of case distinction in definitions and proofs we use
the usual classification of signed formulas. In the case classical propositional
logic there are «, 8 formulas, which we intuitively think of as conjunctive and
disjunctive formulas. Both types are made up of two constituent formulas
g, a1 and [y, #1. For modal logic we need the additional categories of v and
7 formulas which we may intuitively think of as Boz formulas and Diamond
formulas. Both of these types of one constituent formula v respectively 7.

Definition 57 (Classification of Signed Modal Formulas)

a-formulas: ay | g
TANB |TA | TB
FAVB | FA|FB
FA—-B|TA | FB
F—-A TA | TA

B-formulas: Bo | b1
TAVB |TA |TB
FANB | FA | FB
TA— B |FA|TB

T-A FA|FA
v-formulas: Vo
TOA TA
FOA FA
m-formulas: o
TOA TA
FOA FA

This classification is exhaustive in the sense that every signed modal formula
is either an a-, -, v-, or 7- formula or it is a signed atom.
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Let o be an arbitrary prefix, a a signed a-formula, 8 a signed S-formula, v
a signed v-formula, 7 a signed w-formula.

ow of3
o 0By or o3
(oxe5]
o
ov -
7 0 Mo
(%)

o’ accessible from o and
o’ is not an initial segment of a
prefix occuring on the branch

o’ accessible from o and
o’ occurs already on the branch

Figure 3.5: Modal Tableau Rules

Definition 58 (Modal Tableau) A modal tableau is a tree, whose nodes
are labeled by signed prefix formulas. Not every tree of this kind is a tableau.

1. A single node with arbitrary label is tableau, called an initial tableau.

2. If T is a tableau, B a branch in T, A a signed prefix formula, that
s not a signed atomic formula, occuring somewhere on the branch B.
Then the tableau(z) Ty (Ty) obtained from T by extending B according
to the rules in Figure 3.5 are also tableau(x).

Note, that if A is a B-formula there will be two continuations Ty and
T5. In all other cases there is one continuation T].

A branch is called closed if it contains two formulas of the form cFG and
oTG

A tableau is called closed if all its branches are closed.

A tableau is called a X -tableau if the accessibility relation in the v- and 7
rules is X -accessibility for one of the accessibility modi from Definition 56.
If no X is specified, we assume K -accessibilty.

Let us look at a few examples to gain some familiarity with constructing
tableaux.
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Example 14

(1) F(OAAOB)—-O(AAB) (1)

(1) TOAAOB (2)

(1) FO(AAB) (3)

(1) TOA (4)

(1) TOB (5)

(11) FAANB (6)

(11) TA (7)

(11) TB (8)

(11) FA (9) from (6) (11)FB (10)

closed (9,7) closed (10, 8)
Example 15

(1) FO(AAB)— (DAAOB) (1)

(1) TO(AAB) (2)

(1) FOAANDOB (3)
(1) FOA (4) from 3 (1) FOB

(11) FA (6) from 4 (11) FB
(11 TAANB (7) from 2 (11) TANA

(11) TA (8) from 7 (11) TA

(11) TB (9) from 7 (11) TB
closed  (8,6) closed

Note: formula (2) is used twice.

Example 16

FO(AV B)— (DAvOB) (1)
TO(AV B) (2)
FOAv OB (3)
FOA (4)
FOB (5)
FA (6)
FB (7)
TAV B (8)
TAV B (9)

= R oo o~~~
N — N R P = = = =
S~~~ ~— ~— ~— ~— ~

o~~~
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(11)TA  (10)[8] A1)TB  (11)[8]
(12)TA  (12)[9] (12)TB  (13)[9]

closed (10, 6) : closed (13,7)

(1) FOA— O(OAV B) (1)
(1) TDOA (2) from 1
(1) FO(OAV B) (3) from 1
(11y FOAV B (4) from 3
(11) FDA (5) from 4
(11) FB (6) from 4
(111) FA (7) from 5
(111) TA (8) from 2

In the K-calculus we could in line 8 only obtain (11) T A which does not lead
to a closed tableau.

You might have guessed it by now or you may have known it already from
previous encounters with the tableau calculus: a formula A is a tautology
if there is a closed tableau with root label (1) F'A. Here the signed formula
part F'A is important. It does not make any difference with what prefix we
start. We will now step by step confirm your guess.

Definition 59 A tableau T is satisfiable, if there is a branch B in T, a
Kripke structure (G, R,v) and a mapping I from the set of all prefizes occur-
ing i B into the set G of possible worlds such that

R(I(0),I(c")) if o' is accessible from o
and
Io) A for every formula cA in B.

Theorem 69 (Correctness Theorem for Modal Logic K)
Assume that there exists a closed tableau with root label 1 F B, then B is a
tautology.
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Proof Let T be the closed tableau with root label (1)FB. Assume for
the sake of a contradiction that there is a Kripke structure (G, R,v) and
g € G with g = —B. The tableau Tj consisting only of the root node of T’
would thus be satisfiable according to Definition 59 with /(1) = g. By the
Correctness Lemma 70 also T" had to be satisfiable. But, this contradicts the
assumption that T is closed.

Lemma 70 (Correctness Lemma) If Ty is a satisfiable tableau and T is
obtained from Ty by a rule application from Figure 3.5 then also T is satis-

fiable.

Proof The proof proceeds by case distinction according to which rule is
used to obtain T' from Tj. Since the correctness of the a and [ rules has
already been dealt with in classical propositional logic we will only present
tha cases for the v- and 7 rules.

v-case
There is thus a branch P in Tj and a formula ov on P such that T is obtained
by extending P by a new node labeled with ¢’1y such that ¢’ is accessible
from o and ¢’ already occurs on P. If the satisfiable branch of Tj is different
from P, then T is trivially also satisfiable. So let us assume the P is satisfiable
in the sense of Definition 59. There is thus a Kripke structure (G, R,v) and
a mapping [ satisfying

R(I(0),1(d"))

I(o) E v
This implies I(0”) = vp. (Think of the typical case v = TOA.)

T-case
By the case assumption there is a formula o7 on the branch P and T is
obtained by extending P by a new node labeled with o'my. Again we may
assume that P is a satisfiable branch and thus know that there is a Kripke
structure (G, R,V) and a mapping I such that I(c) = 7. Thus implies
(think again of the typical case m1 = T'Omg) the existence of a world g € G
with R(I(0),g) and ¢g = m. Since ¢’ is new on P it is not in the domain
of 1. We may thus extend I to I’ by defining I(¢') = g. We want to argue

as well as
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that this definition of I’ shows that branch P in T is satisfiable. Checking
Definition 59 we notice that it remains to prove:

1. for any p occuring on P :
if o’ is accessible from p then R(I'(p), I'(c”))

2. for any p occuring on P :
if p is accessible from ¢’ then R(I'(c”),I'(p))

We observe that case 1 is only possible for p = o and we know R(I(c), I(d”)).

In case 2 ¢’ would be an initial segment of p which is forbidden by the side
condition of 7-rule application.

Example 18 (K-tableau)

(1) FOA—CA (1)
(1) TOA (2) from 1
(1) FOA (3) from 1

Formulas (2) and (3) are both v-formulas. No further rule is applicable.

Let us drop for a moment the restriction on the v-rule that only prefizes
o' already present on the branch are allowed. Then we could continue the
tableau constructions

(1) FOA— <A (1)

(1) TDA (2) from 1

(1) FOA (3) from 1
(11) TA (4) from 2
(11) FA (5) from 3

and arrive at a closed tableau. The formula OA — O A is not a K-tautology.
We have thus seen that the restriction on the v-rule is neccessary to obtain
a correct calculus.

Theorem 71 (Completeness Theorem for Modal Logic K)
If A is a tautology then there is a closed tableau with root label (o) FA for
an arbitrary prefix a.
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Proof We assume that the reader has already seen a completeness proof
for a tableau calculus. So we will be a bit sketchy about the general structure
of the proof and concentrate on the specifics of this calculus.

The general pattern is as follows. Assume there is no closed tableau for
the initial tableau with label (a)F'A. We will construct a Kripke structure
(G, R,v) and a world g € G such that g = =A. This contradict the assump-
tion that A is a tautology.

Now, for the construction itself. Assume we have exhausted all possibilities
of finding a closed tableau with root label (a)F'A. Since we need to take
into account that the v-rule may be applied an unknown number of times we
arrive at an infinite tableau T, with at least one open branch P. Let G be
the set of prefixes occuring on P and the accessibility relation R defined for
0,0 € G by

R(o,0') & o' is accessible from o as a prefix
For o € G and p a propositional atom we define
v(o,p) =1« if oTp occurs in P

This completes the definition of the Kripke structure (G, R,v). We will next
show that for all 0 € G

if cXBisin P then ((G,R,v),0) = XB for X € {T, F'} (3.10)

Since the root is in this case in P this will in particular entail ((G, R, v), «) =
FA, ie., ((G,R,v),a) = A and we will be finished.

The proof of 3.10 proceeds by structural induction on B.

The initial cases are oT'p and o F'p. If ¢Tp occurs in P we have by definition
((G,R,v),0) = p. If 0Fp occurs in P we know that ¢T’p does not occur
in P, since P was assumed to be an open branch. This yields again by the
same definiton ((G, R,v),0) E —p.

We skip the cases where the leading connective of B is a propositional con-
nective.

B = 0By Assume cOByj occurs in P. For any ¢’ € G that is accessible
from o the v rule for c0B, becomes at some point applicable and puts ¢’ By
into P. By induction hypothesis this gives us ((G, R,v),0’) = By and since
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this works for any ¢’ of the given kind we also obtain ((G, R,v),0) = OB,.
As desired.

B =By If 0OBg occurs in P an application of the 7-rule guarantees a o’
that is accessible from o such that ¢’ By occurs in P. By induction hypothesis
(G, R,v),0") = By and this also ((G, R,v),0) = By

So far the tableau calculus can only be used to prove tautologies. We are
going to present extensions for dealing with local and global logical inference,
see Definition 42.

Definition 60 Let M C PModF'ml be a set of modal formulas.

1. A local tableau for M is a tableau T built up from an initial tableau
00X A by using in addition to the rules from Figure 3.5 also the follow-
ing rule:

T for every A € M

2. A global tableau for M is a tableau T built up from an initial tableau by
using in addition to the rules from Figure 3.5 also the following rule:

TA for every A € M and any prefiz o occuring on the path
o

Corollary 72 Let M C PModEml be a set of modal formulas.

1. M+ A iff there is a closed local tableau for M with root label oy F A.

2. M kg A iff there is a closed global tableau for M with root label ogF A.

Proof to be done

We still need to address an important phenomenon that does not arise for
tableau calculi for classical propositional logic, but does here. To pinpoint
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the problem look at the following tableau construction in the S4-calculus.

(1) FOOp — <Op (1)
(1) TOOp (2)[1]
(1) FODp (3)[1]
(1) TOp (4)[2]
(1) Fop (5)[3]
T
12) Fp 75
(11) T<p (8)[2]
(11) Fop (9)[3]
(12) TOp (10)[2]
(12) FOp (11)[3]
(111) Tp (12)[8]
(112) Fp (13)[9]
(121) Tp (14)[10]
(122) Fp (15)[11]

It is evident that this tableau construction does not terminate. And since
OCp — <Op is not a S4-tautology the correctness theorem says that there
cannot be a closed tableau. But, in contrast to tableau calculi for classical
propostional logic the search for a closed tableau does not terminate.

Lemma 73 Let T be a tableau with root label g X A.
Then for every signed prefix formula oY B occuring as a label in T we know
B is a subformula of A.

Proof This can be easily verified by inspecting the rules in Figure 3.5.
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3.6 Description Logic

The origins of description logics can be traced back to the systems for knowl-
edge representation within artificial intelligence in the 1970s. From the first
rather ad-hoc and not very formal beginnings knowledge representation es-
tablished its own community but more and more using concepts from tradi-
tional logic. A comprehensive survey of the state of the art can be found in

[ J

There is a great number of variants of description logic, see e.g., |

, Chapters 3 and 5]. We will first present a simple, prototypi-
cal example called ALC and later a more expressive variant called SHZQ.
There is a kind of systematic naming scheme for description logics. AL
stands for attributive language and appending C signifies that negation (com-
plement) is allowed. Other possible extensions could be ALCN which would
allow number restrictions or ALCE which would allow unrestricted extisten-
tial quantification.

Basic Description Logic

Description logic is based in the two fundamental notions of concept and role.
The are many variations on what kind of roles may be used and on the ways
expressions can be composed. We will first present the simplest description
logic ALC. The syntactical material from which ALC is built is determined
by a set C of concept symbols and a set R of symbols for roles. The union
V = CUR makes up the vocabulary for a specific instance of ALC. Of course
expressions will also contain built-in or logical symbols as explained in the
following definition.

Definition 61 (ALC-Expressions)
The set of ALC expressions for a given vocabulary V. = CUR is inductively
defined by:

1. every concept symbol C' from C is an ALC expression,

2. if C,...,Cy are ALC expressions so are C; M ... MCy, CrU...UCy
and —CY,
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3. if C is a ALC expression, R a role symbol from R, then AR.C' and
VR.C are also ALC expressions.

Sometimes the expressions definied in Definition 61 are called concept ex-
pressions. Since in the simple description logic ALC there are no other
expressions there is no need to be specific.

For later reference we define some syntactic properties and operations on
concept expressions.

Definition 62
Let C be a concept expression. The role depth rd(C') of C' is the mazximal
number of nestings of role operators in C'. Formally:

rd(C) =0 if CeC
rd(—C) = rd(C)
rd(Cy U Cy) = max(rd(Cy), rd(Cy))
rd(Cy 1 Cy) = maz(rd(Ch),rd(Cy))
rd(VR.C) = rd(C)+1
rd(3R.C) = rd(C)+1

Definition 63
The set of all subexpressions SubEx(C) of an expression C' is inductively
defined by

SubEz(C) = {C} if CeC
SubEz(—-C) SubEx(C)U{-C}
SubEz(CyUCy) = SubEx(Cy) U SubExz(Cy) U{C; L Cy}
SubEx(Cy M Cy) = SubEx(Cy) U SubEx(Cy) U{C; M Cy}

( (C

( (C

1
SubEx(VR.C) = SubEx(C)U{VR.C}

SubFEz(3R.C) = SubEx(C)U{3R.C}

We call a concept expression of the form IR.C' an existential expression.

What do concept expressions stand for? In particular it is not clear what the
expressions involving quantifiers stand for. Before we answer this question
we need to fix the semantic domain, i.e., we fix the domain that we will use
to define the meaning of concept expressions. Roughly speaking, concept
symbols will denote sets of objects and roles will denote binary relations on
objects. More formally
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Definition 64 (Interpretation)

We first fix a domain of objects, usually denoted by A. That is the universe
of discourse and corresponds to the universe of structures for first-order logic.
An interpretation for ALC for the vocabulary V is a mapping T such that

1. for every concept symbol C € C the interpretation CT is a subset of A
2. for every role symbol R € R the interpretation R is a binary relatin
of A, i.e. RTC A xA.

Now we are well equipped to define the semantics of ALC expressions.

Definition 65 (Semantics of ALC)
Let Z be an interpretation.

1. LNC)E=CEn...nCE

(Cy
2. (CLU...uC)F=Ctu...uUCH
3. (=C)YF =A\C*
4. BR.C)Yr ={d € A| there exists (d,e) € R* with e € C},
5. (VR.C)Y: ={de A forall (d,e) € RT it is true that e € C*}
Example 19

Let M, W, P be symbols for concepts in C that we intuitively think of as
the class of all men, all women and all persons. Furthermore, there is a role
symbol R in R. We think of R(a,b) as a is a direct ancestor of b. Then the

following are correct expressions in the vocabulary V.= CU R defining the
derived concepts of father Fa, mother Mo and parent Pa.

Fa=MN4dR.P Mo=WnNn4dR.P Pa=Fal Mo

Let us compare the concept definitions from Example 19 with the corre-
sponding definitions in first-order predicate logic:

Fa(z) = M(x) A
Mo(z) = WEI) A Jy(R(z,y) A P(y))
V



The most striking difference is that in first-order logic the free and quantified
variables, x and y in this case, occur explicitely, in description logic they are
present only implicitely.

So far we have introduced ALC expressions that denote sets of objects. We
will now introduce a way to state claims involving these concept expressions.

Definition 66 (Concept Formulas)
For any two ALC expressions Cy, Cy the following will be ALC formulas:

C1 = Cy equality problem
C1 ECy  subsumption problem
C1 =0  emptyness problem

As the last item on the checklist for introducing a new logic we define validity.
There is no surprise here.

Definition 67 Let I be a set of concept formulas, F' a single concept formula
and L an interpretation.

1. We say T satisfies F', written as L |= F, if

TeCi=C iff CFT=CE
IECICECy 4ff CECCE
IEC =0 4f Ci=0

2. T is valid, if for all interpretations Z we have Z = F for all G € T.
3. C1 and Cy are called equivalent iof Cy = Cy is valid.

4. T is satisfiable, if there is an interpretation T such that Z |= F for all
Gel.

It can be easily seen that for any interpretation Z we have:
TEC=CifTECICEC,ANCyC O

and
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Thus it suffices to solve the emptyness problem. The other two problem
types can be reduced to it.

It is a suprising fact that description logic can be reduced to multi-modal
logic. This was first observed in [ : ]. We present how
this reduction works.

Definition 68 (Translation into Modal Logic)

Every ALC expression F in the vocabulary V. = CUR will be translated into
a multi-modal formula F* with C as propositional atoms and modal operators
Og, Or for every R € R as follows:

F* = F if F'is a concept symbol in C
(FNE) = (FfAF)

Py = P

(VR.F)* = OgF*

(AR.F)* = OgrF*

We do have the feeling that F* conveys in a different way the same informa-
tion as F'. We will take the time to make this precise.

The first step is to relate the semantics of description logic with the semantics
of multi-modal logic, i.e., to find a correspondence between interpretations Z
and Kripke structures K.

Definition 69 (Relating Intepretations and Kripke structure)

1. For any interpretation T with domain of objects A we associate the
Kripke structure Kz = (Gz,{Rz | R € R}, vz):

Gz = A
Ry - R
v7(d,C)=1 & deC”?

2. For every multi-modal Kripke structure K = (G,{R | R € R},v) we
associate an interpretation Ly :
A =G
R* = R
Cx = {deG|v(d,C)=1}
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Now, the next lemma precisely states the relation between F' and F™.
Lemma 74 (Translation Lemma)

1. For every ALC expression F and every interpretation T

FT = {de A|(Kz,d) E F*)

2. There is an interpretation I and an object d € A satisfying d € FT iff
F* is satisfiable.

3. Fy C Fy is valid if and only if (Fy 1 —Fy)* is not satisfiable.

Proof
ad 1: As was to be expected the proof proceeds by structural induction on
F. If F is a concpet name we get by definition of KXz

{de A| (Kz,d) EF*} = {deA|v(d,F)=1}
.

The induction steps for the operators M, und — are simple and will be
omitted here. We take on F' = VR.F}, the case F' = JR.F} is completely
analogous.

{de A[(Kz,d) = (VRF)'} = {de€A|(Kz,d) = OgrFT}
= {de A for all e with R(d,e)
(Kz,e) = Fy is true }
= {de A for all e with R(d,e)
e € Ff is true }
— (VR.F)

ad 2: Is an immediate consequence of part 1 and Definition 69.

ad 3: F; C F; is valid if and only if, for all Z and all d € A we get
d & (Fy 1 —F,)%. Using part 1 of this lemma this is equivalent to (KZ,d) j~
Fi N=Fy for all 7 and all d € A. But, this is to say that (F} M —Fy)* is not
satisfiable.
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We have so far gained a deeper understanding of the notions of concept and
role that are so essential to knowledge representation systems in general and
description logics in particular. It is now time to address another funda-
mental way, that originated within the artificial intelligence movement, to
structure the representation of knowledge. It distinguishes between termino-
logical knowledge, that is collected in what is called the T-box and assertional
knowledge that is collected in the A-box.

Definition 70 (T-Box)

The set C of concept symbols is divided into C = C, U C,, with Cy the set
of base concept symbols and C,, the set of name symbols.
A T-Box T 1is a set of equations C; = Cy where Cy € C,, and Cy a concept
expression using only concept from C. For every C; € C,, there is at most
one equation in T with lefthand side CY.
A concept Cy € C,, directly uses B € Cin T if C; = Cy is in T and B
occurs in Csy.
A concept Cy € C,, uses B if (Cy, B) is in the transitive closure of the direct
use relation.
A T-Box T is called cyclic if there is C € C,, that uses itself and acyclic if
no such C' exists.

Sometimes base concepts are also called primitive concepts and name con-
cepts are refered to as defined concepts.

One would expect that an interpretation Z satisfies a T-Box T if C* = Cf
for every equation C' = C} in 7. This is at least one option. Within the
knowledge representation community it is customary to view a T-Box as a
set of definitions and these definitions should be unique that is to say, once
the interpretation of the base concepts and roles are fixed there is only one
way to satisfy the definitions in the T-Box.

Definition 71 (Definitorial T-Box)

A T-Boz T is called definitorial if for any two interpretations T and J over
the same domain A satisfying T and with CT = C’ for all base concepts
C € Cy and R = R’ for all roles R € R we already have T = J, that is
C! = C7 for all name concepts C € C,,.

It is easy to see that any acyclic T-Box is definitorial, see Exercise 3.9.19.
The problem arises with recursive definitions C' = C' of a name concept C'
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where the defined concept also occurs in ;. The standard view is that such
an equation defines C' as the least fixpoint. It can be shown that in the
present context such fixpoints always exist. For the details that are a little
bit more involved since in general we have to consider a system of mutual
recursive equations see | , pp 59ff]. We will restrict our
attention to acyclic terminologies.

Definition 72 (A-Box)
Let K be a set of constant symbols.
An A-Box A is a set of formulas of the form

C(c), R(cd)

with C' a concept expression, R € R and c,d constants in K.

This definition introduces the new concept of a constant symbol. This re-
quires an appropriate extension of the definition of an interpretation Z (Def-
inition 64). It is intuitively clear that we want Z(c) € A for any ¢ € K.
In the context of knowledge representation systems it is common practice to
assume the unique naming assumption. This requires that Z(c) # Z(d) if ¢
and d are different symbols in K.

Notice, that while the arguments of concept symbols and roles are sup-
pressed in the T-box they are explicitly present in the A-box.

A Tableau Calculus for ALC

We assume that the reader has already acquired some familiarity with tableau
calculi.

Before we go into the details of constructing tableau proofs let us first take
stock of what questions we want to be answered.

Definition 73
Let T be an acyclic T-box, A an A-box, and C' an ALC-expression.

1. C" is satisfiable with respect to T,
i.e., if there is an interpretation I such that CT = C% for every equation

C=CyinT and (C")F £ 0.
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2. A is consistent with respect to T,
i.e., there s an interpretation Z such that

(a) C* = CT for every C =Cy in T,
(b) d* € D* for every expression D(d) € A and
(c) (d¥,d%) € RT for every expression R(dy,ds) in A

We will present a tableau calculus that solves the satisfiability problem for
ALC-expressions and the consistency problem for A-boxes with respect to
acyclic T-boxes.

Our first result reduces the two questions concidered so far to the correspond-
ing questions with respect to an empty T-box. This is similar in a way to
the deduction lemmata in classical logic.

Lemma 75 (Eliminating the T-box)
Let T be an acyclic T-bozx.

1. For any concept expression D there is an expression D' such that D
is satisfiable with respect to T iff D' is satisfiable with respect to the
empty T-box.

2. For any A-box A there is an A-box A’ such that A is consistent with
respect to T iff A" is consistent with respect to the empty T-box.

Proof

ad 1 We may assume, see Exercise 3.9.19, that all equations in 7 are of the
form C' = 4 where C] only contains base symbols. Let D’ be obtained from
D by replacing each name symbol by its definition. Obviously, D is satisfiable
with respect to T iff D’ is satisfiable with respect to 7. But, since D’ does
not contain any name symbols its satisfiability is completeley independent of
any T-box.

ad 2 We use the same trick as in part 1. Replace every name symbol D in
A by its definition to obtain the modified A-box A’. Again, A is consistent
with respect to 7 iff A’ is consistent with respect to 7. But, since A’ does
not contain any name symbol its consistency is completely independent of
any T-box.

124



(Cy M Cy)(c) (Cy U Cy)(c)

Ci(c) Ci(c) Ca(c)
Ca(c)
(3R.C)(c) (VR.C)(c)
R(c,d) R(e,d)
C(d) d a new constant C(d)

Figure 3.6: Tableau Rules for ALC

A concept expression C' is called in negation normal form if the negation
symbol = occurs in C' only in front of concept symbols. From the results of
classical propositional logic and Exercise 3.9.16 it follows that for every con-
cept expression C' there is an equivalent concept expression C,,,,¢ in negation
normal form.

Definition 74 (ALC-Tableau)
An ALC-tableau is a tree, whose nodes are labeled by formulas of the form

C(c), R(c,d)

with C' a concept expression in negation normal form, R € R and constants

c,d € K. For easy reference we will call formulas of this type A-box formulas.
For every internal node N the labels of the successor node(s) of N are

determined by the rules from Figure 3.6.

A branch B in an ALC-tableau is closed if B contains nodes with labels C(a)

and =C(a) for a constant a € K and a concept symbol C € C.

An ALC-tableau T is closed if all its branches are closed.

Example 20

It is intuitively clear that the formula IR.(Cy M Cy) C (IR.Cy) M (IR.Cy) is
valid. This is equivalent to the formula AR.(C1 M Cy) M=((IR.C1) M (IR.Cy))
being not satisfiable. The negation normal form of this is AR.(Cy M Cy) M
(VR.-Cy) U (VR.-Cy)). Thus (IR.Cy M Cy) M ((VR.ACY) U (VR.—CY))(c) is

formula number 0 on the tableau, which continues as follows
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(IR.C1 M Cy)(c) 1[0]

(VR.~Cy) U (VR.~CY))(c) 2[0]
R(c,d) 3[1]

(CL M1 Co)(d) A[1]

Ci(d) 5[4]

Ca(d) 6[4]

(VR-Ci)(e)  7[2]  (VR-Cy)(c)  8[2]
~Ci(d)  9[7,3] ~Co(d)  10[8,3]
closed 9, 5] closed 10, 6]

Theorem 76 (Tableau Soundness)
Let C be a concept expression in negation normal form and T be a closed
tableau with root label C(a) then C' is not satisfiable.

Proof We need the auxiliary notion of a satisfiable tableau: An ALC-
tableau T is called satisfiable if there is a branch B and an interpretation Z
that satisfies all the A-box formulas in B.

As mentioned in the paragraph following Definition 72 an interpretation Z has
to follow the unique naming convention, i.e., ¢Z # d* for different constants
¢,d € K. For new constants, and only for the new constants, introduced
during the construction of a tableau we drop this requirement. Different
new constant symbols dy,d; may be interpreted by the same element in A,
d¥ = d% and they may also have the same interpretation as constants from
K, d =d*.

Following the usual strategy of soundness proofs for tableau calculi we will
show that:

if a tableau T is satisfiable and T} is obtained from T by appli-
cation of a rule from Figure 3.6 then 77 is also satisfiable.

We will only consider the case that T} is obtained from T by application of
the 3R rule. There is a branch B of T that is satisfiable by an interpreta-
tion Z. Without loss of generality we may assume that the rule is applied
to a formula 3R.C(d) on B and d’' the newly introduced constant. Since
d* € (3R.C)* there is an element a € A with R*(d*,a) and a € C*. If we
extend the interpretation Z to Z' by Z'(d’) = a then 7’ satisfies the extended
branch Bj.
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The rest of the argument is as usual. A closed tableau is clearly not satis-
fiable. Applying the above fact repeatedly we know that the initial tableau
consisting only of the root labeled by C' is not satisfiable. This is the same
thing as saying that C' is not satisfiable.

Theorem 77 (Tableau Completeness)
Let C' be an unsatisfiable concept expression in negation normal form then
there exists a closed tableau with root label C'.

Proof Assume by way of contradiction that the tableau with root label
C making all efforts cannot be closed. There is thus a tableau 7" and an
open branch B of T such that for all formulas on B the corresponding rule
application has been performed. We will later see that 7' can be chosen to be
finite, but at the moment we also have to consider the case that B is infinite.
From B we will construct an interpretation Z satisfying C'. This contradicts
the assumptions of the theorem and will show that a closed tableau with root
label C' exists.

Now for the construction of Z. Let A be the set of all constants, new and
old, occurring in formulas on B. We set d* = d. Furthermore we define for
any Re Rand C € C

R%*(c,d) iff R(c,d) occursin B

ce CT iff C(c) occurs in B

By structural induction it is easily proved that for any A-box formula C'(d) on
B this definition yields C* = true. To get a taste of the proof let us look at
the case that C'(d) = VR.Ci(d) is on B. In order to arrive at C'(d)* = true we
consider an element ¢ € A satisfying R%(d, ¢). By definition of Z this can only
be the case if R(d,c) occurs on the branch B. Now the VR rule is applicable
and since we assumed that all rule applications have been exhausted we know
that C(c) is in B. By induction hypothesis C;(c)? = true which finishes the
argument.

Example 21
We look here at the subsumption relation IR.Cy; M IAR.Cy C IR.(Cy 1M Cy)
wnverse to that considered in Fxercise 20. It is equivalent to AR.C1 M 3R.Co T
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—3R.(C, 1 Cy) = 0 or in negation normal form IR.C; MIR.CoMVR.(-C U
_‘02) — @

JR.C; M 3R.CyMVYR.(-Cy U =Cy)(c) 0[]
IR.C5(c) 2[0]

VR.(—Cy LU =Cy)(c) 3[0]

R(c,dy) 4[1]

Ci(dy) 5[1]

R(c, dy) 6[2]

Cy(d2) 712]

(=Cy U =Cy)(dy) 8[3, 4]

(=Cy U ~C)(da) 0[3, 0

~Ci(di)  10[8] (—C2)(d1) 11[8]
closed  [10,5] —Ci(dy) 12[9] —Cs(dz) 13[9]
open closed  [13,7]

According to our understanding of tableau rules we could in the previous
example again apply the R rule on lines 1 and 2 and obtain new elements
dy and ds and so on. The correctness theorem tells us that we will never
reach a closed tableau. We will proof that there is a bound n , that can be
easily computed from the root label, such that if after n steps we have not
reached a closed tableau we need not look any further.

The first step towards this goal is a more reglemented application of tableau
rules.

Definition 75 (Optimized ALC-Tableau)
Optimized ALC-tableaux use the same rules as ALC-tableau in general but
they restrict the way these rules are applied.

1. For the M and YR rule the new formulas Cy(c), Cy(c) C(d) are only
added if they do not already occur on the branch.

2. For the U rule: if one of the formulas Cy(c) or Cy(c) already occurs on
the branch no action is taken. Only if both of them are not yet present
the tableau forks as described by the rule.
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3. For the AR rule: if there already exists a constant such that R(c,d) and
C(d) occur on the branch no action is taken. Only if this is not the
case both formulas are added with a new constant d.

We should observe that for every closed tableau there is a closed optimized
tabelau with the same root label. Or alternatively, one could check that
the soundness and completeness proofs are still true for optimized tableaux.
Both claims can be easily seen.

Lemma 78 (Termination Bounds)

Let T' be an optimized tableau with root label Cy(co). For the purposes of
this proof we distinguish the constants that are introduced during the tableau
proof from constants that may already be present otherwise. We call the new
constants parameters. In particular cy s a parameter. For every branch B
of T the following is true

1. For every parameter ¢ # cqg occuring in B there is a unique sequence of
roles Ry, ... Ry with k > 1 and a unique sequence of parameter symbols
1, ... Cr_1 such that each formula R;(c;_1,¢;) and R(ckx_1,c) occurs on
B for1 <1 <k.

In this case we say that c is a parameter of level k in B.

2. If a concept expression C(c) occurs on B with ¢ a parameter at level k
then rd(C) < rd(Cy) — k.
Thus for any parameter c its level k satisfies k < rd(Cy).

3. If C(d) occurs in B then C is a subexpression of Cy, in symbols C €
SubEx(Cy).

4. If R(¢,¢q), ... R(c, ) occur on B for different symbols ¢, ..., ¢y, then
m 18 less than or equal to the number of existential expressions in

SubEx(Cy).

Here rd is the role depth defined in Definition 62 on page 117.
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Proof The proof proceeds by structural induction on 7. For the initial
tableau consisting only of the root node all 4 claims are trivially true.
Consider the case that branch B satisfies all four claims and branch B; arises
from an application of the M rule on C(d) = (C, M Cy)(d) € B. Since no new
R(z,y) formula is added claims 1 and 4 remain true. For claim two we need
only consider the new formulas C(d) and C(d) and rd(C;) < rd(C') and the
induction hypothesis rd(C) < rd(Cy) — k yield the claim. For claim 3 we
note that Cj is a subexpression of C' which in turn is a subexpression of Cj,.
The case that B; arises from B by an application of the U rule is similar and
we skip it.

Let us now consider the more interesting case that B; is obtained from B
by an application of the IR rule on the formula C(d) = (3R.C)(d). A new
parameter d; is added and R(d,d;) is the only R-formula on B involving
dy. Since there is by induction hypothesis a unique chain of role symbols
and parameters testifying that d is of level k, there is a unique testifying
chain that d; is of level k + 1. Thus claim 1 is still true. Note also, that the
newly added R-formula cannot destroy the previous uniqueness properties.
For claim 2 we need to consider the newly added formula Ci(d;). From the
induction hypthesis rd(C) < rd(Cy) — k and rd(C) = rd(C;) + 1 we obtain
rd(Cy) = rd(C) —1 < rd(Cy) — (k + 1). Claim 3 follows from the obvious
observation that C is a subexpression of C' which by induction hypothesis
is a subsexpression of Cj. We now turn to claim 4. This does not depend
on the inductive proof. Let R(d,ds), ... R(d,d,,) be all R-formulas with first
parameter d that occur already on B. Now, R(d,d;) is added. We observe
that on each branch of an optimized tableau the 3R rule can be applied only
once to a formula (3R.C;)(d). The only way formulas of the form R(d,z)
can surface on a branch is through the application of a rule on 3R.C(d). The
R(d,d;) thus must arise from different existential formulas.

Finally we consider the case that B; is obtained from B by an application of
the VR rule on the formula C'(d) = (VR.CY)(d). The formula C(d') is added
and we know that R(d,d’) occurs already on B. Since no R-formula is added
claims 1 and 4 remain trivially true. If k is the level of parameter d then d’
is of level k + 1. Thus rd(Cy) = rd(C) — 1 < rd(Cy) — (k + 1) as required.
Finally claim 3 is obviously satisfied since ] is a subexpression of C'.

Lemma 79 (Termination Lemma)
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The construction of an optimized tableau reaches after finitely many steps a
tableau were no more rules can be applied.

Proof Let C(cy) be the root label, s the number of all subexpressions of
Cy and e the number of existential subexpressions. Then at most e"“0) new
parameters can be generated. Thus at most s x €"“0) concept formulas and
at most e"*“) R-formulas can occur.

This is a very rough estimate. It is indeed known that the ALC satisfiability
problem is PSPACE complete, which is only slightly better.

Theorem 80 (Tabelau Resoning for A-boxes)
Let A be an arbitrary, finite A-boz.
Let T}y be the initial tableau that consists of one branch labeled by the formulas

in A.

The optimized tableau construction starting with Ty terminates after finitely
many step.

The final tableau is closed if and only if A is inconsistent.

Proof The proofs are direct consequences from previous theorems and lem-
mas.

Description Logic with Role Hierarchies
It became soon apparent that for practical purposes the logic ALC is not

expressive enough. Of the many extensions that have been proposed we will
consider the description logic called SHZ Q.

Definition 76 (Vocabulary)
A wvocabulary V.= CUR for the logic SHZQ consists of a set C of concept
symbols and a set R of role symbols such that

1. C always contains the symbol T for the universal concept

131



2. There is a set R® of atomic roles and for every role symbol R there is
the symbol R~ for the inverse of R such that

R=R°U{R | R€R"}

3. There is a subset RY C R of transitive atomic roles.
We say that a role R is transitive if

e cither R is atomic and R € R)
e or R=R] and R; € R)

Note that it does not make sense to consider role descriptors of the form
(R™)~ since (R~)” = R.

Definition 77 (Vocabulary)

A role hierarchy H is a finite set of formulas of the form Ry T Ry for role
symbols Ry, Ry € R.

We say that Ry is a subrole of Rs.

Definition 78 (SHZQ expressions)
The set of SHZQ expressions of a given vocabulary V.= CUR and a given
role hierarchy H is inductively defined by

1. every concept symbol C' € C is a SHZQ expression,
i particular T is a SHIQ expression,

2. if Cy,...,Cy are SHIQ expressions, so are C;M...MCy, CiU...UCY
and —CY,

3. if Cis a SHIQ expression, R a role symbol from R, then IR.C' und
VR.C are also SHIQ expressions,

4. if R is a simple role in R, C' a SHZQ expression and n € N then also
<nR.C and > nR.C are SHZQ expressions. A role symbol R is called
simple if R is not transitive and furthermore that there is no transitive

subrole of R.
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Example 22
In addition to the concepts and roles from Ezample 19 we use here the
concept F of all female persons. The expression

C=Palnl >2R.F

denotes the set of parents with at least two daughters.

Note, that it is the reference to subroles in clause 4 that makes Definition 78
dependent on the role hierarchy H.

Definition 79 (Interpretation for SHZ Q)
An interpretation for the vocabulary V and a role hierarchy H consists of a
domain of objects A and a mapping I such that:

1. for every concept symbol C' € C its interpretation C* is a subset of A,
in particular TZ = A,

2. for every atomic role symbol R € RV its interpretation R is a binary
relation on A, i.e. RT C A x A,

3. for every atomic role symbol R € RY its interpretation R is a transitive
relation on A,

4. for every atomic role symbol R € R the interpretation of its inverse
symbol (R™)T is the relation inverse to RE, i.e.

(dy,dy) € (R < (dy,dy) € R*
5. if Ry C Ry is in H then RT C REL.

Definition 80 (Semantics of SHZQ expressions)
Let T be an interpretation. The meaning of SHZQ expressions not already
covered by Definition 65 is explained as follows

1. (£nRCY ={de A|#{e|(d,e) € R unde € C*} <n}
2. (>nROY ={de A|#{e]|(de) € RT und e € C*} > n}
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Definition 81 (Satisfiability)
Let 'H by a role hierarchy.

1. A set T of formulas of the form C; T Cy with SHZIQ expressions
C1, Cs is called a terminology

2. An interpretation T is called a model of a terminology T, if CT C C¥
forall Ct,CCy €T,

3. A SHIQ expression C 1is satisfiable with respect to T, if there is a
model T of T with C* # ()

4. D subsumes C with respect to T, if for every model I of T also CT C
DT is true.

Theorem 81
The satisfiability and the subsumption problems for SHZQ are decidable.

Proof see | ].

If in clause 4 of Definition 78 the restriction to simple roles is dropped the
satisfiability problem becomes undecidable. Even if only cardinality formulas
of the form < nR.T und > nR.T are allowed, see again |

].
Adding conjunction of roles to SHZQ one obtains SHZQ''. Satisfiability
for SHZ Q' is still decidable but with greater complexity, see |

!
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3.7 Knowledge Representation in the Seman-
tic Web

The slogan Semantic Web refers to an endeavor to add additional infor-
mation to resources in the world wide web. The World Wide Web Con-
sortium (W3C) has issued a number of standards for knowledge represen-
tation languages that may be used for this purpose. We will present here
the Resource Description Framework (RDF) and Web Ontology Language
(OWL). We draw on | : ] and
http://www.w3.org/TR/rdf-mt/ as references.

RDF

The basic concept of the resource description frame work is the triple

Definition 82 (RDF Triples)
Let R be a set of resources and V a set of literals, with RNV = ().
Then every term

(a,b,c)

with a,b € R and c € RUV s called a triple.
a s the subject, b is the predicate, and c is called the object of the triple.

In the context of the semantic web everything is either a value or a resource.
In other contexts one might have used the word object, entity or just thing
instead of resource. But, it does make sense to name the creatures populating
the universe of the web resources. Literal we might think of as strings,
numbers and the like. Here is an example

Example 23
Let R = {DC20030602, T, D,d, F, L, P} and V = {st, sta, st3, sty, en, stg}.

Then
(DC20030602, T, st1) (DC20030602, D, sts)

(DC20030602, d, st3) (DC20030602, F, st,)
(DC20030602, L, en) (DC20030602, P, sto)
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1s a set of triples. This is not very illuminating. So, let us be a little less
cryptic:

(DC20030602, title,
”Dublin Core Metadata Element Set, Version 1.1: Reference Description”)
(DC20030602, description,
"The reference description, version 1.1 of the Dublin Core Metadata Element Set”)
DC20030602, date, 2004 — 12 — 20)
DC20030602, format, "text/html”)
DC20030602, language, en)
DC20030602, publisher, ”Dublin Core Metadata Initiative”)

o~~~

Now, it is clear that we are looking at RDF meta-data for a document, here
called DC20030602. The literals sty — stg have been replaced by their specific
(string) values.

In the logical approach the vocabulary used to build up formulas is fixed
locally for a specific paper, or for a whole book by its authors or it is
agreed upon by a standard committee. The approach with RDF is dif-
ferent: vocabularies are built and shared globally by the world wide web
community. To facilitate this approach resources are given by Uniform Re-
source Identifiers (URI). So, instead of DC20030602 we should have used
http://dublincore.org/documents/2003/06/02/dces/.

Also title is a resource with URI http://dublincore.org/2008/01/14/

dcelements.rdf#title. Here are a few more correspondences:

Short name URI

name

D(C20030602
http://dublincore.org/documents/2003/06/02/dces/
T title
http://dublincore.org/2008/01/14/dcelements.rdf#title
D description
http://dublincore.org/2008/01/14/dcelements.rdf#description
d date
http://dublincore.org/2008/01/14/dcelements.rdf#date

A URI can be a URL, for example you can visit the page http://
dublincore.org/documents/2003/06/02/dces/. The other URIs including
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http://dublincore.org/documents/2003/06/02/dces/
http://dublincore.org/documents/2003/06/02/dces/

the # sign all point to the same page, which you can visit likewise. There are
precise rules about how URIs are formed set out in the RDF standard and
there are agreed ways to abbreviate them via what are called gnames. For
working with RDF triples these are indispensible but we do not go into these
details here. Also the way we represented triple via the (a,b, ¢) notation is
our own invention. In the semantic web community it is customary to use
XML representations, as exemplified in Figure 3.7.

<rdf :RDF>

<rdf:Description rdf:about="http://dublincore.org/documents/
2003/06/02/dces/">

<dc:title>

Dublin Core Metadata Element Set, Version 1.1: Reference Description

</dc:title>

<dc:description>

The reference description, version 1.1 of the Dublin

Core Metadata Element Set.

</dc:description>

<dc:date>2004-12-20</dc:date>

<dc:format>text/html</dc:format>

<dc:language>en</dc:language>

<dc:publisher>Dublin Core Metadata Initiative</dc:publisher>

</rdf :Description>

</rdf :RDF>

Figure 3.7: XML representation of of meta-data for DC20030602
In addition to the triple
(DC20030602, title, sty)
we have seen above we also
(title,issued,2008-01-14)

(e.g. on page http://dublincore.org/2008/01/14/dcterms.rdf#title).

The resource title may thus occur in the predicate position and also in the
subject position, as well — we have not presented an example for this — in
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the object position. The same resource may by used in all three positions
of a triple. The only restriction is that values may only occur in the third
position.

There are two problems that may occur when there is no central authority
that fixes the vocabulary.

1. The same name may be used for different things.

2. Different names may be used to denote the same thing.

When URIs are used to define vocabularies the hierarchic organisation of
URIs greatly helps in avoiding problem 1. Of course when I set up a vo-
cabulary V,,, that refers to a web location over which I have control I have
to take care that no clashes occur locally in V,,,. On the other hand it is
hard to avoid problem 2. See | , Section 2.2.6] for further
comments on this naming issue.

So far the choice of a vocabulary was arbitrary and left completely to the
user. In the languages RDFS, which stands for RDF with schemata, a couple
of fixed ressources are assumed to be present in the signature and some
constraints are assumed for the semantics of these symbols. In the usual
language description first simple triples are considered, then RDF and then
RDEFS. After our cursory introduction above to simple triples we immediately
jump to RDFS. We will consider the following vocabulary

rdf:type rdfs:Class
rdf :Property rdfs:domain rdfs:range
rdfs:subClass0f rdfs:subProperty0f

In the RDFS standard some more symbols are specified. For the reader’s
information here is a list of those that we skip in our presentation:

rdf:XMLLiteral rdf:nil rdf:List rdf:first rdf:rest
rdf:Statement rdf:subject rdf:predicate rdf:object
rdf:Seq rdf:Bag rdf:Alt rdf:_1 rdf:_2 ... rdf:value

rdfs:Resource rdfs:Literal rdfs:Datatype

rdfs:member rdfs:Container rdfs:ContainerMembershipProperty
rdfs:comment rdfs:seeAlso rdfs:isDefinedBy rdfs:label
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rdf:type rdf:type rdf:Property .

rdfs:domain rdfs:domain rdf:Property .
rdfs:range rdfs:domain rdf:Property .
rdfs:subProperty0f rdfs:domain rdf:Property .
rdfs:subClass0f rdfs:domain rdfs:Class .

g W=

rdf:type rdfs:range rdfs:Class .
rdfs:domain rdfs:range rdfs:Class .
rdfs:range rdfs:range rdfs:Class .
rdfs:subProperty0f rdfs:range rdf:Property .
10 rdfs:subClass0f rdfs:range rdfs:Class .

© 00 N O

Figure 3.8: Axiomatic Tripels for RFDS

We could now go on and present the restrictions on the semantics of the
RDFS symbols listed above. We will take a different approach and first
translate triples into atomic formulas in a first order logic. The semantic
restrictions will then be given in terms of formulas of first-order logic.

Relation to First-Order Semantics

For the purposes of this section we will consider triples without literals. From
a logical point of view literals do not add anything to the understanding of
the phenomena we want to address. Also the details of the use of literals
in RDFS are quite cumbersome and have been expertly explained elsewhere,
see | ].

Let us compare what we have seen so far with first-order logic. We notice
that there are no variables, and therefore also no quantifieres, there are no
propositional connectives, except the implicit conjunction - a set of triples is
thought of as the conjunction of the triples in the set. So it only makes sense
to compare RDF triples with ground atomic formulas in first-order logic.
One way to view triples as first-order logic atomic formulas, is to consider a
vocabulary V3 with just one ternary relation symbol and an arbitrary number
of constant symbols, see also Exercise 1.2.4. That will certainly do. Another
possibility is to consider a vocabulary V5 which contains a binary relations
symbol R, for every resource b occuring in the predicate position of at least
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one triple and the constant symbol b for all resources b occuring in the other
two positions. We might then have of course both a constant b and a binary
relation Ry, at the same time. But, this causes no harm. This basically mimics
the normative semantics described in | ]. We say basically, because
the cited reference also explains the interpretation of literals, which we did
not go into.

One might have wondered what happened to unary predicates. How do we
express in triple notation that a resource z is red? The solution in RDFS is
to use the predicate type and write (x, type, red).

We will define the semantics of RDFS by reduction to the semantics of first-
order logic.

Definition 83 (First translation into first-order logic)
Let G be a set of triples in the vocabulary V.

The first-order vocabulary Vi is obtained by treating all symbols in V' as con-
stant symbols and adding in addition a binary relation symbol Ry for every b
in V. For the rest of this subsection we will uise the shorthand

e in instead of erfs:type’

e subC' instead of erfs:subClassOf and
e subP instead of erfs:sumepertyOf'

Let G* be the union of G with the axiomatic triples from Figure 5.8.
Let

tl(G) = {Rp<a7b) ‘ <a,p, b> € G*}

t2(G) = {Vu,v(Ra(u,v) = in(u,b) | (a, rdfs:domain,b) € G*} rdf s2

t3(G) = {Vu,v(Ra(u,v) = in(v,b) | (a, rdfs:range, b) € G*} rdf s3

t4(G) = {Vu(in(u,a) — in(u,bd) | {(a, rdfs:subClassOf, b) € G*} rdf s9

t5(G) = {Vu,v(R,(u,v) = Rp(u,v) | (a, rdfs:subPropertyOf,b) € G*} rdfs7

te = {Vz(in(x, rdfs:Property) — subP(z,x)), rdf s6
Va,y, z((subP(z,y) A subP(y, z) — subP(z, z)), rdf sb
Vr(in(z, rdfs:Class) — subC(x,x)), rdfs10
YV, y, z((subC(z,y) A subC(y, z) — subC(z,z))} rdfsll

HG) =1 (G)U ... Uts(G) Ut
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The rdfsi in the last column are the names of the inference rule used in the
W3 standard http: //www. w3. orqg/ TR/ rdf-mt/ .

Definition 84 (RDF Inference)
Let G be a set of triples and (a, p, b) an individual triple. We say that (a, p, b)
can be derived from G, in symbols

G Frprs (a,p,b)
iff the first-order inference
HG) = Ry(a,b)

holds true. In particular (a,p,b) is an RDFS tautology if t(0) F R,(a,b)
holds.

Definition 84 is accompanied by the implicit claim that G Frprs (a,p, b) as
defined there coincides with the inference defined in the W3 Standard.

1. n(rdf:type,rdf:Property)

2. Rjomain (rdfs:domain,rdf:Property)

3. Riomain (rdfs:range,rdf:Property)

4. Rqomain (rdfs:subPropertyOf;rdf:Property)

5. Rjomain (rdfs:subClassOf,rdfs:Class)

6. Rrange(rdf:type,rdfs:Class)

7. Rrange(rdfs:domain,rdfs:Class)
(rdfs:range,rdfs:Class)

9. Rrange(rdfs:subPropertyOf rdf:Property)

10. Rrange(rdfs:subClassOf,rdfs:Class)

Figure 3.9: Translated Axiomatic Triples for RFDS
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Lemma 82 The following formulas are RDFS tautologies, i.e., they are log-
ical consequences of t(1)).

~

in(rdfs:Class,rdfs:Class)
in(rdf:Property,rdfs:Class)
in(rdfs:domain;rdf: Property)
in(rdfs:range,rdf: Property)

in(rdfs:subPropertyOf,rdf: Property)

S & e

in(rdfs:subClassOf,rdf: Property)

Proof of 1 Since rdfs:range rdfs:range rdfs:Class is an axiomatic
triple in (0%, see Figure 3.8(8), we get from Definition 83

Yu, U(Rrange(u, 1)) — i?’L(’U, rdeZClaSS)) S tg(@). (311)

The fact rdfs:range rdfs:range rdfs:Class € (* in addition entails
Rrange (rdfs:range,rdfs:Class) € ¢1(0)). We now obtain from 3.11, as desired
in(rdf:Class,rdfs:Class).

Proof of 2 By Figure 3.8(9) we have

rdfs:subProperty0f rdfs:range rdfs:Property € (J*.

Thus Rrange(rdfs:subPropertyOf rdfs:Property) € ¢1(0). Again using impli-
cation 3.11 we arrive at in(rdf:Property,rdfs:Class).

Proof of 3 By Figure 3.8(2) rdfs:domain rdfs:domain rdfs:Property
€ ()*. Thus by Definition 83

Vu, V(R omain (4 v) = in(u, rdfs:Property)) € t5(0). (3.12)

Since also Ry qipn (rdfs:domain,rdfs:Property) € t,(()) we infer by instan-
tiating the universally quantified variables u with rdfs:domain and v with
rdfs:Property and modus ponens in(rdfs:domain,rdfs:Property).
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Proof of 4 By Figure 3.8(3) rdfs:domain rdfs:range rdfs:Property €
0%, ie., Ryomain (rdfs:range,rdfs:Property) € ¢1(0). Now, 3.12 immediately
yields in(rdfs:range,rdfs:Property).

Proof of 5 By Figure 3.8(4)

rdfs:domain rdfs:subProperty0f rdfs:Property € (J*. By Definition 83
Ryomain (rdfs:SubPropOf rdfs:Property) € #1(()). Again using 3.12 yields the
desired conclusion in(rdfs:subPropertyOf,rdfs:Property).

Proof of 6 Again we follow the line of argument as in the last subproofs.
By Figure 3.8(5) rdfs:domain rdfs:subClassOf rdfs:Class € (* i.e.,
Rjomain (rdfs:SubClassOf rdfs:Class) € t1(()) and in a last step 3.12 entails
in(rdfs:subClassOf,rdfs:Property).

The attentive reader may have noticed that so far we did not speak about
consistency or consistent sets of triples. The plain reason is that this notion
does not exist. There is no negation sign in the language of RDFS triples nor
any negative requirements in the semantic restrictions. The following triples

rdf:type rdf:type rdf:type

rdfs:Class rdfs:Class rdf:Property
rdfs:Class rdfs:Class rdf:Class
rdfs:Class rdfs:SubProperty0f rdf:domain
rdfs:subClass0f rdfs:domain rdfs:Class
rdf :range rdfs:type rdfs:Class
rdfs:range rdfs:type rdfs:Property

are individually and collectively possible triples, though it is hard, or better
impossible, to image what they should mean.

Blank Nodes

We start this subsection with another possibility to translate RDF triples
into first-order logic vefore we turn to the subject of blank nodes.
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Definition 85 (Second translation into first-order logic)
Let G be a set of triples in the vocabulary V.

The first-order vocabulary Vs is obtained treating all symbols in V' as constant
symbols and adding in addition one ternary relation symbol T'r.

Let G* be the union of G with the axiomatic triples from Figure 3.8.

s1(G) = {Tr(c,d,e) | (c,d,e) € G*}

S9 = Va,Wu,v (Tr(a,rdfs:domain,b) N\ Tr(u,a,v))

— Tr(u, rdfs:type, b)) rdf s2
S3 = Va,Wu,v (Tr(a,rdfs:range,b) NTr((,u,,)a,v)

— Tr(v, rdfs:type, b)) rdf s3
S4 = Va,bVu (T'r(a, rdfs:subClassOf, b) A\ Tr(u, rdfs:type, a)

— Tr(u, rdfs:type, b)) rdf s9
S5 = Va,Wu,v (Tr(a,rdfs:subPropertyOf,b) N Tr(u,a,v)

— Tr(u,b,v)) rdf s7
S6 = {Vz (Tr(z, rdfs:type, rdfs: Property)

— Tr(z, rdfs:subPropertyOf, x)), rdf s6

Vi, y, 2 (T'r(x, rdfs:subPropertyOf, y)
NT'r(y, rdfs:subPropertyOf, z)

— Tr(z, rdfs:subPropertyOf, z)) rdf sb
Va (Tr(z, rdfs:type, rdfs: Class)
— Tr(x, rdfs:subClassOf, x)) rdfs10

Vi, y, 2 (T'r(x, rdfs:subClassOf, y)
NT'r(y, rdfs:subClassOf, z)
— Tr(z, rdfs:subClassOf, z)) } rdfsll

Note that s1(G) and sg¢ are sets, while the remaining s; are single formulas.

Finally
s(GQ) = s1(G) U {sa,...s5} Usg

Again the rdfsi in the last column are the names of the inference rule used in
the W8 standard.

We leave the topic of translation into first-order logic for a moment and
extend the triple representation. So far we have considered sets of RDF
triples just as a collection of triples that are all assumed to be true. For
example:
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(z1, line of, 1982953 ) (22, line of, 1982953 ) (z1, item, Fleece)
(z1, size, M) (z2, item, Shirt) (22, size, L)

Figure 3.10: A simple RDF graph

It is quite common to arrange triples into a graph, socalled RDF graphs.
Subjects and objects are represented as nodes while predicates occur as an-
notations on edges. The above six triples will result in the graph shown in
Figure 3.10.

It is obviously easy to switch from a graphical to a sequential notation. This
will become a little bit more complicated when we come to allow blank nodes.

The RDF graph in Figure 3.10 results as a part of the solution to Excercise
3.9.23. The resource names z1 and z2 have been introduced to code n-ary
relations as conjucntions of binary relations. They do not really matter. For
this reason RDF offers the possibility to leave nodes empty as in Figure 3.11.
Note that blank nodes can only occur at subject and object positions. There
is no such thing as a blank edge label.

A direct translation of the graph in Figure 3.11 would result in

( ,line of, 1982953 ) ( | line of, 1982953 ) ( , item, Fleece)
( , size, M) ( , item, Shirt) ( , size, L)

which obviously does not contain the same information. Thus, to translate
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blank nodes into triple notation we have to introduce place holders or vari-
ables for them, different variables for different blank nodes. We could view
z1, z2 in the original triple set as such variables. But, what exactly is the
semantics of blank nodes in RDF? We given an answer by extending the
translation into first order logic from Definition 85.

Definition 86 (Translation into first-order logic)

Let G be as in Definition 85, but now we assume that G may contain place
holders for blank nodes. Let x1,...,x, be all such place holders in G. In
extending the definition of S(G) to this case we only need to redefine s1(G):

s1(G) = {Fo1,. ., 2n(Apgeec Tric,de)} U
{Tr(c,d,e) | for all axiomatic triples (c,d,e)}

Figure 3.11: A simple RDF graph with blank nodes

OWL(Under Construction)
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3.8 Translation into First-Order Logic

In Lemma 66 it was shown that characterizability of a frame property can
be formalized by formula in monadic second order logic. We now want to
turn to a simpler problem: formalizing validity of modal logic in first-order
logic. Here is an informal example of what we mean by this. The modal
formula ¢p — Op is true in a Kripke structure if for every possible world
g , such that there is world accessible from ¢ satisfying p then all worlds
accessible from g satisfy p. We could formalize the same requirements in
first-order logic by Vz(Jy(R(x,y) A p(y)) — Yy(R(x,y) — p(y))). At this
point of the relationship between the two formalizations is rather informal.
The precise definitions and lemmas will follow below. But, we can already
see here that two translations are involved: a translation of modal formulas
in first-order formulas and a translation of Kripke structures in first-order
structures, see Figure 3.12. Furthermore, the formula A* will contain exactly

(K.g9) F A
| l
K = Algl

Figure 3.12: Translation from Modal to First-order Formulas

one free variable, denoted by . We use the more concise notation M = F/g]
instead of (M, ) = F with f(z) = g. One might argue that the translation
scheme visualized in Figure 3.12 looks a bit strange. We could think of a
weird translation from A to A* match it with an equally weird translation
from IC to K* and get a valid diagram. First of all, the translations we will
propose below are very intuitve. Second, even if the translations were weird
with a bit of extra effort we derive from the diagram: A is a modal tautology
iff A* is a first-order tautology. At this point we no longer care about the
details of the translations.

Definition 87 (Formula Translation) Let PVar be a set of propositional
variables. The first-order signature Ypy.: consists of

1. a binary relation r(x,y)

147



2. a unary relation p(x) for every p € PVar.

FEvery modal formula A using atoms from PVar is inductively translated in a
first-order Ypyar formula A* by

1. p* = p(x)

2. (ANB)*=A*AB*, (AV B)* = A*V B*, (HA)* = A"
3. (OA) =Yy(r(z,y) — A*[z/y], with y a new variable

4. (CA)* = Jy(r(z,y) N A*x/y|, with y a new variable

The translated formula A* will contain exactly one free variable, named by
. In the definition of (0 A)* we need to replace the subformula A* by A*(7),
replacing = by y.

Example 24 ()
(OCp = O0p)* = Vy(r(z,y) = 3z(r(y, 2) Ap(2))) =

Fy(r(z,y) AV2(r(y, 2) = p(2)))
give more details

to be done:

Definition 88 (Structure Translation)

Let K = (G, R,v) by a Kripke structure. The universe of the translated
first-order structure K* will be G and the interpretation of the symbols in
Ypvar 1S given by

g € I(p) < v(g,p) = true
(91,92) € I(r) & R(g1,92)

Lemma 83 (Translationlemma)
Let A be a modal formula, IC a Kripke structure g € G then

(K,9) FAff K" = A*[g]
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Proof: Structural induction on A.

If A =p is an atom, the claim follows directly from Definition 88.
The cases A = A1 AN Ay, A= A1V Ay, A= —A; are simple.

If A= 0OA,, then

(K,g) EOA iff for all h with R(g,h) we have (K,h) = A
iff ~for all h with R(g,h) we have K£* = A*[h]
iff K" = Vy(r(z,y) = A*(3)]9]
iff K = (84)[g]

The case A = G A; proceeds completely analogous.

Theorem 84 (Translationtheorem)
Let A be a modal formula in the vocabulary PVar. Then

A is a modal K tautology iff VxA* is a first-order tautology

Proof: This is rather straight forward. Nevertheless, let us spell it out in
detail to be prepared for a more complicated situation of the same kind later.

To proof the direction from right to left, we assume that VxA* is a first-order
tautology and consider an arbitrary world g in an arbitrary Kripke structure
KC with the aim of showing (K, g) = A. The assumption yields K£* = A*[g]
which by Lemma 83 yields (IC, g) = A, as desired.

The reverse implication is a notch more complicated. We assume the left
hand side and consider an arbitrary Ypy,, structure M and an element g in
the universe of M. We need to show M = A*[g]. It is easy to see that there
is a Kripke structure K with * = M. Since A is a modal tautology we get
(K, g) = A and Lemma 83 yields the desired conclusion K* = A*[¢].

3.8.1 Decidable Fragments of First-Order Logic

Theorem 85 For the following classes of formulas the satisfiability problem
1s decidable:
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1. All formulas with prefix 3*V* with equality and no function symbols
(this includes the requirement that there are no constant symbols).
Bernays-Schonfinkel-Ramsey class.

2. All formulas with prefix 3*V?3* no equality, and no function symbols.
Godel-Kalmar-Schiitte class.

3. All formulas with only 1-place relation and 1-place function symbols.
Lob-Gurevich class.

4. All formulas with prefiz 3*V3* no equality.
Maslov-Orevkov-Gurevich class

5. All formulas with prefix 3* with equality, no restrictions on relation and
function symbols.
Gurevich class.

Proof See | .

Theorem 86 Let FOLF denote the fragment of formulas of first-order logic
that use at most k different variables.

1. FOL? is decidable.
2. FOL? is undecidable.

Proof For (1) see | | for (2) | .

Definition 89 (Guarded Fragment) The guarded fragment, GF, of
first-order logic is defined as usual with the exception that quantification is
only allowed in the special forms

Ve(a — @) and Jz(a A @)

where « is an atomic formula that contains all variables that occur free in ¢.

Theorem 87 The guarded fragment GF is decidable.
Proof See | : ).
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3.9 Exercises

Definition 90
A Kripke frame (Go, Ry) is a subframe of a Kripke frame (G1, R1), if

1. Go C Gy and
2. fO?” all gah € GQ RZ(g7h') ZﬁR1<gah)

A subframe (Ga, R2) of (G1, Ry1) is called a closed subframe, if every world

that is accessible from Gy is already a world in Gy. Formally

3. for all g,h € Gy satisfying g € G and Ry(g, h) we have h € Gs.

Exercise 3.9.1

Prove the following lemma:

If (Go, Rs) is a closed subframe of (G1,Ry), and v1 : Gy x P — {0,1} an
arbitrary interpretation function, and g € Gy an arbitrary world then for
every formula F' in PModFml:

(G17R17Ul>g) ): F Zﬁ (G27R2>U2>g) ): F.

Here vy is the restriction of vi to the domain Gy X P.

Exercise 3.9.2
Show that the following formulas are not modal tautologies

1. (OP - 0Q) - 0P - Q)
2. 0(PVQ)— (OPVOQ)

Exercise 3.9.3
Show that the following two formulas are S5-tautologies, i.e. walid in all
Kripke structure where the accessability relation R is an equivalence relation.

1. SOp « Op

2. OCp < <p
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Exercise 3.9.4
Prove cases 2,3 and 5 — 11 of Lemma 56.

Exercise 3.9.5
For an arbitrary frame (G, R) prove the following equivalences:

) iff R ist transitive
) iff R st reflexive

) iff R ist symmetric
) iff R ist functional

_ o O N

Exercise 3.9.6
For every n € N, every Kripke structure K = (G, R,v) and every world
geG:

1. (K,g) EO"F iff for all h € G with R"(g, h) we have (K, h) | F
2. (K,g) E O"F iff there is h € G with R"(g,h) and (K,h) = F

Exercise 3.9.7 Show that the class of non-empty frames, i.e., the class
of frames satisfying JxIyR(x,y) cannot be characterized by a formula in
PModFml.

Hint: Use the result of Fxercise 3.9.1.

Definition 91
The disjoint sum (G,R) = (G1,R1) W (Go, Rs) of two frames (Gy, Ry),
(Ga, Ry) is defined by

1. G =G YUG,y
If Gy and G5 are disjoint G is thus the usual set theoretic union G1UGs.
Otherwise, we need to use disjoint copies of G1 and Gg, e.g., G =

({1} x G1) U ({2} x Ga)
2. R is the relational sum of Ry and Ry, i.e.,

R(97 h) ZﬁRl(g7 h) or R2<g7h)

Definition 92
The disjoint sum K = K1 W Ky of two Kripke structures Ky = (G, Ry, v1),
Ko = (Ga, Ro, v2) is defined by K = (G, R,v) with
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1. (G,R) = (G1, R) W (G, Ro)

vi(g,p) if g € Gy
2. v(g,p) = .
(9.P) { v2(g,p) if g € Go
This definition works if G1 and Go are disjoint. In the general case we
have to take the isomorphisms j1 and jo into account that replace G
by disjoint copies. Thus

_ J ui(i(g).p) ifgeG
vle.p) = { v2(j2(9),p) if g € Gy

Exercise 3.9.8 Assume, for simplicity, that G1 and Gy are disjoint sets
of worlds and Iy = (G1, Ry,v1), Ko = (Ga, Re,ve) Kripke structures and
K=K WKy .

Show that for all F € PModFml:

Exercise 3.9.9 Show that the class of universal frames, i.e., the class
of frames satisfying YxVyR(x,y) cannot be characterized by a formula in
PModFml.

Hint: Use the result of Ezercise 3.9.8.

Exercise 3.9.10 Show that Op — OOp is a characterizing formula for the
class of transitive frames by the method exemplified in Examples 12 and 15.

Exercise 3.9.11 Show that Op — <p is a characterizing formula for the
class of serial frames by the method exemplified in Examples 12 and 15.

Exercise 3.9.12 Find the characterizing formula for the class of frames of
trivial frames G = {(G, R) | ~3x3yR(x,y)}.

Don’t use the Ackermann method for this simple case.

Exercise 3.9.13 For a Kripke structure K = (G, R,v), g € G and a formula
F € PModFml it is intuitive clear that (KC,g) = F does not depend on
worlds ¢ € G that can not be reached from g. We will formulate a more
detailed statement to the effect that (K,g) |= F does not depend on world
g € G that cannot be reached from g within less than md(F) steps (for the
definition of the modal depth, md(F), see Definition 35 on page 7/).

To make this a precise statement we need the following definitions.
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Definition 93 Let K = (G, R,v), g € G. The set Gy C G is defined by
induction on n:

2. Git =GP U{g, € G| R(g1,92) for some g, € G}

We set K = (G, Ry, vy) with Ry = RO(Gy x Gy) and vy = vN(GY X PVar).

9’79

Claim:
Given K = (G, R,v), g€ G, n € N and F € PModFml .
For any k <n and ¢ € Glg if md(F) <n—k:

(K:vgl) }: Fe (K:ngl) }: F

For k =n, md(F') < n this says that (K, g) = F is equivalent to (K}, g) |= F'.
Now, it its your job to prove this.

Exercise 3.9.14 On page 80 an example was given showing that the de-
duction theorem is not true for the global modal consequence relation. This
exercise presents a substitute.

For Fy, F5 € PModFml with md(Fy), md(Fy) < n:

Fll_GFQ =4 l_(FlADFlAanl)—)FQ

Exercise 3.9.15 In the paragraph following Fxample 19 an example of a
translation of description logic expressions into first-order formulas was
given.

1. Give a general definition of this translation.

2. Make precise what is the semantic relationship between the concept ex-
pression and its first-order translation.

Exercise 3.9.16 Show that the concept formula -VR.C' = dR.~C' is valid.

Exercise 3.9.17 Show that if r is a transitive relation on a set A then the
inverse relation v~ is also transitive.
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Exercise 3.9.18 Is it possible that a role hierachy H is inconsistent? i.e.,
that there is no interpretion T satisfying CT C C% for all C; T Cy in H.
After all we could have formulas in H such as Ry C Ry and Ry C Ry.

Exercise 3.9.19 Show that any non-cyclic T-Box is definitorial.

Exercise 3.9.20 Let K = (G, R,v) be a Kripke structure, g € G. The set
of all world reachable from g is defined to be the least subset RT(g) C G with

1. g€ RT(g)

2. if h € RT(g) and R(h,h') then b/ € RT(g)

Let K* = (G*, R*,v*) with

G* = RT(g)
R* = restriction of R to RT(g)
v* = restriction of v to RT(g)

Then for any modal formula F' and any gx € RT(g):
K,g« EF < KigxEF
Exercise 3.9.21 Let A, F' be modal formulas then

Exercise 3.9.22 Show that the translation from ALC expression into modal
logic formulas given in Definition 68 also works in the reverse direction. More
precisely, for every modal formula F' there is an ALC expression F° such that
the following variation of Lemma 7/ s true.

1. For every modal formula F' and every interpretation T
(Fo)Yf ={deA|(Kz,9) = F}

2. There is an interpretation T and an object d € A satisfying d € (F°)*
iff F' is satisfiable.
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Exercise 3.9.23 The following order may be viewed as an 5-place relation:

Order: 1982953
Item \ 1d \ color \ size \ quantitiy
Fleece | 313169M6 | orange M |2
Shirt | 1911409M6 | smaragd L 1
Top 249708M6 | navy dotted | S 1

Translate it into triple notation.

See also Ezercise 1.2.5.

Exercise 3.9.24 Taken from B. Nebels lecture. Translate the following
SHIQ expressions in satisfiability equivalent formulas of first order logic

1. ¥r=1.(C 1 =3s.D)
2. ¥r N s.(Vt.(-C' U 3r.D))
3. Ir((CU(=sCt))NVs.(t Cu))

Exercise 3.9.25 Correctness and completeness theorems 69 and 71 were
done for the modal logic K. If we redo the proofs for the modal logic T
(with reflexive accessability relation R) where will it be neccessary to use the
definition of T-accessability of prefizes?

Exercise 3.9.26 The first-order semantics for the vocabulary Vs introduced
in Definition 85 would require to provide a universe A and an interpretation
function I such that I(c) € A for each constant symbol in Vy and I(Tr) C A3
for the only relation symbol Tr € V.

The triple semantics given in http: //www. w3. org/ TR/ rdf-mt/ also re-
quires a universe A and an interpretation function I such that I(c) € A
for each constant symbol in V. But now, things differ. The RDF triple se-
mantics requires that there is a function ext : A — P(A?), i.e., the function
ext associates with every element d € A a subset ext(d) C A? of pairs of
elements from A.

Can you see that these two approaches are equivalent?

156


http://www.w3.org/TR/rdf-mt/

Exercise 3.9.27 C,Cy are concept symbols, R a role symbol.
Which of the following inclusions, if any, are universally valid?

1. CyM3AR.Cy T AR(CL N Cy)
2. 3R.(C, N Cy) C C, N 3R.C,
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Chapter 4

Dynamic Logic
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Dynamic Logic provides a logical framework to describe and reason about
complex systems that are determined by a set of states and actions transform-
ing the system from one state to another. This is a very general application
area. The systems we will consider here will be programming languages. In
this case the states are the states of computation reached during the exe-
cution of a computer program, while the actions are the commands of the
programming language.

The roots for this type of a logic for programs go back to the paper
[ | by V. R. Pratt. The name Dynamic Logic was coined
by D. Harel in | |, which is an extension of his dissertation com-
pleted in 1978. The exposition in this paper is for the greatest part based on
Harel’s work. Other references still worth reading today are | ],
[ , Section 10] und, | , Part Three]. The most
recent account is the book | ].

4.1 Motivating Example

We will use the well known puzzle called the towers of Hanot to explain the
principal approach of dynamic logic. The goal of the game is to move all

[ 1 \FT\
‘\ \‘ ‘\ \‘

(a) Initial State (b) Final State

1

1

Figure 4.1: The Towers of Hanoi

disks from the first pile to the last pile making use of an auxiliary pile in the
middle, as shown in Figure 4.1. Of course only the top most disk of a pile
can be moved. Furthermore, the restriction has to be observed that never a
larger disk may be placed on top of a smaller one.

The towers of Hanoi puzzle is mostly used as an example for recursive pro-
gramming. But, there is also a suprisingly simple iterative solution that can
be described by the following instructions:

1. Move alternatingly the smallest disk and another one.
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2. If moving the smallest disk put it on the stack it did not come from in
its previous move.

3. If not moving the smallest disk do the only legal move,

We could try to describe this sequence of actions by
moveS; moveQ; moveS; moveQ; . . .

Or even more concise if we use the unbounded iteration operator * known
from regular expressions:

(moveS; moveO)*

This shows that in Dynamic Logic we can explicitly refer to actions and
that it is possible to compose composite actions from simpler ones. What
we have is still a very crude approximation of the solution of the towers of
Hanoi puzzle. We need to add an action, that checks for termination:

movesS; test ForStop; (moveO; moveS; test ForStop)*

This is a perfect description of the required actions. It could for example
be used by the legendary priest in the legendary Indian temple to make one
move with the 64 golden disks per day until after he moved the last disk
on the rightmost pile the world will come to an end. The description of the
required actions is sufficient in a situation where you have access to the real
world and are confronted with a physical realisation of the puzzle. If we
want to argue and reason about it we also need a formal presentation of the
possible states. This is in this case fairly easy. We may e.g., use the following
two-place function stack:

k > 0 on stack n at position m
there is a disk of size k

0 on stack n at position m
there is no disk

stack(n,m) =

with 1 < n < 3 and 1 < m < d with d the number of disks. Thus the
following state

:&
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would be represented by the following functions, which we here define via its
function table.

] stack \ first \ second \ third ‘
position 4 0 0 0
position 3 0 0 0
position 2 0 0 1
position 1 4 3 2

The final position could then be characterised by the formula
Ym(l <m < d — stack(3,m) # 0)

This formula says that all disks are on stack 3. Another property we would
want to be satisfied throughout is that no larger disk is placed on top of a
smaller one:

Nicn<s Vma,me (1 <my <mg < dAstack(n,my) # 0)
— stack(n,my) > stack(n, ms))

VAN

Nicngg Vmame - (1< mi <my < d)
— stack(n,my) > stack(n,ms))

i.e., on each of the three pegs the disks are arranged in decreasing order.
So far we have seen examples of properties of states formalised in first-order
predicate logic. It is a particular feature of Dynamic Logic that it allows to
relate properties of states to actions. One of the simplest relations of this
kind is to demand that a formula ¢ should be an invariant for an action A:

whenever ¢ is true before A
it is also true after the execution of action A.

Formally we could write
OrderedStacks — (moveS) OrderedStacks

when we agree that a formula of the form (A) ¢ should be read
as: after performance of action A a state is reached that satisfies
formula ¢. This already points to the issue of termination; do ac-
tions always terminate?” @ We are e.g., not certain that the action
moveS; test ForStop; (moveO; moveS; testForStop)* terminates. It could
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loop infinitely and never pass through the final state. Thus we do not require
that actions terminate. A statement of the form (A) ¢ however incorporates
the claim that A terminates. The formula

(moveS;test ForStop; (moveO; moveS; test ForStop)*)true

thus says that moveS; testForStop; (moveO;moveS;testForStop)* always
terminates. In other cases we might only want to make a partial assertion,
if action A terminates it should be in a state statisfying ¢, if A does not
terminate we do not care. For this the formal notation [A] ¢ would be used.

4.2 Syntax and Semantics of Regular Dy-
namic Logic

For the definition of the syntax of Dynamic Logic DL,., we start - as usual
- by fixing a vocabulary ». We proceed - again as usual - by defining terms
D LTy, and formulas DLFy, of the logic. In addition - and that is particular
for Dynamic Logic - we will define the set of programs II. The definitions of
DLFy, and II will be mutually recursive.

Definition 94 (Vocabulary) A vocabulary ¥ consists of

e a set of function symbols f,q, fi, ... with fixed number of arguments,
e 0-place function symbols will also be called constant symbols,

e a set of predicate symbols p, q, p;, ... with fived number of arguments.
By Var we denote an infinite set of variable symbols.

Definition 95 (DL Terms)

1. x € DLTerms, for x € Var
Every variable symbols is a term.

2. f(ty,...,t,) € DLTerms
for every n-place function symbol f € ¥ and tq,...,t, € DLTermsy
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Definition 96 (DL Formulas and Programs)

1.

There are other choices for the set II of programs, see e.g., Section 4.2.1. Our
choice is called the set of reqular programs, because of the close similarity
to the syntax of regular expressions. Consequently the particular version of
Dynamic Logic is called regular Dynamic Logic. Other versions could e..g, be
based on the concept of while programs known from theoretical Computer
Science, or II could consist of the programs of a real programming language

atomic formulas
r(t1,...,tn) € DLFmlyx
for every n-place relation symbol r € ¥ and terms t; € DLTerms.

equations
ty =ty € DLFmls
for ty,to € DLTerms,

closure under predicate logic operators
Fi v Ey Fi A Fg, F, — FQ, _|F1, V£L‘F1 and E'J}Fl S DLleZ
for all Fy, F5 € DLFmls.

modal operators
(7| F, () F € DLFmlsy,
for F € DLFmly, and w € 1I.

atomic programs
(x:=t) €1l fort € DLTermy, and x € Var.

composite programs
If my,m9 € 11 then

(a) m;m €11 sequential composition
b) mUmy €11 nondeterministic choice
(
(¢c) m €1l iteration
tests

con? € 11 for every quantifierfree formula con € DLFmly.

like Java, see | , Chapter 3].
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Before we give examples let us first define the semantics of regular Dynamic
Logic.

Let M = (M,valy) be a first-order structure. As usual the function vala
interprets function and relation symbols as functions and relations of the
universe M. Will will use the same notation valy, for the interpretation
of terms and formulas. In general it is necessary to provide in addition an
assignments of the (free) variables in terms and formulas. We use Var — M
to denote the set of variable assignments for M. For u € (Var — M) and
t € DLTermy we will use the notation vala,(t) for the usual first-order
evaluation of £ in M with variables in ¢ interpreted via u. For s € (Var — M),
x € Var, a € M we will need the following notation

siafalt) = { %)

s(y) otherwise

Definition 97 (Kripke Structure) For every given first-order structure
M = (M,valy,) the Kripke structure

’CM - (Sv P ):)
15 determined by

S =Var - M the set of states
p:1l — 8 x8 accessibility relations

subject to the following constraints:

(s,s") € plr:=1t) iff s =s[z/valrs(t)]
(s,s) € p(m;ma)  iff there exists t € S with
(s,t) € p(m) and (t,s") € p(m2)
(s,8") € p(mUma) iff (s,8) € p(m) or (s,s') € p(ms)
(s,5") € p(r*) iff there exists n and sq1,...$, € S
such that s, = s and s, = s’ and
(Siy8i41) € p(m) for 1 <i<n
(s,s") € p(con?) iff s=¢ and sk con

M is called the domain of computation of IC.
Let K be a Kripke structure with computation domain M = (M, valy). For
every formula F' € DLFml and every state s of K the following definition
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will explain inductively when F' is true in state s, written as s = F. The
meaning p(7) of a program 7 € II given as a set of pairs of begin state and
end state is already completely determined by the contraints in Definition
97.

Definition 98 (DL,., Semantics)
sEr(ty,... ty) iff (valpms(th), ..., valps(tn)) € vala(r)

S ): t1 =12 Zﬁ Ual./\/l,s(h) = UalM,s<t2)
sEF F matching one of F1 V Fy, F1 \ Fy,
F, — F27_|F1, Vl‘Fl or E]l‘Fl
as usual.
s = [n|F iff ' | Ffor all 8 with (s,s") € p(m)
s (mF iff  there exists s' with (s,s') € p(7) and s' | F

If s = F holds, we say that formula F is true in state s. If it is not clear
from the context, we say F'is true in state s of K, and write in symbols

(K,s) = F.

We say F is true in the Kripke structure Kn = (S, p), in symbols Ky E F,
if s E F is true for all s € S.

Notice, that once the domain of computation M is fixed, the Kripke structure
Kam = (S, p, =) is uniquely determined.

We note the following elementary observations on the semantics of regular
programs.

Lemma 88 For any program m € 11 let FV () be the set of variables occur-
ing on the left hand side of an assignment statement in m and V™ all variables
oCcCUTING N .

1. The program 7 only changes variables in FV (),
that is, if (s,s1) € p(m) then s(x) = s1(x) for all variables © ¢ FV (7).

2. Variables outside V™ do not influence the program m;
that is, if t € V™ and (s, s1) € p(m) then also
(s[z/a], s1[z/a]) € p(m) for arbitrary a.

3. more general: If (s, s1) € p(m) and s' is a variable assignment such that
s'(y) = s(y) for ally € V™ then there is | such that
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(a) (s',81) € p(m) and
(b) s\(x) =¢'(z) forallz g VT

x) )
(c) si(y) = s1(y) for ally € V™.

Proof Simple.

Now it is time to look at a few examples.

Example 25 Let’s warm up with a simple question: For a formula con and
a program 7 what does (u,u') € p(con?; ) mean? Here is the answer:

(u,u’) € p(con?;m) iff exists w with
(u,w) € p(con?) and (w,u’') € p(r)
iff  exists w with
u = con, w=u and (w,u’) € p(m)
iff ulEcon and (u,u’) € p()

Example 26 We can use Example 25 to find out the meaning of (u,u’) €
p((con?;my) U (—con?;ms))

(u,u’) € p((con?;m) U (—con?;ms))
iff  (u, ') € p((con?;my)) or (u,u) € p((=con?;ms))
iff w = con and (u,u’) € p(m) or u k= —con and (u,u’) € p(m2)
iff (u,u’) € p(if con then m else )

Thus:
(con?;m) U (mcon?; me) = (if con then 7 else )

Example 27
(u, w) € p((A?;m)"; 2 A?)
iff  there exist n € N and uy, ..., u, € S with uy =u
(uiy uiv1) € p(A?;7) for alli, 1 <i<n and
(un, w) € p(=A?)

iff there exist n € N and uq, ..., u, € S with uy = u, u, = w
(uiyuir1) € p(m) and u; = A for all i, 1 <i<mn and
wE —A

iff (u,w) € p(while A do )
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Thus
while Ado 7 = (A7”;m)* A7

Examples 26 and 27 show that the programs covered by regular Dynamic
Logic are at least as powerful as while programs.

Next item on the agenda for introducing a logic is the explanation of logical
validity and derivability for Dynamic Logic. In first-order logic there is just
one natural way to define these concepts. For Dynamic Logic there are
choices. First we distinguish the uninterpreted case form the interpreted
case. In the uninterpreted case we take into account all structures M as
domains of computation that fit the given vocabulary. This corresponds
most closely to universal validity in first-order logic. In the interpreted case
we fix one domain of computation. This is most useful in Computer Science
applications, where we want e.g., a fixed model of arithmetic. On a second
level we distinguish local and global logical consequence relations, as is done
in many modal logics.

Definition 99 (Uninterpreted Validity)
HF F s wvalid Km = F for all M.
Gt F G (locally) entails F' for all M and all s € S
if s & G then also s = F
G FIF G globally entails ' for all M
if s =G forallse S
then s = F for all s € S

Definition 100 (Deterministic Programs)
A program w is called deterministic if for all Kripke structures IKC = (S, p, =)
(s,s1) € p(m) and (s, s2) € p(m) implies s; = s.

Lemma 89 (Uninterpreted Tautologies) Assume that the variable x
does not occur in the program w. Then,the following formulas are valid in
the uninterpreted semantics.

1. Bz (m)F) < ((m)3z F)
2. (Vz [7]F) <> ([r|Vz F)
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(7]3z F) — (3z [7]|F) if m is deterministic

Vo (m)F) — ((m)Vz F) if m is deterministic

S = T
=
<C
]
S|
S~—
<
]
=
3

(M(FAG)) < (((m)F) N (m)G) if m is deterministic

Proofs
Proof of (1). Since this is the first proof in a series of similar spirit we present

it in full detail. The assumption = ¢ V™ will make the applications of the
elementary observations in Lemma 88 in the following proof possible.

=
1 s E dx(mF assumption
2 slx/b) E (m)F for some b
3 t E F with (s[z/b],t) € p(m)
4 t F dxF classical predicate logic
5 tlz/s(x)] F JxF classical predicate logic
6 s E (m)3JaxF from (s[z/b],t) € p(m) we get by
Lemma 88 (s,t[z/s(x)]) € p()
<~
1 s E (m3axF assumption
2 t F daF with (s,t) € p(m)
3 tlz/b] F F for some b
4 slz/b] E (m)F from (s,t) € p(m) we get by
Lemma 88 (s[z/b], t[x/b]) € p(7)
5 s E Jx(m)F predicate logic

Proof of (2). Follows from (1) and Exercise 4.7.4(1)

Proof of (3). From now on, we will not prove the two implications separately.
Any line in the following proof outlines is an equivalence transformation.
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Consider an arbitrary state s in a Kripke structure Cp4.

1 s B Jx[n|F assumption

2 slx/a] E [#|F for some a

3 t F F for all ¢t with
(s[z/al,t) € p(r)

3 t F dzF for all ¢ with
(s[z/al,t) € p(r)

4 slx/a] E [w]FxF Def. of [ ] operator

5 s E [n]3zF since x ¢ V7

Proof of (4). Consider again an arbitrary state s in a Kripke structure /4.

1 s E [m]3zF assumption
2 t E dzF for all t with (s,t) € p(n)
by determinacy this is equivalent to:

3 t E doF for the unique t with (s,t) € p(m)
4 tlx/b] E F for the unique t with (s,t) € p(m)
and some b € M
5 slx/b] E [x|F since by the basic observation
t[z/b] is the unique state with
(s /0], t[z/b]) € p(m)
for some b € M
5 slx/b] E Jx[n]F predicate logic
6 s E JzxlrlF predicate logic

Proof of (5). Follows from (3) and Exercise 4.7.4(1).

Proof of (6). Follows from (4) and Exercise 4.7.4(2).

Proof of (7).
1 s F (mM(FAG) assumption
2 t F FAG with (s,t) € p(m)
3 t F FandtFG
4 s F (mF and sF (m)G
5 s E (m)GA(mF

Proof of (8). Because of (7) only the implication <— needs to be proved.
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1 s FE (mFA(mG assumption
2 t1 F F and to FG with (S,ti) S ,0(7'(')

3 to F Fandt, FG since t; and t, coincide on x € V™
and no x € V™ occurs in F
4 t F FAG
5 s E (mFAG)
Example 28

Assume that the vocabulary ¥ contains the two unary function symbols f, g
and a unary predicate symbol p and let M be an arbitrary structure for X.
Then the following DL formula is valid in the Kripke structure K.

v =y AVr(f(g(x)) =) =
[while p(y) do y := g(y)](while y # = do y := f(y))true

Let s be a state of K satisfying with s(x) = s(y) and s = Va(f(g9(z)) = ).
We need to show

s = [while p(y) do y := g(y)|(while y # = do y := f(y))true

That is to say, for any t such that (s,t) € p(while p(y) do y := g(y)) we
need to show that there is t' such that (t,t') € p(while y # = do y := f(y))
By the choice of t we know that there is an n € N and there are states
t1,...,ty, with t; = s and t, = t such that t; = p(y) for all 1 < i < n,
tn = p(y) and tivi(y) = g(ti(y)) for all1 < i <mn, ie., t.(y) = g" ' (s(y)).
Also we know that s(z) = t;(z) for all z # y and all i.

Let u; 1 < j <n be states such that u;(z) = s(z) = ti(z) for all j and z #y
and u;(y) = f77H(ta(y)), in particular that means uy(y) = t,(y). Obviously
(uj,uje1) € ply = f(y)). From ua(y) = f*(ta(y) = [*Hg" (sa(¥)))
and M EVz(f(g(x)) = z) we obtain u,(y) = s(y). By the initial assumption
on s and the fact that the value of x is never changed we get u,(y) = s(x) =
un(x). This shows that (t,,u,) € p(while y # x do y := f(y)) and we are
finished. Since we have no information on what f and g do the while-loop
might terminate earlier, but it will certainly terminate after n iterations.

Definition 101 (Interpreted Validity)
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Let M be a fized first-order structure.
Fvm FOF is M-valid Ky | F.

GFm F G (locally) M-entails ' for all s € S
if s = G then also s E F

Gy F G globally M-entails F if s =G for alls € S
then s = F for all s € S

Example 29

Let M = (N,0,+, —, >) be the computational domain of the natural numbers.
The following formulas are M-tautologies.

1. (p(0) AVx(p(z) — p(z +1))) = Yap(z)

2. ~dzx(0<z Az <l

Example 30

Fizing a computation domain greatly increases the expressive power. Let M
be the natural numbers as in the previous example 29 and R a binary relation
symbol in the vocabulary . Then we can define the transitive closure of R.
We start with the auxiliary definition:

TCY(x,y,2) + (2=0Ax=1y)V
(2> 0AF(TCY(z,u,z — 1) A R(u,y))

and arrive at the definition
TCr(w,y) +» 32(TCx(x,y,2))

It is easily seen that TCr(x,y) defines the reflexive, transitive closure of R.

This example also shows that Definitions 99 and 101 may be refined to allow
part of the vocabulary ¥ to stay fized while the rest may vary.
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4.2.1 Boogie PL

As an alternative to the language of regular programs from Definition 96 we
sketch in this section the intermediate programming language, sometimes also
called a verification language, Boogie PL from | ,

|, which plays an important role in Microsoft’s program verification tool
suite. We leave out some details and concentrate on the parts necessary to
compare Boogie PL to the language of regular programs. In particular, we
omit procedure calls, which were also not considered within regular programs.
We also omit Boogie’s typing discipline. Types were anyhow ignored in the
generation of verification conditions, at least in the paper |

].
We will start with the definition of what we call core Boogie programs. This

Definition will be extended to Boogie programs without any qualification in
Definition 104.

Definition 102 (Syntax of Core Boogie Programs) A Core Boogie
program 7 s a labeled sequence of commands taken from the following list:

2. assume F’;
3. havoc v;

4. goto L;

where v stand for a (program) variable, t a term, F' a formula in a first order
language, and L for a set of labels.
Every command in m is prefixed by a unique label.

In the original definition a program is composed of blocks, i.e., sequences of
commands without jumps, and sets of block labels occur as parameters of
goto commands. Thus, our version corresponds to Boogie programs where
every line is a block of its own.

For the purposes of the semantics of Boogie programs a state s is a mapping
from program variables to values. Again the domain of values as well as
the interpretation of the function and predicate symbols of the first-order
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language are determined by a computation domain M as in Definitions 97
and 98. There is a difference though. Among the program variables there is
an implicit variable called pe (for program counter). Implicit means that the
variable does not occur in programs only in the semantics definition. Variable
pc takes positive integers as values that are interpreted as line numbers. We
assume that every line contains exactly one labeled command. For a label
[ we use line(l) to denote the number of the line where label [ occurs and
label(n) to denote the label in the line with number n. We start numbering
lines from 0. If n is the last line number we use the constant end, to stand for
n + 1. In principle we could have used line numbers as labels, thus avoiding
the additional ltne and label functions but that would have made giving
examples very tediuos because of the necessary shifting of line numbers.

Definition 103 (Semantics of Core Boogie Programs)

Letm =1 :cy,...,l,c, be a Boogie program with labels [; and commands c;.
Because of the presence of goto statements the present case is a bit more
mwvolved than Definition 98. In particular the semantics function p all the
time depends on the whole program w. Symbolic execution from top to bottom
18 not possible.

Single steps  the pair (s, s2) will be in po(m) if so is reached from sy by
executing one command of w. Which command is executed depends on the
value of pc in state s;.

Case line si(pc) is 1:v :=t;
valpms, (t) ifz=v
(s1,82) € po(m) iff s2(x) = ¢ si(pe) +1 if & =pe
s1(x) otherwise

Case line si(pc) is [ :assume F’
(s1,82) € po(m) iff (M,s1) = F and
| si(pe) +1 ifxz=pc
52(7) = { s1(x) otherwise

Case line si(pc) is | :havoc v;
arbitrary  if x = v

(s1,82) € po(m) iff sa(x) =4 si(pc) +1 ifx=pc
s1(z) otherwise
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Case line si(pc) isl: goto L;

line(1) if x = pc
(s1,82) € po(m) iff sa(x) =< for somel € L
s1(z) if x # pc

If s1(pc) is not a line number occuring in 7 there is no sy with (s1, s2) € po().

Composite programs the pair (s, S2) will be in p™(m) if so is reached
from s1 by executing n commands of .
(s1,80) € pH(m) & (s1,82) € po(m)
(s1,80) € p"T(w) & there is a state s such that
(s1,8) € p*(m) and (s, s2) € po(m)

(s1,52) € p(m) < 3n((s1,s2) € p"(m) and sq(pc) = endy)
Notice

1. If in case that line s1(pc) is [ : assume F we have (M, s;) [~ F then
there is no s with (s1, ) € po(7).

2. Typically we will use (s, s2) € p(m) when s;(ps) = 0, i.e., when execu-
tion of 7 starts with the first statement.

Example 31 (Branching) The command if (F) m else my may be used
as a macro in Boogie PL. A line in a program

[:if(F) m else my
m : next command

can be equivalently replaced by

[: goto {lo,ll}
lp : assume F
lor = m

lo2 : goto {m}
[ : assume —F
i1 2o

m:

All labels except | and m are assumed to be new. If | is the label of the last
line, then also m will be a new label for a line with a vacuous command, e.g.,
xi=x.
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Example 32 (Loops) The command while(F') m; may be used as a macro
in Boogie PL. A line in a program m

[ : while(F) m
m : next command

can be equivalently replaced by

[ : goto {ly, 11}
lp : assume F'
lor = m

102 : gOtO {l}

[ : assume —F
m:

Again all labels except | and m are assumed to be new.

So far we have seen no equivalent to the dynamic logic formulas 7] F or () F.
Indeed, asserting program properties is done differently in the Boogie pro-
gramming language. Instead of requiring that a formula F' is true after (all)
execution(s) of a program in Booge PL assertions may be placed anywhere
in the program code, with the intuitive requirement that they should be true
whenever they are reached by program execution.

Definition 104 (Syntax of Boogie Programs) A Boogie program is a
sequence of commands taken from the list in Definition 102 and in addition

5. assert [
where F' a formula in a first order language.
Let S as in Definition 103 be the set of all states, i.e., all functions mapping
program variables, including the implicit program counter variable pc to val-
ues. To extend the semantics definition to programs containing assert state-

ments we need an additional state denoted by %, that is intended to signify
failure of an assertion. We are thus looking at the set of state ST = SU{4}.
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Definition 105 (Semantics of Boogie Programs)
Letm=1:¢,...,l,:c, be a Boogie program with labels l; and commands
C;.

Single steps

Case line si(pc) is 1 : assert I

(s1,82) € po(m) iff (M,s1) = F and |
s2(x) = { :EZ;) o Zﬁifer:wfge
or

(M, s1) E—F and sy = 4

Composite programs

No changes in the definition of p"™. But, observe that (s1,s2) € po(m) implies
s17 4.

(s1,82) € p(m) < 3In((s1,$2) € p(7) and
(s2(pc) = end; or sa = 4))

Definition 106 (Correctness of Boogie Programs)
We say a Boogie program m is correct if for every state s € S with s(pc) =0
the pair (s, %) is not in p(r).

Note, this notion of correctness does not include termination of 7.

In the next lemma we want to compare state transitions of a regular program
pi with a corresponding Boogie prograsm 7. The state spaces, S : Var —
Values on the DL side and S? : Var U {pc} — Values on the Boogie side,
differ only in their domains. We stipulate that the variable pc does not occur
in 7, i.e. pc € Var. For s € S we write s + val for the state in S given by

(s + val) (v) = { s(v) if v # pe

val if v =pc

Lemma 90 For every reqular program m there is a Core Boogie program m°
such that for all states s1,s9 € S with :

(s1,82) € pPH(m) & (s1+0,80 +endy) € pP2(x)
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Proof We use superscripts to distinguish pP* as given in Definition 98 from
pBo9i€ as given in Definition 103.

Looking at items 5,6,7 in Definition 96 we see that assignment and sequential
composition are common to both languages. Furthermore F'?7 in regular
programs is equivalent to assume F' in Boogie PL.

[ :m U,
m : next command

can be simulated by the Boogie program
[ :goto {l1,15};
Iy @ my;
l11 : goto {m};
Iy : mo;
m:
[
m : next command
can be simulated by
[ :goto {l1,m };

ly . m;
l12 : goto {l};
m:

Lemma 91 For every reqular program m let ©¢ be the corresponding Core
Boogie program from Lemma 90. Note, that ¢ contains no assert statement.
Let m = n¢;assert I then for all states s:

sE[rF < (s+0,4) & p(m)
skE(m)F & thereis sy € SP with # 4 and (s +0, s9) € p(m)

Proof Straightforward
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4.3 Propositional Dynamic Logic

The previous section 4.2 contains an introduction to regular Dynamic Logic.
This is a first-order logic allowing universal and existential quantification. In
this section we will present a propositional version of Dynamic Logic.

Definition 107 (Syntax of PDL)  Let PVar be a set of propositional
variables.

The set PE'ml of formula propositional Dynamic Logic is defined by the
following inductive definition:

1. atomic formulas
p € PEml for any propositional variable p € PVar.

2. closure under propositional logic operators
]fF17F2 € PEFml then also Fy V Fy Iy N Fg, F— FQ, -

3. modal operators
(7| F,(m)F' € PFml for FF '€ PFml and 7 € II.

4. atomic programs
a € I1 for every atomic program a € AP

d. composite programs
[f T,y € IT then

(a) m;m €11 sequential composition

(b) m Umg €11 nondeterministic choice

(c) m €1l iteration
0. tests

con? € 11 for every con € PFml.

To avoid notational clutter we still use Il to denote the set of programs for
propositional Dynamic Logic. If necessary we will write more specifically

Uppr.
Definition 107 refers to the new concept of atomic programs. In a propo-

sitional logic there are no variables for objects, and consequently there can
be no assignment statements in programs. But, assignments were the basis
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for programs, all other constructs did produce new programs from already
existing ones. Atomic programs serve as the basis for defining more com-
plex programs in Propositional Dynamic Logic. The semantics of atomic
programs will be explained in due course below.

Definition 108 (PDL Kripke Structure) A PDL Kripke structure

K= (Sv ’:’ p)
1s determined by:
S the set of states
= C (S x PVar) evaluation of propositional atoms in states

p: AP — P(S x S) the accessibility relations for atomic programs

Notice the differences to Definition 97: For PDL Kripke structures there is
no computational domain, since this is a first-order and not a propositional
concept. In Definition 97 the interpretation p of programs was uniquely
determined by the computational domain. Here it depends on the arbitrary
interpretation AP — P(S x S) of atomic programs.

The following semantics definition extends

e = C (S x PVar) to a relation = C (S x PFml) and

e p from a function AP — P(S x S) to a function IT — P(S x S).
Definition 109 (PDL Semantics)

skEp, pe PVar iff sEp
sEF iff F matching one of F1V Fy, F1 N\ F;,
Fy— Fy,—F) as usual.
s = [n|F iff s'E=F forall s with (s,s") € p(n)
sE(mF iff  there exists s with (s,s") € p(m)
and s’ = F
(u,u’) € pla), a € AP iff (u,u’) € p(a)
(u,u') € p(my;m2) iff there exists w € S with
(u,w) € p(m) and (w,u’) € p(ms)
(u,u) € p(m Umy) iff (u,u’) € p(my) or (u,u') € p(m)
(u,u’) € p(7*) iff there exists n and uq,...u, € S

such that uv; = u and u,, = v and
(uiyuir1) € p(m) for 1 <i<n
(u,u’) € p(con?) iff u=u andu k= con
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Lemma 92 (Tautologies of PDL)

~

[0 o) F 4 [m][ma) F
1 Uma)F < ([m]F A [mo) F)
[(m)*]F < (F A [x][(m)"]F)
TVF 5 =[]~ F

{

(m1;me) F 4 (1) (ma) F

<7T1 U7T2>F < (<7T1>F V <7T2>F)
{

(T))E < (FV (m)((m)") F)
7](F = G) = ([7]F = [7]G)

© % RS v L

(m)*1(F = [ F) = (F = [(7)"]F)

Proofs The proofs are easy and straightforward. The reader may want to

try finding them himself before reading on.

For all proofs we look at an arbitrary PDL Kripke structure C and an arbi-

trary state s of K.
Proof of (1).

s [m;m|F < forall t with (s,t) € p(m;m) t EF
& for all ty,ts with (s,t1) € p(m1) and (t1,ts) € p(m2)

to = F
=
& s | [m[m]F
Proof of (2).

sE [mUmF < forall t with (s,t) € p(
< for all t with (s,t) € p(m) or
< for all t with (s,t) € p(

for all ¢ with (s,t) € p(

sk [m]F Am)F

T

180

for all t; with (s,t1) € p(m) t1 | [m]F

7T1U Q)t):F
s,t) € p(m) t = F



Proof of (3).
skE[(m)*]F & forallneNandt,...,t, with s =¢; and
(ti,tiv1) € p(m) for all 1 <4 < n we have t, = F
& sk Fand
foralln € Nn >0 and tq,...,t, with s =¢; and
(tiytiv1) € p(m) for all 1 <i < n we have t,, = F
& sk Fand
for all ¢; with (s,¢;) € p(m) it is true that
for all n € N and to,...,t, with t; = t, and
(tiytis1) € p(m) for all 2 < i < n we have t, = F
& sk Fand
for all t; with (s,t1) € p(7) t; = [(7)*]F
& s EAFR]E)F)

Proof of (4). This is Exercise 4.7.4.
Proof of (5).

(my;m)F + —([my;mo] - F) by (4)
< =([m][ma]= F) by (1)
< 2([m]=(=[me]- F)) logic
< 2([m]=F) by (4)
< (m)(m) F again by (4)

Proof of (6). Use (2) and (4) in the same way as in the proof of (5).
Proof of (7). Use (3) and (4) in the same way as in the proof of (5).
Proof of (8). This is Exercise 4.7.4.

Proof of (9). Assume s = [(7)*](F — [r]F) and aim to show s = (F —
(m)°]F)

By assumption we know for all n € N and all ¢1,...,t, with s = ¢; and
(tiytiv1) € p(m) for all 1 < i < n it is true that ¢, = (F — [7]F). Let us
keep this in mind and start the verification of s = (F' — [(7)*]F). Thus we
look at s = F and need to show s = [(7)*]F). So we consider m € N and
S1...8m with s; = s and (s, 8;11) € p(7) and need to show s, = F. We
prove by induction that for all 1 <i <m s; = F ist true. For i = 1 this is
obvious since s = s1. For the step from ¢ to i + 1 we start from the inductive
assumption s; = F. At this point we remember our initial assumption, which
yields s; = (F — [n]F). Since s; = F is guaranteed we get s; = [7]F from
which we conclude s;,1 = F.
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4.4 Decidability of Propositional Dynamic
Logic

Almost any propositional modal logic with just the two classical modal oper-
ators O and < is decidable. It is much harder to prove that also propositional
Dynamic Logic is decidable. The guiding idea is to use again the concept of
a filtration of Kripke structures. But, the details are much more involved.

Definition 110 (Normalized PDL formulas)

We call a formula F' € PFml normalized if the only propositional connec-
tives are V and = and (.) is the only modal operator.

Obviously, every F' is logically equivalent to a normalized formula.

Later, the size of a PDL formula and programs will play a role in the de-
cidability proof. Though, it is pretty obvious what the size should be, we
give a precise definition to remove any ambiguities, such as: do we count
parenthesis? Does () count for one symbol or two?.

Definition 111 (Size PDL formulas)
Let PP be a normalized PDL formula or a PDL program. The size of PP,
sz(PP) is recursively defined as follows

sz(p) =1 forp e PVar
sz(a) =1 forae AP
sz(—PP) = sz(PP)+1

sz(PP,V PPy) = sz(PP)+ 1+ sz(PP)

sz(PP;; PPy) = sz(PP)+ 1+ sz(PP)

sz2(PPLUPP,) = sz2(PP)+1+ sz(PP)

sz(PP¥) = sz(PP)+1

sz(PP?) = sz(PP)+1

sz((PP))PP,) = sz(PP)+ 1+ sz(PPh)

The formulas (m)G, ()G are not subformulas of (m;m )G, yet they have
the flavour of subformulas. This motivates the following definition.
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Definition 112 (Extended Subformulas)
Let G a normalized PDL formula. The set ESub(G) of all (strict) extended
subformulas of G is inductively defined by

ESub(p) = {p} p € PVar
ESub(—G) = {-G} U ESub(G)

ESub( 1 V Gg) = {Gl V GQ} U ESUb(Gl) U ESUb(GQ)
ESub({a)G) = {{(a)G} U ESub(Q) a€ AP
ESub((m;m)G) = {(m;m)G} U ESub({(m)G) U ESub({m)QG)
ESub({(m Umg)G) = {(m;me)G} U ESub((m)G) U ESub((m)QG)
ESub({F?)Q) = {(F7)G} U ESub(F) U ESub(G)
ESub({(m*)Q) = {(m*)G} U ESub(G)

The operation ESub is extended to sets of normalized formulas by
ESub({F,...,F}) = ESub(Fy)U...U ESub(Fy).

Note that we have set up this definition such that G € ESub)G).

ESub(G) is a finite set of normalized PDL formulas for every normalized
PDL formula G and we prove the following simple observations:

Lemma 93 Let G be a normalized PDL formula and F € ESub(G) with
F # G. Then
sz(F) < sz(G)

Proof The proof - obviously - proceeds by structural induction on G. We
use the notation ESuby(G) = ESub(G)\ {G}. The claim can thus be stated
as:

F € ESuby(G) = sz(F) < sz(Q)

Before we start we note, that the claim implies sz(F) < sz(G) for all
F € ESub(G). This will tacitly be used in the application of the induc-
tion hypothesis.

The initial case, G = p, is trivially true since ESuby(G) = ().
For the induction step we distinguish the remaining seven cases from Defini-
tion 112.

If F € ESuby(—G) then F € ESub(G). By induction hypothesis
sz(F) < s2(G) < s2(G) + 1 = sz(—G).
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If FF € ESuby(GyV Gs) then F € ESub(G1) U ESub(Gs).
By induction hypothesis we obtain

sz(F) < sz(Gy) or sz(F) < sz(G3) and thus

sz(F) < s2(Gy) + s2(Ga) < sz(G1 V Ga).

If F € ESuby((a)G) then F' € ESub(G). By induction hypothesis
sz(F) < 52(G) < s2(G) + 1 = sz({(a)G).

If F € ESuby((my;m)G) then F' € ESub({m)G) U ESub((m)G)
By induction hypothesis

sz(F) < sz2({m)G) = sz(m1) + s2(G) + 1 or

sz(F) < sz((m9)G) = sz(ma) + s2(G) + 1,

and thus sz(F) < sz(m) + sz(m2) + s2(G) + 1 and furthermore
sz(F) < sz((my;me)G) = sz(my) + sz(ma) + s2(G) + 2.

If F'e ESuby({m Umg)G) then F € ESub((m)G) U ESub((m2)G)
Completely analogous to the previous case.

If F e ESuby((G17)Gs) then F € ESub(G1) U ESub(Gs).

By induction hypothesis

sz(F) < sz(Gy) or sz(F') < sz(G5) and thus

sz(F) < s2(G1 + s2(Ga) < s2((G17)Ga) = s2(Gy + sz(Ga) + 2.

If F e ESuby((r*)G then F € ESub(G). By induction hypothesis
sz(F) < s52(G) < sz((m*)G) = sz(m) + s2(G) + 2.

Lemma 94 Let Fy be a normalized PDL formula and Fy € ESub(Fy) and
Fy € ESub(Fy) then Fy € ESub(Fy).

Proof The proof proceeds by a lengthy structural induction on Fj.

FO =P

Then Fy = F» = p.

We observe that the case Fy; = F{ is trivially true. In all of the following
arguments we will thus concentrate on the case F} # Fy.

Fo = —Foo

Thus F} € ESub(Fy) and by induction hypothesis Fy € ESub(Fyo). Since

ESub—Fy = {_|F00} U ESUb(FO()) we 1mmed1ately get F; e Esub(_'Foo), as
desired.
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Fo =Fo1 V Fo2

By definition of ESub(Fy) we obtain F} € ESub(Fy) or Fy € ESub(Fye)
and by induction hypothesis Fy € ESub(Fp1) or Iy € ESub(Fye). Again by
definition of ESub(Fy) this gives Fy € ESub(Fp).

Fo = (a)Fgo

By definition of ESub(Fy we need to consider Fy € ESub(Foy, by induction
hypothesis Fy € ESub(Fyy, and again resorting to the definition of ESub(Fj
we get [y € ESub(Fy.

Fo = <7T1;7T2>F00

By definition of ESub(Fy) we obtain F; € ESub((m)Fy) or F €
ESub({my) Fop) and by induction hypothesis Fy € ESub({m)Fy) or Fy €
ESub({m3) Fup). This immediately results in Fy € ESub({m;ma)Foo)-

Fo = (m1 Um2)Foo

Completely analogous to the previous case.

The remaining cases Fo = (Fg17)Fgo and Fo = (7*)Fgo follow the same pat-
tern. We skip them.

For a more fine grained an analysis of £.Sub we need to define subprograms
of a program 7. Since via tests also formulas occur in programs we even need
two concepts: subprograms SProg(m) of m and subformulas SEFml(w) of 7.

Definition 113 Let © € Il be a program.

SProg(a) = {a} if a € AP
SProg(m;m) = {m;m}USProg(m)USProg(ms)

SProg(m Umy) = {m Um}USProg(m)USProg(ms)

SProg(m*) = {n*}

SProg(G?) = {G7}

SEml(a) = 0 if a € AP
SFml(my;me) = SFml(m) USFml(ms)

Sle(T('lLJWQ) = SFTTLl(ﬂ'l)USle(ﬂ'Q)

SFEmI(7*) =0

SFmi(G?) = ESub(Q)

Lemma 95 Let m be a program.
1. For every " € SProg(m) with m # 7:  sz(n') < sz(n).
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2. For every G € SProg(m):  sz(G) < sz(m).

Proof Easy

Lemma 96 For any program m € 11 and formula G:

ESub((m)G) = {{(m0)G | mo € SProg(m)} U SFml(n) U ESub(G)

Proof The proof proceeds by structural induction on 7.
For m = a we get

SProg(m) = {a}

{{m)G | m € SProg(m)} = {(a)G}

SFml(m) = 0

ESub({m)G) = {{a)G} U ESub(G) Def. of ESub

For m = my; my we get
ESub((m)G) = {(m)G} U ESub((m)G) U ESub((m)G)
Def. of ESub
= {(7")G | 7" € {r} USProg(m)U SProg(ms)}
U SFml(m)USFml(my) U ESub(G)
Ind.Hyp
= {(m)G |7’ € SProg(m;m)}
Def. of SProg
U SFml(m ) U SFml(my) U ESub(G)
= {(7")G | " € SProg(m)} U SFml(r)U ESub(G)
Def. of SFml

The case m = m U my is completely analogous to the previous one.

For m = n] we get

ESub((m)G) = {(m)G} U ESub(G) Def. of ESub
= {(@")G |7 € {n}} UDUESub(G) simple
= {(«")G | n" € SProgm)}uU Def. of SProg

SFml(m) U ESub(G) Def. of SFml

For m = G177 we get
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ESub((m)Gs) = {(m)G2} U ESub(G1) U ESub(Gs)  Def. of ESub
= {(n)Go | 7" € SProg(m)}U Def. of SProg
ESub(G1) U ESub(Gs)
= {(#")G2 | ™ € SProg(m)}U
SFml(m) U ESub(Gs) Def.of SProg

One deficiency of ESub is that it does not look inside the iteration program
w*. This limits the usefulness of the concept of extended subformulas for
more advanced proofs by structural induction.

Definition 114 Let G be a formula. We inductively define the sets F'L,(G)
of formulas.

FLy(G) = ESub(G)

I,(G) = {r | (m")F € FL.(G)\ Upeicn FL(G)}

FL,(G) = {{m)(x*)F | (7*)F € FLy(G) \ Upeson FLi(G)}
FL,1(G) = ESub(FL})

FL(G) = UnZO FLy(G)

Lemma 97 For every normalized PDL formula there is k such that

FL(G)= |J FL.(G)

0<n<k

FL(G) s called the Fischer-Ladner Closure of G.

Proof Let us look at m € II,,11(G). By Definition 114 there is a formula
F such that (7*)F € FL,.1(G) and (7*)F ¢ FL;(G) for all i < n. Since
FL,1(G) = ESub(FL,,(G)) we get from the definition of FL!(G) a for-
mula Fy and a program 7y such that (75)Fy € FL,(G) \ Uye;cp, F'Li(G) and
(mYF' € ESub((mo)(m§)Fy). We note for later reference that this also entails
o € 1I,,. By Lemma 96 there thus three cases

L (m)F € {(m) () Fo | m € SProg(mo)}
Thus 7 € SProg(m) and since 7* # my (otherwise 7§ € SProg(m))
by Lemma 95 sz(m) < sz(7*) < sz(mp).
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2. (m")F € SFml(m)
We obtain directly from Lemma 95 sz(7*) < sz({(7*)F') < sz(m).

3. (m*)F € ESub({m}) Fo)
From (n5)Fy € FL,(G) = ESub(FL!_,(G)) and transitivity this
would entail (7*)F' € FL,(G) contradicting the choice of F. So, this
case cannot arise.

In total we have shown that for any m,, € II,(G) there are m; € IL;(G)
such that sz(my) > ... > sz(m) > ... > sz(my). In other words for m >
max{sz(mw) | 7 € IlH(G)} we must have I, (G) = (), which also entails
FL (G) = FLy,+1(G) = 0.

Lemma 98 (Fischer-Ladner Closure)
Let Sy be a set of normalized formulas in PFml.
The Fischer-Ladner closure of Sy is the smallest subset S C PF'ml satisfying:

1 SoC S

2 -GeS = GeS

3 (Gl\/Gg)GS = GieSand Gy €S

4 (mGeS = GeS

5 (muym)GeS = (m)(m)GeS

6 <7T1 U 7TQ>G € S = <7T1>G S S and <7T2>G € S
7 (G e S = (m)(nmH)GeS

8 <G1?>G2 eSS = GieSand Gy e S

For normalized F € PFml we denote by FL(F) the Fischer-Ladner closure
of {F}.

Example 33
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We compute the Fischer-Ladner closure for G = (p — ((¢7;a)*; —~¢?)r

FLo(=p Vv {(¢7;a)*; =g?)7)

ESub(=p V ((q7;a)"; —q?)r)

{G} U ESub(—p) U ESub(((q‘? a)*; —q?)r)

{G,—p,p} UESub(((¢?;a)"; —q?)r)

{Ga <(q?;a)*§_‘q?>7a7 -p, p} U

ESub(((q? a)*)r )UESub((—q?}r)

{G.((¢%a)")r, ((¢7:a)";—q?)r, —p, P}V

ESub(r )U ESub((—mﬂ) )

{G.((¢%a)")r, ((¢7;a)";~q7)r, —p, P}V

{{(=¢")r} U ESub(r) U ESub(—q?)

{G,((g%0)")r, ((¢750)*;5 =), (=g?)r}U

{-p, p, 4, ¢, 7}

IIo(G) {a7;a}

FLyG) = {lg%a)(a?a))r)

We omit from here on formulas already inF Lo(G)

FLi(G) ESub(FLy(G))

ESub({g7; a){(47; a))7)

E5U5(<q7><(q7 a W‘)(Q? Sub({a)((q?;a)")r)
-

FLy(@)

)

{{a7) (75 a)")r, (a){(q?;a)")r}U

ESub(q )UESub(((q a)*yr) U ESub(r)
{a)((q?;

é(q"ﬂ( a))r, (a){(q?;a))r}

I, (G)
In total:

FL(G) = {G,{(¢%; a) )y (g% a)"s52q?)r, (~g?)r} U
{(g7){(g?;a))r, {a) (g% a)")r} U

{-p, p, ﬂq, q, T

Definition 115 (Equivalent States)
Let K = (S, =, p) be a PDL Kripke structure, and I' a subset of PFml.
The relation ~r on S is defined by:

si~r s iffss EF < se = F forall Fel

Lemma 99
For every I' the relation ~r is an equivalence relation on S.
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Proof The claim easily follows from the fact the < is an equivalence rela-
tion.

Definition 116 (Filtration)

Let T' be set of PDL formulas such that for all atomic programs a and all F
(a)F € T implies F € T'. The filtration Kr = (Sr, Er, pr) of K = (S, =, p)
with respect T is defined by:

[s = {s|s~rs} equiv. class of s
Sr = {lslls€5}

[s] Erp & skEp forpeT
[s] Erp false (arbitrary) otherwise
([s1],[s2]) € pr(a) iff forall (a)F €T a€ AP

if s1 = —(a)F then sy = —F

In the end we will use filtrations only for sets I' that are Fischer-Ladner
closures. But, this definition at least works for more general T

Lemma 100
Definition 116 1s independent of the choice of representatives.

Proof Let sy, s9,5), s, be states in S with s; ~r s} for i € {1,2}. We need
to convince ourselves that

l.siEpesiEDp

2. forall (a)F €T
if 51 = —(a)F implies sy = ~F
then also ¢} = —(a)F" implies s}, = —F

If p ¢ ' we chose s j= p for all s € S. If p € I, then we have by definition
of equivalent states s; = p < s = p. This settles (1). To prove (2) consider
(a)F € T and assume s; = —(a)F implies so = —F and s} = —(a)F. We
need to show s, = —F. From the definition of equivalent states we first
obtain s; = —(a)F. By the assumed implication this yields s; = —F. By
assumptions of the lemma we also have F' € I'. Thus the equivalence of state
so and s yields s, = —F as desired.
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Lemma 101 (Filtration Lemma)

Let

F be PFml formula,

[' = FL(F) the Fischer-Ladner closure of F'

K = (S,E,p) a PDL Kripke structure

Kr = (Sr, Er, pr) its quotient modulo ~r,
then the following is true for all G € I', m € Il and s1,s0 € S

1. The relation ~r can have at most 2°7“0) equivalence classes.
Since I' is finite, Sr is also finite.

2. ([s1],[s2]) € pr(m) implies for all (x)B € T
s1 | (m)B = s = B

3. (s1,82) € p(m) entails ([s1], [s2]) € pr(m)
4. sEGIffls|EG

Proofs
Proof of (1). Obvious.

The following three claims will be proved by simultaneous induction on the
complexity of « respectively G.

Proof of (2). If 7 is atomic the claim is reduced to Definition 116. For the
induction step we need to consider four cases. In each case we assume that
claims (2) and (3) are true for programs a and  and that (4) is true for
formula F.

Case m = «; (8

Assume ([w1], [wa]) € pr(a; ). By definition of sequential composition there
is a state u such that

([un], [ul) € pr(e) and ([u], [w]) € pr(B)
By induction hypothesis we know for all (a)B € I" and all (5)C € T
wy E ~{(a)B=ul-B (1)
u =)0 = w; | ~C (2)

We need to show for all (o; B)F € I' that wy = —{a; §)F implies wy = —F.
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So let us assume wy = —(q; ) F. By definition of the Fischer-Ladner closure
(a)(B)F € T and also (B)F € I' hold. The assumption immediately yields

wy = () (B)F
From (1) with B = (8)F we obtain:

uE—(BF

Now using (2) with C' = F' we arrive at wqy = —F, as desired.

Case m = o

We start with a pair ([wy], [we]) in pr(a®). By definition of pr(a*) there are
states ug, . .., ug such that [wq] = [ug], [wa] = [ug] and for all 0 < i < k we
know ([w;], [uit1]) € pr(«). By induction hypothesis for part (2) we have for
all (a)C' €T

U ): _|<Oé>C = Ujt+1 ): -C

We need to show for all formulas (a*)B € T’
wy E ~{(a*)B = wy = -B (3)
As a start we note that the formula
(a*)B <> BV (a){a™)B

is a tautology of PDL. Thus the formula we get by negating both sides of
the equivalence is also a tautology;

—(a*)B > ~B N —~(«a)(a")B

To prove (3) we assume vy = —(a*)B and will show by induction on ¢ for
0 < i < k that u; = —(a*)B is true. As we have just remarked u; |=
—(a*)B implies also u; = —(a){a*)B. By the properties of the Fischer-
Ladner closure (a)(a*)B is in I'. Thus the induction hypothesis is applicable
with C' = (o*)B and yields u;41 = —(a*)B. From u; = —(a*)B we get
using the tautology shwon above uy, = = B. Since [ug] = [ws] this also yields
Wo }: -B.

Case m = F?
From ([wr], [wa]) € pr((F?7)) we get by the semantics of the test operator
[wy] = [we] and [wy] E F. Pick an arbitrary (F7)B € I'. We assume
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wy = ~(F7?)B and want to show we = —B. From w, | —(F7)B we get
at least wy | —F V =B. Since w; ~r wy and F,B € ' we also have
wy | = F V=B, From [w] = [ws] = F we get by part 3 wy = F, from which
wy = B follows, as desired.

Caser=aUpf
This is the easiest case and left to the reader.

Proof of (3). This is not a crucial step. We formulated it as an extra claim
since it is of some interest in itself and it will also make the argument for
part 4 a bit shorter in one case.

Assume (wy,ws) € p(a).To prove ([ws], [ws]) € pr(a) according to the defi-
nition of pr we consider an arbitrary formula —(a) B in T with w; = —(«a)B.
This is equivalent to w; = [a]=B. Thus we get ws = —B and are finished.
Proof of (4). If G € T is a propositional variable the claim is part of the

definition of Kr. The cases of the inductive step concerning propositional

connectives are trivial. We will present here the inductive step from B to
G = (a)B.

If w; | (a)B holds then there is a state wq satisfying both (w1, ws) € p(«)
und we = B. By inductive hypothesis from part 4 we get [w;] = B and from
part 3 also ([wy], [we]) € pr(a). Thus [wy] = (a)B. To prove the reverse
implication assume [wq] |= (o) B. This implies the existence of a state [ws]
satisfying ([w1], [ws]) € pr(a) and [we] = B. The inductive hypothesis imme-
diately gives us wy = B. If wy = = () B were true the inductive hypothesis
of part 2 would yield the contradiction wy = —B. Thus we must indeed have

wy = (a)B.

Corollary 102 (Finite Model Property)

Let F be a PFml formula.

If F' has a model, then it also has a finite model.

More precisely: If F' has a model, then it also has a model with at most 2"F
elements where ng is the number of symbols in F'.

Proofs Immediate consequence of Lemma 101.
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Theorem 103 (Decidability of PDL)
The problem to determine wether F' is a tautology for PFml formulas F' is
decidable.

Proofs For given F' generate all models for the signature of F' with at most
2nr+l elements. If none of them satisfies =F then —F is by Corrolary 102
not satisfiable, i.e. - F.

The decision procedure given in the proof of Theorem 103 is of course very
inefficent. A more direct decision procedure is proposed in |

].
Analogeous to Definition 99 we can define logical inference for propositional

dynamic logic. In the propositional case there is no distinction between an
interpreted and an uninterpreted case.

Definition 117 (Logical Inference)
G+ F G (locally) entails F for all Kripke structures IC = (S, |=, p)
and all s € S
if s = G then also s = F
G HIF G globally entails F for all K = (S, |, p)
ifsEG forallse S
then s = F forall s € S

Corollary 104
The problem to determine wether G = F' is true for PFml formulas F,G s
decidable.

Proofs Immediate consequence of Theorem 103 and Exercise 4.7.6.

4.5 Alternatives in PDL

We have so far presented the standard material on PDL. In this subsection
we take a moment to reflect on alternative variations of PDL.
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Alternative Accessibility

The semantics of PDL was introduced in two steps. The first step was taken
by Definition 108 in defining the concept of a PDL Kripke structure K =
(S, =, p). This did fix s |= p for all s € S and all atoms p and p(a) for all
atomic programs a. In the second step these relations were extented to s = F
for arbitrary formulas F' and p(m) for arbitrary programs in Definition 109.
This extension was deterministic, once a PDL Kripke structure I was fixed
the relations s = F for arbitrary formulas F' and p(7) for arbitrary programs
was also fixed. For the nonstandard semantics, that we will introduce now,
this will be different. Both definitions need to be merged into one.

Definition 118 (Nonstandard Kripke Structure)
A nonstandard PDL Kripke structure

K=(Sp)
15 determined by:
S the set of states
= C (S x PFml) evaluation of propositional formulas in states
p:II—-S5xS8 the accessibility relations for programs
such that:
skEp, pe PVar iff s(p) = true
sEF iff F matching one of F1 V Fy, F1 N Fs,
Fy— Fy,—F, as usual.
s = [n|F iff  for all s with (s,s") € p(m)s' = F
sE(m)F iff  there exists s with (s,s") € p(m)
and s’ = F
(utf) € pla), a € AP iff (u,) € pla)
(u,u’) € p(my;m2) iff there exists w € S with

(u,w) € p(m) and (w,u’) € p(ms)
(u,u') € p(my U ) iff (u,u') € p(m) or (u,u') € p(m2)

p(7*) is reflexive and transitive relation with p(w) C p(7*) and
s = [a*]B < (B Ala; a’] B)
s = [a”]B < (BA[a"](B — [a] B))

(u,u') € p(con?) iff w=u" andul= con

195



Note, that the only difference to Definition 109 is in the treatment of p(7*).
The relation p(7*) is not computed from p(7), but characterized by proper-
ties.

What are the differences between the standard Kripke semantics and the
nonstandard semantics?

Lemma 105 (Difference between Standard and Nonstandard Semantics)

Consider the following set of modal formulas
I'={{a")=p} U{[a"lp | n = 0}

where a € AP, p € PVar and a™ = a;...;a.
——

n times
I' has a nonstandard Kripke model, but I' is inconsistent in standard Kripke

semantics.

Proof That I is inconsistent in standard Kripke semantics is obvious. The
idea for the rest of the proof is as follows: There is a set of first-order axioms
Yns such that there is a one-to-one correspondence between models of ¥,
and nonstandard Kripke structures. The same translation can be used to
find the first-order equivalent I of I". Since every finite subset of [V U X,
is consistent the set itself is consistent by the compactness property of first-
order logic. A model of " U X, yields the required nonstandard Kripke
model of T'.

Alternative set of Possible Worlds

Frequently, the set of possible worlds in a concrete application context is
uniquely determined by the set of propositional atoms and finite since only
finitely many atoms are relevant. Altogether this leads to Kripke structures
with a finite set of possible word. In this paragraph we assume that the set
PVar is finite.

Definition 119 (State Vector Kripke Structure)
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1. A PDL Kripke structure IC = (S, p, |=) is called a state vector Kripke
structure if S C 2FVar,

2. A formula F is state vector satisfiable if there is a state vector Kripke
structure K = (S C 2PV p |=) and s € S with s = F.

3. I is a state vector consequence of a set of formulas H, in symbols
H &, F, if for any state vector Kripke structure K = (S C 2°Var p =)
and s € S with (I, s) = H we also have (K, s) = F.

Obviously, a PDL tautology is also a tautology for state vector Kripke struc-
ture. But, is the converse also true? The answer is no.

Lemma 106

Let U C PVar be a subset of the set of propositional atoms.

Let statey abbreviate the formula N\,c;p A N\, —P

and F an arbitrary PDL formula, m an arbitrary program. Then

(m)(statey N\ F') — [r](statey — F)

1s true in all state vector Kripke structure.

Proof Let K = (S C 2PVar p =) be a state vector Kripke structure and
sp € S such that sy |= (m)(statey A F'). This implies the existence of s € S
with (sg, s) € p(m) and s |= state, A F. We need to show sy = [7](statey —
F. So consider s € S with (s, s) € p(7) and s" = statey. We need to show
s | F. But, s = statey and s’ |= statey imply that s = /. In total this
shows s |= (m)(statey A F) — [r](statey — F).

We will next show that the formulas refered to in Lemma 106 are in a sense
the only difference between the state vector and the unrestricted semantics.

Theorem 107 (State Vector Semantics)
Let AP ={ay,...,ax} and let myy stand for the program (a1 U...Uay)*. Let
H be the set of all formulas

(man) (statey N F) — [ma](statey — F')

for all U C PVar and the notation from Lemma 106. Finally, consider an
arbitrary PDL formula F.
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A. {F}UH is satisfiable iff F is state vector satisfiable.
B. H+ F iff Fu F.

Proofs

ad A The implication — is obvious.

Let K = (S, p, =) be a Kripke structure, s € S with (KC,s) = F. We will
produce a statisfying state vector Kripke structure for F'. In a first step we
consider the set Sy of states that are recursively reachable from s via atomic
programs. Formally:

S = {s}
Sitt = {s' € S| there are a € AP and sy € S} with (sg,5') € p(a)} U S}
So = UiZO So

Let Ko = (So, po, o) be the restriction of K to the set of world Sp. It is
easy to see that

1. (s1,82) € p(m) and s; € Sy implies s3 € Sy for all programs 7. (This
fact makes the construction of Ky possible in the first place.)

2. for all formulas F' and all states s' € Sy (Ko, s') = Fiff (K,s) E F

From now on we will work with /Cy. No rigor is lost if we use in the following
p for py and |= for |=o. We have (K, s) = F' to start with and we know by
construction of Sy that for any s’ € Sy that (s,s") € p(may).

We follow the general idea of the Filtrationlemma (Lemma 101), though
some of the details will crucially differ. Two states s, so € Sy are congruent,
in symbols s; ~g, so, if for all p € PVar sy = p iff so = p. By [¢'] we
denote the congruence class {s” | s” ~g s} and we define the structure
Kouot = (Squots Pquots Fquot) mimicking Definition 116 by

Squot = {[S/] | S/ € SO}
[s'] Equot P & dkEp for p € PVar
([s1],[s2]) € pguet(a) iff for all formulas F' and a€ AP

if s; = [a]F' then sy = F

As in Lemma 101 we will prove:

L. Squot g 2AP
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2. ([s1],[s2]) € pguot(m) implies for all formulas F' and all programs 7
s1 E[r|F = sy = F

3. (s1,52) € p(m) entails ([s1],[s2]) € pguot(T)

4. for all s € Sy and all formulas F'
s Fiff [¢'] Epot F

Surprisingly, all the proofs go through as before even though this time there is
no given set of formulas I" and we need not to make use of the assumptions H.
The crucial point is that we have not yet convinced ourselves that the above
definition of py,. is independent of representatives. So consider sy, s9, 87, 5 €
So with s1 ~g, §] and sy ~g, s5 such that for all F' s; |= [a]F implies sg = F
for some a € AP. Assume s} |= [a] F' with the goal of showing s} = F.

Let Uy = {p € AP | s, = p} for i = 1,2. Thus s} = statey, and because
of s; ~g, si also s; = statey,. By definition of Sy we have (s,s)) € p(man).
Thus s = (mu)(statey, A [a]F). Since s = H by assumption we also get
s |= [maul(statey, — [a]F'). Because, again by definition of Sy, also (s,s;1) €
p(Ta) is true we obtain s; = (statey, — [a]F). As we have shown above
s1 | statey, this yields s; = [a]F. By the initial assumption of this proof
of independence from the representatives we obtain s; |= F. By the same
argument using U, instead of U; we conclude ¢, = F.

ad B Since H is true in any state vector Kripke structure (Lemma 106) the
implication from left to right is obvious. For the reverse implication assume
Fso F. If HF F is not true then H U {—F} is satisfiable. By part (1) this
implies that contradiction that —=F should be state vector satisfiable.
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4.6 Axiomatizations of Dynamic Logic

Failure of the Compactness Theorem

In this chapter we are back to full first-order dynamic logic.

Let us start by analysing the following infinite set of DL formulas

{{while p(z) do « := f(2))true} U {p(f"(z)) | n > 0}

Let K¢ by a Kripke structure and s one of its states such that all formulas
in this set are true in state s. We denote the value of the program variable
x in state s by a = s(x). Thus in the domain M of computation we must
have p™(a,,) for all n and a, = (f*)"(a). The while-loop starts with a the
value of x. After n iterations of the loop body x holds the value a,,. The first
formula in the set says that the while-loop terminates, i.e., for some n the
loop condition p™(a,) should be false. A contradiction. The considered set
of formulas has no model, it is inconsistent. On the other hand it is easily
seen that every finite subset has a model. We have thus proved:

Lemma 108

1. The logic DL,., does not satisfy the compactness theorem, i.e., there is
an inconsistent set of formulas with all its finite subsets being consis-
tent.

2. There is no sound and complete calculus for DL,., .

Proof It remains to consider the second claim. Assume there is a com-
plete and correct calculus for DL,., and S is an inconsistent infinite set of
PModFml-formulas. By completeness there is a derivation of the contradic-
tion pA—p from the assumptions S. Since any derivation, no matter how it is
represented, is finite only a finite subset Sy of S is used. By the correctness of
the calculus this says that Sy is inconsistent. Part 1 of the lemma states that
there a counterexamples to this, i.e., there is at least one infinite inconsistent
set all of whose finite subsets are consistent. Thus the assumption of a sound
and complete calculus for DL,., has been refuted.
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An Infinitary Axiomatization

Definition 120 (The Calculus DL;yr)
Axioms

Axioms for first-order Logic
Axioms for PDL

(x :=0)F <« Flz/t] for all first-order F
Rules
F’FG_)G (modus ponens)
[71'1]7F ‘v’xFF (generalisations)
G — [n"|F for alln for any first-order formula F
G — [r*|F (infinitary convergence)

Theorem 109 For any formula F

F 1s a tautology off Fiyp F

Here Fynf £’ is used to denote the fact that /' is derivable from the axioms
and rules of the calculus DL;yp. For a proof see | ]. The reason
why Theorem 109 does not contradict Lemma 108 lies in the fact that the
last rule of DL;np requires infinitely many premisses. A proof in DL;yp
is thus no longer a finite object. This limits the usefulness of Theorem 109.
It is an interesting theoretical insight that pinpoints the reason for non-
axiomatisabilty in a classical proof system but it cannot be taken as a basis
for automatic theorem proving.

Arithmetic Completeness

Also the next axiom system, that we call DL or;ry, stretches the usual notion
of an axiomatization beyond its limits. Derivations in DL sy are simple
string manipulations that can easily be automated except for the first set of
axioms. The question which first-order formulas are true in N is undecidable.

Definition 121 (The Calculus DLagrry)
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Axioms

All first-order formulas valid in N
Axioms for PDL

(x :=t)F <« Flz/t] for all first-order F

Rules

F’FG—>G (modus ponens)
[WZTF vfp (generalisations)

for all first-order F
n does not occur in w
(convergence)

Vn(F(n+1) = (m)F(n))
Vn(F(n) = (7)) F(0))

In | ] completeness for this calculus is proved. To distinguish
this concept of completeness from the usual one it is called arithmetic com-
pleteness. We will not reproduce this proof here. But, it is interesting to
look at the central part of this argument. The crucial lemma is:

Lemma 110 (Coding Lemma)
For every DL formula F there is a first-order formula Fy, such that

(Kn,s) = Fiff (N,s) |= F

for any s : Var — N with Ky the Kripke structure with N as computational
structure.

One might wonder how Lemma 110 could ever be true. The following lemma
and the ensuing example should at least lend some confidence towards its
truth.

Lemma 111

1. There are formulas first and snd in the vocabulary of N such that:
N E VaVb3k(Vx(first(k,z) <> x = a) AVz(snd(k,z) <> x = b))

We may paraphrase this claim as: For any two numbers a,b there is
a number k that can serve as a code for the ordered pair {(a,b) and
the formulas first(k,z), snd(k,y) can be used to decode the first, resp.
second element from the code k.
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2. There is a formula seq in the vocabulary of N such that for everyn € N
and any sequence ko, ..., k,_1 there is k € N satisfying for each 1,
0<i<n

N E Va(seq(k,i,z) <> = = k;)

This says: For any number n and any sequence ko, ..., k,_1 of n num-
bers there is number k acting as a code for this sequence and the formula
seq(k,i,x) can be used to decode the i-the member of the coded sequence
from k. Note, that the formula seq is uniform for all n.

Proofs The proofs consist mostly of tedious computations. For (2) we can
use the following

k = (a+b)(a+b+1)+a
first(u,z) = Fz(u=3((z+2)(z+z2+1)+a
s(+a)(z+z+1)+2

snd(u,z) = Fz(u

Now, it takes only basic arithmetic and some concentration to complete the
proof. For (2) we refer to the literature.

The following example gives an idea how these encodings can be used to prove
Lemma 110. We proceed in two phases. In the first we act as if there was a
decoding function seq(k, i) whose value is the i-th member of the sequence
coded by k. But, Lemma 111 does not provide such a function, only the
predicate defining its graph. In the second phase the function seq(k,i) is
replaced by the predicate seq(k, i, x).

Example 34 (Example to Coding Lemma)
We will compute the first-order coding Fr, of the dynamic logic formula
Flz)={(x>0)z:=2—1)*) 2 =0.
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Fr(z) = 3Ink(z = seq(k,0) A0 = seq(k,n) A
Vi(0 <i<n— seq(k,i) >0 A
seq(k,i+ 1) = seq(k,i)) — 1))
Indk(z = seq(k,0) A

0 = seq(k,n) A

Vi(0<i<n-—

— seq(k,1) >0 A

seq(k,i+ 1) = seq(k,i)) — 1))
In3k(Vz(seq(k,0,2) =z =2) A
Vz(seq(k,n,z) = 0=2) A

VivuvYw(0 < i < n A seq(k,i,u) A seq(k,i+ 1,w)

—u>0 Aw=u—1))

Example 35 (Example Derivation)

We reuse the formula Fp(z) from Example 3/. We write for the purposes

of the derivation Fr, = dnky

I_N El?’LFo(n)

l_N F()(O) —x=0

P VR (Fo(n +1) = (a)Fo(n))
l_N Vn( (

|_N Eln(

1 O UL W N

witha=x > 07z :=x— 1.

since true in N
since true in N
since true in N
) — () Fp(0)) by convergence rule from 3
o(n)) = (a*)Fy(0) first-order tautology
Fn (a*) Fy(0) 1,5 and modus ponens
I—N (a*yx =0 2,6 and modus ponens

As can be seen in the last example the crucial part of the proof consists
in convincing oneself that N = InFy(n), N = F;(0) - 2 = 0 and N |

Vn(Fo(n + 1) —

() Fy(n)) are true. This is a number theoretic problem

instead of a proof theoretical one. The completeness proof is just an add-on,
the crucial fact is contained in Lemma 110.
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4.7 Exercises

Exercise 4.7.1

There is an intuitive feeling that the PDL Kripke structures from Definition
108 on page 179 are a generalisation of the ordinary Kripke structures as
definied in Definition 37 on page 75 . This exercise will turn this intuition
into a formal statement.

Let K = (S, =, p) be a PDL Kripke structure and a € AP an atomic program.
We define the ordinary Kripke structure K* = (G, R,v) by

1. G=S,
2. R(g1,92) © (g1, 92) € p(a),
3. v(g,p)=1&gFDp.

Nezt let F € PFml be a PDL formula such that all modal operators occuring
in F' are of the form [a] or (a). If we replace [a] by O and {a) by & we arrive
at an ordinary modal formula F*. Prove for all g € G

K9 F & (K%g) EFF°

Exercise 4.7.2
Show that repeat o until A = «; (-A?;a)*; A?

Exercise 4.7.3
Show that the test operator 7 (see Definition 96 on page 163) in regular
Dynamic Logic can be expressed using if — then — else.

Exercise 4.7.4 Show that the following DL formulas are tautologies for any
program p.

1. =(p)F < [p]=F)
2. =[p]F <> (p)~F)
8. [pl(F — G) = (([p]F) — [pIG)
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These are very elementary tautologies, valid in almost any modal logic. The
proofs require little more then remembering the definitions.

Exercise 4.7.5

Let m be a PDL program. A pair of states (s1,$2) of a Kripke structure K
is called () F'-accesible if either s; [~ —(m)F or sy |= =F. This terminology
15 only used for this exercise.

Show that a pair of states (s1,s2) is (w)F-accessible iff

if s1 | [7]-F then sy = —F

Exercise 4.7.6 (Deduction Theorem for PDL)
For PDL formulas G, F

GHFF&e FG—F

Exercise 4.7.7

The claim to be formulated in this exercise is the PDL analogon of the result
presented in Exercise 3.9.13 for modal logic.

Let K = (S,|,p) be a PDL Kripke structure, A = {ay,...,a,} C AP a
finite set of atomic programs, and sqg € S. For the purposes of this exercise
we call a program w™ an A-program and a formula F € PFml an A-formula
if for any atomic program occuring in somewhere in m respectively in F we
have a € A.

Define inductively

So = {so}
S%“ = S U{sy | (s1,52) € p(as) for some sy € ST and 1 <i < n}
S = Uo<n 55
Next we set Ki = (S2, =2 pid) with
A _ A
o = NS, XAPVM/)x
pso(ai) = p<al) N (Sso X Sso)
Prove:

1. For any s € SA

Elvs

any A-program 7, and (s,s') € p(w) we have s' € Sz

2. For any A-formula F' and s € S;%

K,s) e F o (KAs)EF

So?
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Exercise 4.7.8

Here the reader is asked to prove a version of a modified deduction theorem
for the global consequence relation for PDL. Let A = {ay,...,a,} C AP be a
finite set of atomic programs and Fy, Fy A-formulas (see Ezercise 4.7.7 for
this terminology). Then

F I_G F -~ I—[(alLJUan)*]Fl—)Fg

Exercise 4.7.9 Show that the satisifability problem for the modal logic K
(see Definitions 40 and 41) is decidable.
Hint: Try to reduce the problem to Theorem 1035.

Exercise 4.7.10 Show that the satisifability problem for the modal logic S4
with reflexive, transitive accessability relation (see Definitions /0 and 41) is
decidable.

Hint: Try to reduce the problem to Theorem 105.

Exercise 4.7.11 Because of the deduction theorems, see Theorem 5/ for
modal logic and Exercise J.7.6 for PDL, also the logical consequence Fy = Fy
1s decidable for both logics.

What about the global consequence relation Fy Fg Fy?

Show that also Fi ¢ Fy is decidable for modal logic.

Hint: use Fxercise 3.9.1/.

Exercise 4.7.12 Show that F| Fq F5 is decidable also for PDL.
Hint: use Exercise 4.7.8.
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Chapter 5

Temporal Logics

This chapter on Temporal Logics starts in Section 5.1 with automata on
infinite words, also called omega words. These automata are called Biichi
automata to honour the Swiss mathematician Julius Richard Biichi who in-
vented them in 1962. Biichi automata extend the well-known concept of
finite-state automata. The close connection between finite-state automata
and regular sets of (finite) words is paralleled by the correspondence between
Biichi automata and omega-regular sets of omega words. We will sometimes
use the greek letter w instead of omega. The presentation in these lecture
notes assumes that the reader is already familiar with Biichi automata and
omega regular sets and thus only presents a quick review of the central defi-
nitions and facts. The main new results is Theorem 114 on the equivalence
of Biichi acceptance and definability in second-order logic.

There are many reasons why one might want to study omega words. Our
perspective in this lecture notes is on the formal analysis of discrete systems.
We do not want to enter a general overview on discrete systems, but we want
to offer some remarks on how the material covered in the following sections
fits into a more global context. In particular these remarks should help to
appreciate the next theorem. A discrete system starts in some initial state
so and proceeds through a series of steps sg, s1,...,5;,.... Here the s; are
taken from a finite set of possible system states. This scenario exludes con-
tinuous systems that are instead desribed by functions on the real numbers.
The analysis we have in mind usually takes place at the level of abstraction
where not all details of the system under investigation are taken into ac-
count. This is one reason why we look at non-deterministic systems. Thus
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80,81, --,8;,... 1s just one path, or computation sequence of the systems,
there might be others, e.g., sg,t1,...,t;,.... There is no limit to what kind
of analysis one might want to perform. Just to have some example in the
back of your mind while reading on we mention the two questions: Is it possi-
ble that the system starting in sy will reach a state s with a certain property
P;?7 or will in all reachable states of the system the property P, be true?
This necessitates that we have some means to express properties of states.
To keep things simple we will only consider properties that can be expressed
in propositional logic. This is by far the most commonly investigated case.
Consequently, we need the information which propositional atoms are true
in which states. The concept of an omega structure, see Definition 131, for-
malizes this concept of a path in a system or computation sequence. The
approach described so far leads to Linear Temporal Logic, LTL, that will be
reviewed in Section 5.2. The semantics of LTL so far was only formulated
with respect to one given path or omega structure. We stipulate that an
LTL formula is true for a discrete system, i.e., for the set of paths given
by the system, if the formula is true for all computation sequences. With
this definition it is not possible to formulate statements about the existence
of a computation with certain properties. This leads to the introduction of
Computation Tree Logic, CTL, in Section 5.4 that allows quantification over
computation paths.

There are many ways to describe the allowed steps or transitions from one
state s to the next state. The simplest way is to give for every s a set of pos-
sible successor states, this leads to the concept of a Kripke structure, or of a
simple transition system as given later on in Definition 138. More elaborate
descriptions of state transitions could include a guard formula that needs
to be statisfied for the transition to be activated. The description might
also include an action part that states what properties should hold in the
post state(s). Another possibility is to put labels on transitions. Since the
vocabulary for labels is completely arbitrary this is a very powerful mecha-
nism. Labels are used in finite automata or Biichi automata. In the case of
finite automaton the states do not carry additional information. There are
no propositional variables that can be used to express properties of states.
The typical questions one would ask about automata of this kind would be:
Is there a sequence of labels such that a particular state, e.g., a final state,
is reached?

Each of these possibilities has its own merits and draw-backs and its is fre-
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quently possible to mimick one approach by another. One could e.g., com-
pensate the lack of guards on transitions in Kripke structures by adding
additional states.

The rich theory of LTL and CTL already make these logics an indispensible
topic in any curriculum of theoretical computer science. The full importance
of these logics however can only be appreciated after the presentation of
the corresponding model checking procedures. Given a formal description of
a system model M and an LTL or CTL formula A highly efficient model
checking algorithms can be used to determine fully automatically wether
property A holds true in the model M. Since LTL model checking has
already been covered in the Formal Systems 1 course Section 5.3 describes
an alternative approach: translating an LTL model checking task into a
propositional satisfiability problem. Section 5.5 is devoted to model checking
of CTL properties.

210



5.1 Buchi Automata

We assume that the reader is familiar with the basic concepts of omega-
words and Biichi automata. For the ease of the reader we repeat the crucial
definitions here. Further information may be found in | ].

Definition 122 (Omega words)

Let V' be a finite alphabet.

V'« denotes the set of infinite words made up of letters from V.

In contrast V* denotes the set of all finite words over V.

Forn > 0 the notation w(n) refers to the n-th letter in w and w | (n) stands
for the finite initial segment w(0)...w(n) of w.

Omega words are sometimes also called infinite words or referenced as w
words using the last letter of the Greek alphabet.

Definition 123 (Operations on omega words)
Let K CV* be a set of finite words and J C V¥ a set of infinite words.

1. K¥ denotes the set of omega words

Wy ... w; ... such that w; € K for allt

2. The concatenation of K with J is defined by
KJ={wwy | w € K,wy € J}

Note, that concatenation of two sets of infinite words does not make
sense.

K= {weV¥|w{ (n) € K for infinitely many n}

Since we may think ofﬁ as a kind of limit of K (in the mathematical
sense of the word) some authors denote it by lim(K).

Definition 124 (Biichi Automaton)
A Biichi automaton A = (S,V, 0,0, F) is a non-deterministing finite au-
tomaton with
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S a finite set of states

\% an alphabet

So €S the initial state

d:SxV —=P(S) the transition function

FCS the set of accepting (or final) states

A run (also called a computation sequence) for A is an infinite sequence
S0y - -+ Sn, ... of states, starting with sy such that for all 0 < n there is an
a €V with $p41 € 0(sp,a).

A run (sp)n>0 15 called an accepting run if s, € F is true for infinitely many
n.

Given an omega-word w € V¥ we call a run sg,...,Sn,... a run  for w, if
forall0 <n
Spt1 € 0(Sp, w(n))

is true. The language L¥(A) accepted by A is defined by

LY(A) = {w e V¥ | there is an accepting run for w}

The sets L of omega-words accepted by a Biichi automaton A, i.e., LY(A) = L
are also called omega-regular sets.

Note, that a Biichi automaton A is nothing else but a well known nondeter-
ministic finite automaton. It is the acceptance condition that makes all the
difference.

4 )

ONumn

Figure 5.1: The Biichi automaton Nz,

We usually present the small examples of automata in this lecture notes
graphically as in Figure 5.1. It can be easily seen that L“(N,4,) is the set
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of all omega words that eventually are equal to a. Using the operators from
Definition 123 we may write L“(Ny4,) = {a,b}*a¥

Second-Order Definability

So far we have modelled omega words as functions from N into the alphabet
V. We will now present another, less obvious, way to represent omega words.
We will consider them as structures for a logic with the following vocabulary
Yy

Definition 125 (Xy)
Let V' be a finite alphabet. The vocabulary Xy consists of the following
functions and relation symbols:

a constant symbol 0 the first element
a unary function symbol s the successor function
a unary relation symbol — a(x)  for any letter a in V
a binary relation symbol < the order relation

If W is a structure in this vocabulary we think of the elements in the universe
W of W as the positions of a word. 0" will be the first position and s"¥ will
yield for any position the next position. W = a[p] for a position p € W is
supposed to mean that at p the letter a € V' occurs. Of course not every >y
structure makes sense. We need to make sure that

1. 0 is interpreted as the smallest element.

2. For every element exactly one of the atomic formulas a(x) for a € V' is
true.

3. For all elements p s(p) is the successor of p.
4. The successor s is injective.
5. < is a transitive and irreflexive relation.

6. All elements are of the form s™(0) for some n € N.
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Except item 6 these properties could be expressed as formulas in first-order
logic. But, property 6 requires that we use second order logic, more precisely
we will use the monadic second order logic introduced in Section 3.4. Let us
denote the conjunction of the following monadic second-order formulas by
FOW:

1. V2(0=2V0<ux)

2. Vo Ve (a(@) A Ny peviams ~(alz) Ab(z))

3. Va(z < s(x)) A—Jz(z < 2 Az < s(z))

4. Vavy(s(z) = s(y) = = = y)

5. VaVyVz(r <y Ay <z = x < z) AVo-(z < x)

6. VX (X(0) AVz(X(2) = X(s(z))) = Vy(X(y)))

Lemma 112

There 1s a 1-1 correspondence between omega words over the alphabet V' and
Yy structures satisfying FOW .

For w € V¥ we will denote the correspondig structure by W,,. Without loss
of generality we will assume that the universe of W, is the set N of natural
numbers.

Proof Simple.

The following lemma will be useful to shorten the proof of Theorem 116
below.

Lemma 113 (Definability of the order relation)
The following formula

less(xz,y) =VX(X(x) AV2(X(2) = X(s(2))) = X(y)) ANz #y

defines the order relation in all structures satisfying FOW .
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Proof Let W be a model of FOW. Without loss of generality we may
assume that the universe W of W is N and s"(n) =n + 1. For n € N we
define the set N,, = {n’ | n < n'}. If less"(n,m) then n # m and m € N,
i.e., n < m. The other way round if n < m is true and S is a subset with
n € Sand foralln’n’ € S — (0 +1) € S then we must also have m € S.
This shows less" (n, m).

The representation of infinite words from Lemma 112 opens the possibility
to define sets L C V* by formulas F' in monadic second order logic. Consider
the formula F' = InVm(n < m — a(m)). The set of words defined by F', let
us denote it by L¥(F'), equals the set of words L (N,z,) defined by the Biichi
automaton in Figure 5.1. Spelled out in full, this means that for any w € V¥
the structure W,, satisfies the formula F' (i.e., W, E F) iff w € L“(Nfn)-
We will use the short version from now on. Whenever we talk about monadic
second order formulas we mean second order formulas in the signature ¥y, .

Theorem 114 (Charactization of Biichi acceptance)

Let L C V¥ be a set of infinite words.

There is a Biichi automaton accepting L iff there is a second order formula
in signature Xy defining L.

Since the proofs for both directions of Theorem 114 are quite involved we
split this theorem into Theorem 115 and Theorem 116.

Theorem 115 (Second Order Definability Biichi acceptance)

Let L C V¥ be a set of infinite words.

If there is a Biichi automaton N accepting L, i.e., L*(N') = L, then there is
a second order formula ® defining L. i.e., L¥(P) = L.

Proof This is the easier implication in the equivalence claim of Theorem
114. We start from a given Biichi automaton N' = (S,V, sg,0, F'). Let S =
{g1,...,¢.} with F' = {q1,...,qr}. Let us carefully examine the definition
of w e LY(N):

e there is a run s = (s;)o<; of N for w with infinitely many final states.

The essential trick is to rephrase this as follows:
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e there are finitely many subsets X; C N, 1 < k < n such that

1. Ung Xk == N
2. the X} are mutually disjoint
3. the sequence of states s; definied by

Si=q. < 1€ Xg

is a run of NV for w with infinitely many final states.

Now we are in bussiness.
& =3X,...3X,(UANDARAF)

with

V$(\/1gk§n Xi(z))

Nicraren 732(Xi(2) A X, ()

= Vx(/\1§k7r§n(Xk(x> A X (s(z)) = vaev,m a(z)))
with Vi, ={a € V | 0(gk,a) = ¢}

F = V1gk§f Vedy(z < y A Xi(y))

It should be clear that this W, E ® exactly if w € LY(N).

U
D
R

Theorem 116 (Omega Regularity of Definable Sets)
For any second order formula ® in the signature 3y the set L¥(®) = L is
omega reqular.

Proof Be prepared, this proof will take a while.

Naturally, the proof will proceed by induction on the complexity of ®. This
necessitates that we also consider formulas ®(zy,...,2,, X1,...,X,) with
free first-order and second-order variables. What is the claim of the theorem
in this case? We will for any numbers p of first-order and ¢ of second-
order free variables define new vocabularies V), such that V5o = V and
(1, ..., 7y, X1, ..., Xy) defines an omega-regular subset of V.

As a first step of filling in the details of this new claim we introduce a
more convenient notation of relating free variables to their assignments.
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Instead of valpp(P(21,...,2p, X1,...,Xy)) = 1, we will write M |=
Dy, ... 2, X, X515+ 058,51, ..., 9] with s; = B(x;) and 5; =
v(X;). Postfixing the assignments in square brackets to the formula is more
convenient than manipulating the fs and s and in our present restricted
context there is no danger of confusing which element or which set gets as-
signed to which variable.

Definition 126 (V),,) The letters in 'V, , are sequences of length p+ q + 1
of letters from V in the first position and 0 and 1 in the rest. More precisely

Vog =V x{0,1}F x {0,1}7

Forp=q=0 we getV,, =V, as promissed. As an example consider p = 3,
q=2anda V. Then

by = (a,0,0,0,0,0)
b, = (a,0,0,1,0,0)
by = (a,0,1,0,0,1)

are all letters in Vs 5.
The subset K, , C V%, will play a crucial role in what follows.

Definition 127 (K, ,) The subset K, , C V" is defined by

Kpg = {weVy, | foralll <i<p there is exactly one k such that the
i-th position in the letter w(k) equals 1}

If we use the notation ali] for 1 <i < p+q+1 to denote the i-th position of
a letter a € V,, 4 we can rewrite the definition of K, , as

Kpq = {we Ve | foralll <i<p there is exactly one k with w(k)[i] = 1}

Observe that Koo = V. It is left as an intext exercise to the reader to convince
herself/himself that K, , is omega-regular.

A word w € K, codes a word w’ € V¥ p elements s,,; € N and ¢ subsets

SwJ Q N:

w'(n) = w(n)[1] neN
Swi = theunique n with w(n)[1+i=1 1<i<p
Swj = {neNJwm)[l+p+j]=1 1<j<gq
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The claim we will prove by structural induction on ® can now be stated as

For any formula

(I)(l‘l,...,flfp,Xl,...,Xq)
the set (5.1)
L(®(7, X)) = {w € Kpg | Wao E @[Sw1s -+ Swpy Swids - - - s Swal }

is omega regular
W,o is the structure from Lemma 112. Also note that the special case of
p = q = 0 is the claim of the theorem we want to prove.

The inductive proof of claim 5.1 starts with considering the atomic and
negated atomic formulas ®. Taking into account the definability result from
Lemma 113 we need to consider

T = T, T = s(xg), alx;), Xj(x;)

We consider the cases z; = .
Let A; ) C V,, be the set of all letters a with a[l +i] = a[l + k] = 0 and
B, C V,, be the set of all letters b with a[l + 4] = a[l + k] = 1. Then with
the notation used in claim 5.1

LYz, =) = {we K,y | W | i = xilsi, sk}
= Kp7q N A:]{?B/kaA:kJ

Using the results from | | we see that L“(z; = x1) is omega
regular.

The case x; = s(xy) is only a minor variation of this proof.
Let D,; be the set of letters d € V,, with d[1] = @ and d[1 + ¢] = 1. Then
L¥(a(z;) = {w € Kpq | W = alzi)]si]}

= for the unique n with w(n)[1 + 4] = 1 we must have w(n)[1] = a
= Ky NV DarVpy

Finally let £, ; ={e €V, | e[l+i =1Ae[l+p+ j] =1} then
LX) = KpaNVyEi Vi

In all cases we see that omega regular sets arise.
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The inductive steps & = =P & = P AP, and & = P, VD, follow immediately
form the fact that omega regular sets are closed under complement, intersec-
tion and union, see e.g., [ |. It remains to consider first order
and second order quantification. It suffices to consider existential quantifiers.

®(z, X) = Fr;9(2’, X). To avoid tedious manipulation of indices we assume
that i = p. Thus ®(z1,...,7, 1, X) = J2,P(71, ..., 2 1,2y, X). By induc-
tion hypothesis we know that L; = {w € K, , | Wy E ®0(Z, 1., X)[5, 5, S|}
is an omega regular subset of V. We want to show that L = {w € K, 1, |
Wyo | 32,®0(Z, X)[5, s, 5]} is an omega regular subset of V., . Relating
subsets over different vocabularies is something we have not encountered be-
fore. We consider the mapping p : V,,, = V,_1, that maps letters from V,,,
to letters in V},_; , be simply dropping the 1 + p-th position, i.e.,

p((a,cry.ooscpm1,cp,dy ..o dy)) = (a,c1,. o cpmn,da, .o, dy)

For w € Vi we denote by u(w) € V37, the word that arises from w by
replacing each letter ¢ by p(c).

We will first show that L = {u(w) | w € L1} = pu(Ly). To increase readability
we supress all variables except x,,.

we Ly iff Wy = Pi(x))[sp]
= Wyo ): prq)l
iff Wywo | Jz,@1 p(w)® = w° and also the assigments of the
not shown free variables are the same for

w and p(w) since p only touches position p
iff p(w)elL

w’ € L iff W(w/)o ): Ell'pq)l
i Wy b= 3a,®,

iff Wy = @1(z,)[n)] for some n, € N
ifft Wyo = @1(xp)[sp]  for an appropriate w € V),
iff w € L1

The appropriate w is obtained by replacing the letter w'(n) =
(a,c1y...,¢p1,1,dy, ... dy) ifn=n,
(@,¢1, s Cpy - dyg) Dy { (a,c1,...,¢p-1,0,d4,...,d,) ifn#mn,

Obviously p(w) = w'. Thus L = u(Lq) is established. It remains to argue
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that because L, is omega regular p(L;) is also. This is the content of the
following lemma, whose simple proof is left as an exercise, see Exercise 5.6.7.

Lemma 117 (Homomorphic images of omega regular sets)

Let Vi, V5 be two vocabularies, i : Vi — Vo an arbitrary mapping and L an
omega reqular subset of V.

Then p(L) is an omega regular subset of Vi°.

The induction step from ® to 3.X;® can be proved along the same lines.
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5.2 Linear Temporal Logic

The linear temporal logic, LTL, belongs to the family of propositional modal
logics.

Definition 128 (LTL Formulas)
Let PVar be a set of propositional atoms. The set of LTL formulas, LT LF or
(if needed will will write more precisely LT LForpv,,) is defined by

1. PVar C LT LFor

2. true, false € LT LFor

3. If A,B in LT LFor, then also -A, ANB, AVB, A— B
4. if A, B € LT LFor then also

(a) GA and FA,
(b) AU B e LTLFor
(c) X A

It would be more consistent with a modal interpretation of temporal logic to
write OA and <A instead of GA and FA. But, this latter notion is more
widespread. It may be easier to remember when you think of F refering to
sometime in the future and G to mean globally true for all times to come.

Later we will need the maximal nesting depth od(A) of temporal operators
in a given LTL-formula A. Here is the precise definition.

Definition 129 (Operator Depth)

1. 0d(A) =0 for A € PVar

2. od(true) = od(false) = 0

3. od(=A) = 0d(A), 0d(A A B) = maz{od(A), od(B)}, etc ...
4. 0d(GA) = 0d(A) + 1, 0d(FA) = od(A) + 1
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5. 0d(A U B) = max{od(A),od(B)} + 1
6. od(X A) =o0d(A)+1

Definition 130 (Temporal Structures)
A temporal structure is a triple T = (S, R, I) with

S a nonempty set, called the set of abstract time points.
R a strict transitive relation
thought of as representing the temporal before relation,
we will use the more suggestive symbol < instead of R
I a wvaluation function I : (PVar xS) — {W,F}

Definition 131 (Omega Structures)

An omega structure (S, R, 1) is the special case of a temporal structure with
(S,R) = (N, <).

We will present omega structures in the equivalent form
T=N,<¢)
with € : N — 2PVar and the intuition
p€&(n) < inT atom p is true at time point n

For € : N — 2PVar and n € N we will use &, to stand for the final segment of
¢ starting at n. In symbol &,(m) = &(n+ m). In particular & = €.

Definition 132 (LTL Semantics)
Let T = (N, <, €) be an omega structure of the propositional signature PVar.

EEDP if p€&0) (pan AL atom)

¢ E op(A, B) for a propositional combination op(A, B)
of A and B as usual

£ GA iff  for alln € N it is true &, = A

¢EEFA iff  there exists ann € N with &, = A

EEAUB  iff thereisn e N with &, E B and
for alle m with 0 < m < n we have §,, = A

EEXA  iff GFA
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Lemma 118 (Simple LTL Tautologies)
The following formulas are true for all omega structures:

1. FA+~ true U A
2. GA < —(true U —A)

Lemma 118 shows that the logical constants true and false and the U
operator suffice to express the other temporal operators. For convenience,
clarity, or other reasons it is sometime useful to consider additional definable
operators. We will study here U,, and V . U, is called the weak until operator
while there is no agreed name for V .

Definition 133 (Additional Operators)
EEAU, B iff & E(AAN-DB) holds for alln € N or
there exists an n € N such that &, = B and
Em E A for allm with0 <m <n

EEAV B iff & B and for alln € N holds
if &, = B then there is m such that
0<m<nand&, A

Lemma 119 For all omega structures the following equivalences are true:

1. AUB+ AU, BAOB

2. AU, B+~ AU BVO(AA-B)

3. AV B —(—A U -B)

J. AUB<+ (BV(AAX (AU B)))

5. AVB«< (BNA)V(BAX (AV B))
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Proofs: See Formale Systeme lecture notes | ].

Comparing omega structures and Biichi automata we notice that the states
in the automata model do not carry any information about propositional
variables being true or false. This can be compensated by coding it into the
label. This is exactly what happens in the next theorem. On one side, in
fact on the left-hand side of the equation, sequences of labels of an Biichi
automaton are considered. On the right-hand side there occur omega struc-
tures. Omega structures can be coded as sequences of labels, or as omega
words, by choosing an appropriate label vocabulary. If PVar is the set of
propositional variabels occuring in the omega structures then a letter in the
label vocabulary V' should be a subset of PVar. In total V' is a subset of all
subsets of PVar.

Theorem 120 For every LTL formula C there is a Bichi automaton Ac
such that

L*(Ag) ={ e V¥ | = C}.

Proof See | , Theorem 11.3].

One particularly interesting step in the proof of Theorem 120 is the inductive
step where C' is a conjunction C7 A Cy. This is handled by the next lemma.

Lemma 121 Let Ay = (S1,V, 80,01, F1), Ay = (S2,V, 89,82, Fy) be given
Biichi automata, Cy, Cy LTL formulas such that L*(A;) ={£ € V¥ | £ = C1}
and

LP(Az) ={§ e V¥ | £ = Ca}

Then there is a Bichi automaton C satisfying
L¥(C) ={{e V¥ [ (CinCy)}

We sometimes use the notation C = A; A A,.
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Proof See | , Lemma 11.2].
In fact, the automaton A; A Ay can be explicitely defined by:

S = Sl X SQ X {1,2}
s = (1,55, 1)
F = Fl X SQ X {1}

for all s; € 51,82 € Sg,i € {1,2}
(t1,t2,1) € 0°((s1,82,1),a) < t1 € 01(s1,a) and ty € da(s2,a)
if s; € F
(t1,t2,2) € 68'((s1, 82,1),a) & 1 € §1(s1,a) and ty € do(s2,a)
if 59 € Fy
(t1,t2,1) € 6%((s1,82,2),a) & t; € 61(s1,a) and ty € da(s9,a)
6((s1, 82,1),a) = 6°((s1, 82, 1),a) U ((s1,82,1), )
8((s1,82,2),a) = 6°((s1, 82,2),a) U 6*((s1, $2,1),a)

We now turn our attention to an alternative of the semantics for LTL formulas
as given in Definition 132. This alternative, which is in fact only a small
shift in the point of view, is motivated by applications of LTL, where one is
interested in proving properties of system models. Typically a system may
be modelled by a Biichi automaton. The statement, a Biichi automaton
A satisfies an LTL formula A, in symbols A | A, is supposed to mean
that for any accepting computation sequence s of A the omega structure &
(represented as an infinite word over a suitable alphabet) associated with s
satisfies the formula, in symbols £ = A. Defining truth of a formula with
respect to an omega structure £ has the advantage of greater modularity; the
theory of the logic LTL can be developed without reference to where omega
structures come from. But, when we deal exclusively with the task of model
checking, as we will do in Section 5.3, it makes more sense to define directly
when an accepting computation sequence s = (s;);>¢ satisfies an LTL formula
A. Remember, that £(n) is the label of the edge leading from s, to s,,; and
labels are sets of propositional atoms. The definition s = A now reads:

Definition 134 (Semantics of LTL for computation sequences)

225



sEp iff p€&0) (pan atom)

s = op(A, B) for propositional connectors op(A, B)
of A und B as usual

sE=GA iff  for alln € N it is true that s, = A

sEFA iff there is an n € N satisfying s, E A

sEAUB iff thereisn € N with s, = B and
Sm E A for allm with 0 <m <n
sEXA iff s1EA

Here s, is the tail (Sp)m>n of s.

Lemma 122 below contains a deep result on the expressive power of LTL for-
mulas. Roughly speaking, LTL formulas can only express periodic properties
of computation sequences. The following text makes this statement precise.

Definition 135 (Cyclic Words) We call an omega word w € V¥ cyclic
if there are finite words x,y € V* with w = xy*.

In the same way we speak of a cyclic computation sequence s if s = Sos§ is
true for finite sequences Sg, s1 of states and of a cyclic omega structure & if

E=£(0)...£(1 — 1)(&(1) ... &(k — 1))“ for appropriate i and k.

Lemma 122 Let ¢ be an LTL formula using atoms from PVar.

Let A be a Biichi automaton with the vocabulary V- = P(PVar). Thus every
word w € V¥ naturally corresponds to an omega structure &,.

If there is a word w € L¥(A) with &, = ¢, then there is already a cyclic
omega word xy” € L*(A) satisfying &y = ¢ and xy is an initial segment of
w.

Proof For simple formulas like ¢ = Gp or ¢ = Fp it can be eas-
ily seen that the statement of the lemma is true. If ¢ is an accept-
ing computation sequence for the omega word w with &, E Gp. Then
there is a final state sp that occurs infinitely often in ¢. Thus there
is an initial segment fy...t;_1spt;i1...txsp of t.  The cyclic sequence
to...ti—1(sptiv1 ... tx)¥ is also an accepting computation sequence of A and
also wy . .. w;i—1 (wywiy1 ... wg)? = Gp.

In case &, = Fp is true, we pick the smallest ¢ such that p € w;. If ¢; occurs
before the first occurence of sp, we proceed as just described, otherwise we
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consider the initial subsequence of ¢ up to the first appearance of s after ;.
It is however hard to see, how this easy construction can be generalized or
replaced by an inductive argument to work for arbitrary ¢. We will therefore
resort to the following trick.

By Theorem 120 there exists a Biichi automaton B; such that
L¥(By) = {¢ | € = ¢}. Furthermore let C be the automaton A N By
from Lemma 121 with the propety L“(C) = L“(A) N L¥(By). By the
assumption of the lemma we are about to prove we know L“(C) # ). There
is thus an accepting computation sequence s’ of C, such that the omega
structure & associated with s satisfies ¢ = ¢. By the Biichi acceptance
condition there is a final state sp occuring infinitely often in s’. Let s/
be the first and s} the second occurence of sp in s and s the sequence
Shyeeoy S (sh, ... s,_1)*. Then s also is an accepting computation sequence
of C. Consequently the omega structure £ associated with s satisfies again

§F= o

Now, unfortunately, we have to take a closer look at the internal structure of

C. Every state s; in the sequence s is of the form s; = (3]1-, s?, k;) with 3]1- a

state of A, s7 a state of By and k; € {1,2}. By construction of C we know that
st is a final state of A. Thus the projection of s to its first coordinate, s* =

si,...,sL ... is an accepting computation sequence of A. The projection s?

) n’
of s to its second coordinate is likewise an accepting computation sequence
of B,. Finally, we observe that the omega structures associated with s
and s? both coincide with &. Thus we have found a cyclic omega structure

€=¢(0)...£(1 — 1)(&(7) ... &(k — 1))“ proving the claim of the lemma.
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5.2.1 Expressiveness of Linear Temporal Logic

Definition 136 (Partial Isomorphism) Let 7, = (N, <, &), T2 = (N, <
, &) be two omega structures. A partial isomorphism, f from Ty to Ty is a
function with

1. domain dom(f) C N and range ran(f) C N

2. f is strict order preserving, i.e., f(n) < f(m) < n<m

3. &(m) = &(f(m)) for all m € dom(f).

Note that item 2 entails injectivity, f(n) = f(m) = n =m.
We write f : T1 — Ty to denote that f is a partial isomorphism from Ty to
Ts.

Definition 137 (Partial n-Isomorphism) The notion of a partial n-
isomorphism between two omega structures Ty = (N, <, &), To = (N, <, &),

in symbols [ : T - Tz, is inductively defined.

LT Tiff f T Ts

n+1

2. f o= Tz iff

(a) for every my € N there is my € N such that f': Ty s Ty where 1
is the mapping with dom(f'") = dom(f) U {m1} extending f (i.e.,
f(m) = f'(m) form € dom(f), and f'(my1) = ms

(b) for every ms € N there is my € N such that fx : Ty s Ty where
f* is the mapping with dom(f*) = dom(f) U {my} extending f
(i.e., f(m) = f*(m) for m € dom(f), and f*(my) = my

We will write f' = fU{(mq1,m2)} and f*= fU{(mq1,ms)}.

n k
We observe that f: 77 — T, implies [ : T; > T3 for all k£ < n.
Theorem 123 Let 71 = (N, <,&Y), T = (N, <, &%) be two omega structures

and f a partial n-isomorphism, f : 71 2 Ts.
For every LTL-formula A with od(A) < n we have for all m € dom(f)
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Proof Since a formula A with od(A) = 0 contains no temporal operator
we get & E A & 5]2”(m) = A for every m € dom(f) from the property of f
being a partial isomorphism.

So let us assume the claim is true for n and set out to prove it for n + 1.
In+2
So, we work from the assumption f : T; . T>. Now, A is a formula

with od(A) = n + 1. We may restrict attention to the cases A = X B and
A - Bl U BQ.

Assume &}, = X B. Thus &}, ,, = B. By definition of an 2n+ 2 isomorphism

there is k such that f': T; gy To. for f' = fU{(m+1,k)}. Since f’is strictly

order preserving we know f(m) < k. We claim that even k = f(m) + 1 is
true. Otherwise we would find m; with f(m) < m; < k. But then there has

2n
to be some mq such that " : 7T — T5 for f”" = f"U{(mo, m1)}. This would
imply m < mo < m + 1, a contradiction. Thus f'(m +1) = f(m)+ 1. From
2n

f" + T1 — T3 and the induction hypothesis we obtain 5]%,(m ) E B, thus
5?(m)+1 = B, thus 5?(m) = X B. The reverse implication §?(m) FEXB=
¢! = X B is proved analogously.

Next assume 57171 = B1 U B,. Thus there is mg such that

1. m <myg

2. &m E B,

3. &, = By for all m < m/ < my.

In case mg = m the induction hypothesis yields fj%(m) = By and thus fj%(m) =
B, U B;. So we assume m < mg from now on. By definition of 2n+ 2 partial
2n+1
isomorphisms there is k such that f': 7T; A Ty for f" = fU{(mo,k)}. By
induction hypothesis this gives already &7 = By. Assume there is k', f(m) <
2n
k] < k with 5,3,1 = —Bj. There would then be some kj with f” : T — T3
for f" = f"U{(k},k})}. Since f” is strictly order preserving we must have
m < k{, < my. Since od(—=By) = od(B;) we obtain furthermore, by induction
hypothesis Qé E —Bj. A contradiction to the choice of mg. This proves

alltogether fff(m) = B; U By. The reverse implication fj%(m) =B, U By =
¢! = B, U B, is again proved analogously.
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5.3 Bounded Model Checking (Optional)

In this section we will present an interesting connection between LTL model
checking and propositional satisfiability. It is the theoretical basis for an
alternative to model checking with Biichi automata by employing programs
to solve propositional satisfiability problem, commonly called SAT solvers.
This approach goes by the name bounded model checking and was pioneered
in the paper | .

Our starting point are statements of the form s = A, the LTL formula A is
satiesfied for the computation sequence s, as detailed in Definition 134.

In the course of this section we will express statements of the form, s = A,
by a propositional formula. The first problem with this plan is the infinity
of s. Its solution has already been prepared by Lemma 122: it suffices to
consider finite, cyclic computation sequences.

We are now ready to start with propositional coding.

Lemma 124 For any given Biichi automaton A, any LTL formula F and
any k € N there is a propositional formula My such that

My, is satisfiable iff there is a cyclic computation sequence s
of length k satisfying s = F

If necessary we will write more precisely My (A, F) instead of Mj,.

Proof We will describe an explicit construction for My. This construction
is quite involved, but easy to follow. We will therefore not include an addi-
tional proof that the proposed construction really does what it should. We
will illustrate the different steps for the special case of the automaton Ag,
from Figure 5.2 and the formula F' = FGp.

Let us assume that A has n states. We will refer to these states by using the
numbers from 1 to n. As a first preparatory step we need a binary coding of
these state numbers. The coding will use the Boolean variables ¢y, ..., ¢p,.

The example automaton Ay, uses only two states, thus one Boolean variable
c suffices. I(c) = false characterizes the initial state and I(c¢) = true the
uniques final state.
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L=

Figure 5.2: The example automaton Ag,

The formula F' also contains propositional variables. Let these be ¥ =
{pb s 7pr}'

In the example p and ¢ are the only propositional variables in 3 even though
only p occurs in our example formula.

Later on we will need additional auxiliary variables which we will introduce
when we get there.

Since the formula M) will have to talk about sequences of states of length &
there will be k copies of each variable, i.e., cé- withl <i:<kund1<j53<m
and p! with 1 <i<kund1<j<r.

In our example we will work with & = 3. Thus we have the propositional
variables ¢!, c2, 3, p', p? and ¢, ¢® at our disposal.

The formula M}, is made up of several parts

M, = Init N Trans A\ \/ L;

1<i<k

For any interpration I of the propositional variables we read the values
I(ch),...,I(c,) for every 1 < i < k as the binary encoding of a number
n;. This gives us a sequence of states @ = ny,...,n,. Likewise we read
I(ph),...,I(p.) as the coding of a subset b; of the variables py, ..., p,. Thus
b; is a letter in the vocabulary V of edge labels of the automaton A. Taken
all together the b; form a word by,...,bx_1 of length £ — 1. The formulas
Init and Trans will take care, when satisfied by I, that ny,...,ng is a legal
computation sequence of A with by, ..., b,_1 as its sequence of edge labels.

Let us consider in our example the following interpretations Iy, I

rard
LOol1]1]11]1]0
L10o|1]1]110]0]|1




I; and I, code the sequence m = 0,1, 1 of states. I; codes the sequence of
letters wy; = {p, ¢}, {p} and I, the word wy = {p},{q}. Obviously w; is a
correct edge labeling for the state sequence 7, while wy is not.

If d = dy,...,dy, is the binary code for a state of A then S; = S
is used to denote the propositional formula A, _, c A JAV - Ifbis a
letter of the alphabet V', that is to say b C X, then B} denotes the formula
/\Pjebp; A /\ijb _'p;"

If dy = d,...,d,, is the binary code of the inital state of A then

Init = S,

Let (dl,d,0Y),...(d5, d5 b%) be all edges of the automaton A. An edge is
seen here as a transition form a state with binary code & to a state with

binary code d? and edge label ¥ for 1 < 7 < K.

Trans = /\ \/ (S;g A Sgl A Bj;)

1<i<k 1<j<K
For our example we get Init = —c' and the set of all edges is

(0,0,{}),(0,0,{p}), (0,0,{q}), (0,0, {p, q})
(0,1,{p}), (0, 1,{p, q})
(1,1,{p}), (1,1,{p, q})

which yields

(=t A=)V (= ANE AP V(A Aph)
Trans = A
(= A=E)VV (A ANS APV (A AP?)

To obtain this simple formula we have already performed some simplifica-
tions, e.g., (mc! A= APt AGH) V (=t A=A =Pt AGh) V (et A APt A
=q" )V (=c' A=c? A=pt A—gh) has been equivalently replaced by (—c! A=c?). As
an additional simplification (c' Ac? Ap') could be dropped since it contradicts
Init.

The formulas L; will guarantee that the finite computation sequence 7 ex-
tracted from a satisfying interpretation [ is i-cyclic and accepting and, most
importantly , satisfies the formla F':

L; = Z; \ Akz; N erfF,
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The first two components are easy

Z;

Mgjcm(cf < ¢5)
FZTLZ vV Fini+1 .V Fink_1

with Fin; = Séf V...V S;f where d{, e >d]1:z are the binary codes of all final
1 R
states of A.

It remains to explain erfF;. We want that satisfiability of this formula by
an interpretation I guarantees that the i-cyclic computation sequence 7 ex-
tracted from I satisfies formula F'. At this point we need additional propo-
sitional variables. It is true that we are only interested in validity or non-
validity of F' at position 1 in 7, but by the definition of the temporal operators
it cannot be avoided to consider validity at all positions j with 1 < j < k.
In addition validity depends on the cyclic loop-back index 7. We need thus
for every subformula C', for every i, 1 <i < k and every j, 1 < j < k a new
propositional variable denoted by [C]?. The defining formulas for every [C]!
are listed in Figure 5.3. The entries for GC' and FC' are infact superfluous.
But, having seen the definitions of the simple formulas GC' and FC' may
help to understand the case of the more complicated operators C; U (5 and
C7 V (. There is no entry involving the negation symbol. This is because
we assume that F' is given in negation normal form. In particular the formu-
las =C5 on the right hand side of the definition for [C} V Cg]{ are understood
as a short hand notation for its negation normal form. In addition to the
propositional equivalences in Figure 5.3 we need the final equivalence

erfF; < [F|;

Let us now compute the formulas L; and Ly for our running example. We
start with Z; = ¢! < ¢ and Zy, = ¢® < 3. Since c is the only final state of
Ay we get Akzy = ¢tV ? Ve and Akzy = 2V ¢, For our example formula
F = FGp we obtain the following instances of the equivalences from Figure
5.3.

[Fl1 = [Gp)i VI[Gp]
Gpli = [P A )

= p' Ap?
Gpl = [pli APl

= p?Ap!
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[C]! & pl fC=pex
[C]] “ —|pl' if C' = —p; with p; € &
[CLAG) & [ NG
[CLV Gl & [Cif] VGl
[GCY} < Nj<erlCl] if j <i
[GCH ANe /\j§l<k[0]i N /\z<l<J[ Ii ifi<y
[FCY; < VjaqulCh if j <i
[FCT] s Vj§l<k:[o]i V' Vicie; [CT; ifi<y
[CLU G Vg ([Cali AN <l C1]F) ifj<u
[C1 U Gof; Vj§l<k:([02] A Njenal i)V
, Vicie; ([Coi A /\]<n<k[ i A Nicna CHF) i<
[C1 V Gof] < [Gof A /\z<l<k([_‘02] VicnalCil?) ifj<i
[C1V Caf] & [Cof] A /\J<z<k([ )l = Ve n<z[ 1A
‘ /\z<z<f([ 0ol = VicnatlC1F V Vjuai[C1F) i< j
X C} &[0T if j < (k—
Xl e [Ch
Figure 5.3: Cyclic Semantics for LTL formulas
In total this amounts to [F]} < p! A p?
[y = [GplyV[Gpl3
[Gplz; = [pla A P13
= ptAp?
(Gp3 = [
= p?

This can be summarized to [F]3 <> p2.

The formulas L; for our e

L, &
<
Ly &
&~

The result of the computation i.e.,

xample can now be computed as:
(ct < S)A (Vv S)Apt Ap?
(< SN (V) Apt Ap?

(2 A)N (V) AP?

2NN p?

1)

Mj is presented in Figure 5.4. This

formula can be further simplified making use of the equation Init = —c'.
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This leads to ¢ — p! which may in turn be used for further simplification.
This leads to the final result My = =t A ¢ A ¢3 A pt A p?. This formula is
obviously satisfiable. By construction this tells us that there is a computation
sequence s in Agy, that satisfies FGp. We even know that this formula is
true for every computation sequence of Agy.

—c!A

(=P A=)V (=t AR AP V(AR AP
A

(= A=)V (=AENENP?) V(NG N P?)
A

((ch = AN (A V) APt Ap?)

—~

\%
AN Ap?)

)

Figure 5.4: Ms for the example automaton Ag, and F' = FGp

Theorem 125 There is an accepting computation sequence of a Biichi au-
tomaton A satisfying the LTL-formula F iff there exists k, such that the
propositional formula My(A, F') is satisfiable.

Proof Follows from Lemmata 124 and 122.

The bounded model checking procedure for a Biichi automaton A and an LTL
formula F' now works as follows: Analyze satifiability of the set My (A, F') first
for small values of k. This can be done by using powerful implementations of
propositional decision procedures, called SAT solver. If a solution is found
we have also positively solved the original LTL problem. If on the other
hand M (A, F) is found to be not satisfiable on can continue to analyze
satisfiability of My,1(A, F'). In case there is no computation sequence of
A satisfying F' this procedure will not terminate. But, it is not hard to
see that the proof of Lemma 122 also gives an upper bound for k. The
least upper bound such that Lemma 122 is true is called the (completeness
threshhold). 1f My(A, F) is not satisfiable for some k greater or equal to
the completeness threshhold then we know that no accepting computation
sequence of A satisfying F exists.
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Bounded model checking does no reduce the computational complexity of
the problem to solve. This is still based on an NP-complete problem. Ex-
periments have shown however that the advantages of the automata based
approach to LTL model checking are in a sense orthogonal to the advantages
of bounded model checking, [ : .
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5.4 Computation Tree Logic

In this section we will present and study Computation Tree Logic abbreviated
as C'TL as a typical representative of what are called branching time temporal
logics. Among other reference our account is based on | ,
: | and | ]. In particular
the example in the following subsection is taken from | .

Motivating Example

To convey a first idea of the kind of problems that can be formulated and
solved using Computation Tree Logic we reconsider an important and popular
topic in Computer Science: mutual exclusion. In this scenario a number of
actors compete for a common resource that can only be used by one party
at the time. You may think of several threads of a concurrent program to
read from and write to the same file. For the sake of simplicity we will in
this subsection only consider two actors. The principal issues can already
be observed in this simplest case. We use a rather abstract approach and
model the given scenario by a transition system. A more concrete treatment
can be found in | ]. In our abstract model an agent can either
be not active, trying to obtain the critical resource or be in the critical
section. This will be modeled by the six boolean variables n;, t; and ¢;
for i € {1,2}. The transition system (.5, so, R,v) consists of a set S of
system states with an initial state sg, of a binary relation R stating which
transitions are possible among the states in S and an evaluation function
v:S X atoms — {true, false} that states which boolean atoms are true in
which states. Figure 5.5 shows a graphical representation of the transition
system A; = (51, sg, R1,v1) that we will consider first.

The node labeling t1n5 in state s; e.g., means that in the global system state
sy the first agent is in the trying phase while the second agent is not active.
Using the terminology from the transition system R; this can be expressed
as vi(s1,t1) = true and vy(sy,ne) = true or more concise as (Ry,s1) | 1
and (Rq,s1) = ne. Since we are talking about a concurrent system it is not
determined what will be the next system state after s;. If agent 1 will be
served next we end up in state s, if agent 2 will be served next we end up
in state s3. This is reflected in the non-deterministic transition system. In
some states there is no choice, e.g., in state s, agent 2 has to wait till agent
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1 leaves the critical section. What kind of properties do we want to assert
about R;. Here are five examples

Figure 5.5: Mutual Exclusion (first attempt)

safety There is no state s reachable from Sy with s = ¢1 A ca.

liveness Whenever an agent wants to enter the critical section it will even-
tually enter it.

non-blocking An agent can always try to enter the critical section.

non-sequencing It is not the case that the agent who first tried will first
enter the critical section.

non-alternating It is not the case that the two agents take alternate turns
to the critical section.
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The safety property is obvious. The state with c;cy is not even included in
Figure 5.5 since it has no incoming edge. The non-blocking property can also
seen to be true. It may also be observed that there are no dead ends. An
example of the possible behaviour required by non-sequencing is the sequence
of states sg, s1, s3, s7. The sequence sg, s1, S9, Sg is an example of a behaviour
where the first agent enters the critical section two times in a row. We have
so far avoided to consider the liveness property, which in fact is not satisfied.
In the sequence s, s1, S3, S7, S1, 83, S7, ... agent 1 never reaches the critical
section. In the second attempt to model mutual exclusion Ry = (S, Ry, v2)
depicted in Figure 5.6 liveness is guaranteed. But now the non-sequencing

50

Figure 5.6: Mutual Exclusion (second attempt)

property is violated. In the next subsection we will present a formal language
that allows to express the five properties considered above, and many more.
In further subsections to follow we will learn methods that automate the
evaluation wether a given property is true in a given transition system.

Definition 138 (Transition System)
Let PVar be a set of propostional atoms.
A transition system T = (S, s, R,v) consists of
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o a finite set S of states with one distinguished initial state s,
e a binary relation R and

e a function v : S x PVar — {true, false}

such that for every s € S there is s € S with R(s,s').
If necessary we call T a transition system over PVar or say that PVar are
the atoms for T .

From a technical point of view a transition system is just a Kripke structure,
see Definition 37 on page 75, whose accessability relation has no dead ends.
Also Kripke structures do not come equipped with an initial state. It will
turn out, that the initial state of a transition system usually does not play
a role and we will most of the time write (5, R,v) instead of (S, sg, R, v).
The similarity to Kripke structures is at least true for the simple version
of transition systems that we consider here. There are more complicated
versions e.g., labeled transitions systems that cannot, at least not directly,
be mimicked by Kripke structures. More important is the question where
transitions come from.

Syntax and Semantics of CTL

Like all temporal logics we consider in this text also CTL is a propositional
logic. There is thus a set PVar of propositional variables to start with.

Definition 139 (Syntax of CTL)

1. Any propositional variable p € PVar is a CTL formula.

2. If F', G are CTL formulas then all propositional combinations are also
CTL formulas, e.q., =F, FV G, F NG, etc.

3. If F', G are C'TL formulas then also
AXF.EXF,A(F U G) and E(F U G)

are CTL formulas.
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If p, g are atoms in PVar then AX(p — ¢), A(p U q) and A(E(p U q) U G—q)
are CTL formulas, while p U ¢ and Ap are not syntactically correct. The
operators always come in pairs. There can be no U or X without A or E
preceeding it and no A or E without an X or U following it. This may
seem a bit strange at the moment. After we have seen the temporal logic
CTL* in the next subsection the definition of CTL will look more natural.

The meaning of a CTL formula will be defined relative to a given transition
system (.S, R,v). The crucial concept will be that of a path through (S, R, v).

Definition 140 (Path)

A path through a transition system T = (S, R,v) is an infinite sequence of
states t(0),t(1),...,t(n),t(n 4+ 1),... such that t(0) is the initial state and
for all n the relation R(t(n),t(n+ 1)) is true.

If © denotes a path then w(n) is the state at position n and T, is the tail of
m starting at n, i.e.,

(k) = m(n + k).
We do not insists that a path of T starts with the initial state.

For the transition system in Figure 5.6 the sequence sq, s1, S, Sg, S1, S, . . . 1S
an example of a path. There is the possibility that the fact that the same
state may occur at different positions within a path may lead to confusion.
Experience with other texts shows that the possibility is rather slight. So we
will live with it. The alternative would have been to consider a path as a
sequence of abstract time points, as we did for LTL. For the moment this is
not a matter of high priority.

Definition 141 (Semantics of CTL) Let T = (S, R,v) be a transition
system. We will define when a CTL formula ¢ is true in a state s of T.
As usual this will be symbolically denoted by (T,s) | ¢. Here and in all
cases where no ambiguity can arise we will write s = ¢ instead of (T, s) = ¢.
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1 sEp iff v(s,p)=1 ( in case p € PVar)

2 sk-¢ iff siEo

3 sE¢1A Py iff skE ¢ and s = ¢

4 sk AX¢ iff  s1 = ¢ is true for all sy with R(s, sy)

5 sEEXo¢ iff  s1 | ¢ is true for at least one sy with R(s, s1)
6 sk A(d U o) dff for every path sg, s1,... with so=$

there exists 1 > 0, such that
si = ¢9 and
sj = ¢1 for all j with 0 < j <4,
7 sEE(p U ¢y) iff thereis a path sg,$1,... with s = s
and there is 1 > 0, such that
si = ¢o and
sj b= ¢1 for all j satisfying 0 < j < 1,

Definition 142 (Defined CTL Operators)
Using the operators ¥ and G from LTL (see Lemma 118 on page 223) four
new CTL operators can be defined:

ua(¢p) = AF¢p = A(true U ¢) ¢ cannot be avoided
re(p) = EF¢ = E(true U ¢) ¢ 1is reachable
ofa(¢p) = EG¢ = -A(true U —¢)  once and for all ¢
aw(¢p) = AGe = -E(true U —¢) always ¢

To work with these defined temporal operators it will be helpful to state their
semantics in the style of Definition 141:

Lemma 126 (Semantics of Defined Operators)
8 sEAF¢ iff for every path sg,s1,... with sop=s
there exists i > 0, such that s; = ¢
9 sEEF¢ iff thereis a path sg,s1,... with s =s
and there ezists i > 0, such that s; = ¢
10 s =EGo iff there is a path sg,S1,... with s = $
such that s; = ¢ for all i
11 sEAGo iff for every path sg,s1,... with s = s
and every i it is true that s; = ¢
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Proofs Easy consequences from Definitions 142 and 141.

Example 36 The five properties from Subsection 5.4 on page 238 can be
formaly expressed as CTL formulas. We still assume here that there are just
two participants.

safety so = AG—(c; A ¢3)
liveness sg = AG /\ie{l,2}(ti — EF¢;)

non-blocking sy = AG A (EFt;)

i€{1,2}
non-sequencing EF(t; A EXE(—c¢; U ¢)) A EF(to A EXE(—c; U ¢))
non-alternating EF(c; A EXE(—¢, U ¢)))

Lemma 127 (CTL Tautologies)
The following formulas are C'TL tautologies

1. AG ¢ < ¢ NAXAG ¢

EG ¢ <+ ¢ AEXEG ¢

AF ¢ < ¢V AXAF ¢

EF ¢ <> ¢ vV EXEF ¢

A6 U ) ¢V (6 A AXA(p U )
E(p U¢) < ¢V (0 AEXE(9 U ¢))

S v e e

Proofs Let 7 = (S, R,v) be a transition system, g € S.
(1) We need to show g = AG ¢ iff g = ¢ AN AXAG ¢

g E AG ¢ iff for all path gg,¢1,... with g =g and all i g; = ¢
iff go = ¢ and
for all path hg, hy,... with hg = g1 and all ¢ h; = ¢
iff g E ¢ and
for all h with R(g,h) h = ¢ and
for all path hg, hy,... with hg = h and all 7 h; = ¢
iff ¢gFE¢oANAXAG ¢
The remaining parts are proved similarly.
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Syntax and Semantics of CTL*

In the definition of CTL* formulas we distinguish between state formulas
and path formulas. A state formula F' can be evaluated in every state s, in
contrast we need to know a whole path p to determine the truth or falsity of
a path formula.

Definition 143 (Syntax of CTL*)

1.

S v e

any propositional variable is a state formula

if ', G are state formulas, so are =F, FNV G, F NG, etc.,
if F' is a path formula, then (AF), (EF) are state formulas,
every state formula also 1s a path formula,

if ', G are path formulas, so are =F, FNV G, FAG,

if F', G are path formulas, so XF und F U G.

Definition 144 (Semantics of CTL*) Let T = (S, R,v) be a transition
system. For any state s € S and path © of T we define for state formulas
F, F; and path formulas P, P;:

1
2

skEa & v(s,a) = true if F=a

sERNE < sEF andsE Fy

as usual for all propositional connectives

sEAP & w = Py for all paths m starting with s

s EEP & w | Py for some path w starting with s

TEF & 7w(0) E F

TEPIANP, & mEP andnE DB

as usual for all propositional connectives

= XF & mEF

1= F UG < there exists ann > 0 with 7, = G and
m E F for allm with0 < m <n
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Remember that 7, is the tail of m starting at n.
A CTL* state (path) formula ¢ is a tautology if ¢ is true in all states (all
paths) for all transition systems.

We use F and G as abbreviations for true U A and —(true U —A).

Lemma 128 (Simple CTL* Tautologies)
Let F' be a state formula then the equivalences

AF & F EF <« F

are tautologies.

Proofs: We fix an arbitrary transition system 7 = (5, R,v). References
are to clauses of Def. 144

sEAF < w=F for all path 7 with 7(0) = s clause 3
& 7w(0) E F clause 4
& 1w | F for some path 7 with 7(0) = s 7 has no dead ends
& sEEF clause 3

Corollary 129 Let P be a path formula then the following equivalences are
tautologies:

1. AEP < EP
2. EEP < EP
3. AAP < AP
4. EAP < AP

Proofs: All formulas are instances of the previous Lemma 128.
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Definition 145 A transition system T = (S, R,v) is called deterministic if
R is a function, i.e. R(s,s1) A R(s,s2) implies s; = ss.

As a consequence for every state s in a deterministic transition system there
is a unique infinite path m* with 7*(0) = s.

Deterministic transition systems are sometimes also called single-path or
linear systems.

Lemma 130 Let F be a CTL* formula. By F® we denote the formula that
arises from F by simply dropping all quantifiers. Thus e.g., (AFAGp)? =
FGp.

Let T = (S, R,v) be a deterministic transition system. Then for all states s
and all paths m:

(T,s) EF < (T,7) E F¢ if Fis a state formula
and m° the unique path with 7*(0) = s
(T,m)EF & (T,m)EF* ifF isa path formula

Proof: We proceed by induction on the complexity of F'. If I is a propo-
sitional atom p, then F'Y = F and the claim is obvious. Let us now assume
the equivalence claimed by the lemma for all subformulas of F'. For the cases
F=FAF, F=FVF,and F =—F, we observe (F} A ;)% = F¢ A F§,
(FLV )4 = FIvFY and (-F)? = =F2. The inductive steps are now trivial.
We consider the two case ' = AF; and I} U F; and leave the remaining
(two) cases to the reader.

(T,s) EAF, < (T,7%)EF single path property
& (T,7°) E F? induction hypothesis

(T,m)EF, UF, & thereisn >0 with (T,7,) E F,
and
(T,7m) E Fyforall0 <m <n
& there is n > 0 with (T, 7,) E F¥
and
(T,7m) = Fdforall 0 <m <n
& (T,n)EFLU FY
s (T,n)E(FL U R)?
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We will next take up the task of comparing the expressive power of the
various temporal logics: LTL, CTL, CTL*. A principle obstacle at first
are the different semantics domains: LTL formulas are evaluated in omega
structures, Definition 132, while CTL and CTL* formulas are evaluated in
transition structures, Definitions 141 and 144. To overcome this problem we
extend the semantics of LTL formulas and define an LTL formula ¢ to be
true in a state s of a transition structure 7 = (5, R, v) if ¢ is true for every
path 7 of T starting in s. Since any path m may be easily considered as an
omega structure, this stipulation makes sense. An LTL formula ¢ is thus
said to be equivalent to a CTL* state formula v if A¢ <> 1 is true in all
states of all transition systems. Also ¢ is said to be equivalent to a CTL*
path formula ¢ if ¢ <> v is true in all paths of all transition systems.

As observed above paths in a transition structure can easily be viewed as
omega structures and we agreed to interpret LTL formulas directly for path
m. Lemma 122 states an important property of LTL formulas in terms of
Biichi automaton. The following lemma gives a formulation of the same fact
in terms of transition structures.

Lemma 131 Let T = (5, s, R,v) be a transition structure, = a path in T
and ¢ an LTL formula.

If m |= ¢ then there is a cyclic path of the form xy“ in T that also satisfies
Y = ¢.

Proof Let PVar be the set of propositional atoms used in 7. Our plan
is to define a Biichi automaton B = (S,V, sg,0, F'), with V' = PP(PVar)
such that L“(B) conincides with the set of paths in 7. If that succeeds we
can simply appeal to Lemma 122 and are finished. The set of states S of
B is the same as for 7 and every state is also a final state S = F' and also
the initial states coincide. For s € S let ws = {p | v(s,p) = true} € V.
d(s,w) = {s' | w = ws and R(s,s’)}. The automaton B thus defined serves
the purpose.

A simple line of attack to find out if a CTL* state formula v is equivalent to
an LTL formula would be to form ¢ first (see Lemma 130), which obviously
is an LTL formula, and then check wether v is equivalent to ¥?. The next
Lemma tells us that this simplistic approach is indeed the best we have; if ¥
is at all equivalent to an LTL formula, then it is already equivalent to .
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Lemma 132 (CTL* vs LTL)
Let F' be a CTL* state formula.
Then F is expressible in LTL iff F is equivalent to A(F?).

Proof Adapted from | ].

Since F¢ is an LTL formula the implication from right to left is obvious.
Now, we assume that F' is equivalent to A(F}) for an LTL formula Fj. Let
T = (S,R,v) be an arbitrary transition system and s an arbitrary state
s € S. In the end we want to have (T,s) £ F < (T,s) E A(F9) Let us
first give an overview of the whole argument and then come back to fill in
the missing definitions and explanations.

1 (T,s) = F iff (T,m)E Fy for all paths 7 in 7 starting in s

2 ifft (T,zy”) = Fi for all paths zy* in T starting in s

3 it (7 (zy”),zy”) = Fi for all paths zy* in T starting in s
4 iff (7 (zy”), s) = F for all paths zy* in T starting in s

5 iff (T (xy*),zy?) = F? for all paths zy* in T starting in s
6 ifft (T, zy) |: F4 for all paths xy* in T starting in s

7 iff (7,7)E F?for all paths m in T starting in s

8 iff (T,s) = A(F?)

line 1 is the semantics definition of the A quantifier.

line 2 follows by Lemma 131

line 3 This needs some preparation. First, we need to define the transition
structure T (xy*?) = (S1, Ry,v1). f 2 =59 = 8,...,8.1 and y = s;,... 5
then S; = {0,...,k} C N. Further, for j € S, p € PVar we set v1(j,p) =
true < v(s;,p) = true. Finally for ji, jo € S let R(j1, jo) iff jo = j1 + 1. By
construction zy* is the only path in 7 (xy*), and that is of course the whole
point of it. From the equivalence in line 2 that in line 3 follows trivially since
the evaluation of the LTL formula Fj only depends on the path zy“.

line 4 This follows from the previous line since zy“ is the only path of
T (zy®).

line 5 TLemma 130 applied to the deterministic transition structure 7 (zy*).
line 6 Follows from the previous equivalence since the evaluation of the LTL
formula F¢ only depend on the path zy*. This is the same argument as for
the step from line 2 to 3.

line 7 Lemma 131

line 8 semantics of A.
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Figure 5.7: Transition system for AFAGp

As an application of Lemma 132 we look at the formula ¢ = AFAGp. Then
¢¢ = FGp. Thus ¢ would be expresible in LTL iff AFAGp < AFGp.
For the transition system in Figure 5.7 the set of all paths starting in sq is
{sis18% | n > 1}U{sy}. For each path, either s; does not occur, or eventuall
s3 is reached. Thus we have so = AFGp. But, for the path 7 = s§ we have
7 = FAGp thus s¢ = AFAGp.
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5.5 CTL Model Checking

Fixed Points

The theory of fixed points can be presented on different levels of abstraction.
The most abstract version would deal with functions on a complete lattice.
We will restrict our attention to establishing the terminology needed for CTL
model checking. Thus it suffices to consider functions f : P(G) — P(G)
that take as arguments a subset of a set G and return again a subset of G.
Typically G will also be finite.

Definition 146 (Monotone Functions)

Let G be an arbitrary set, let P(G) denote the power set of G, i.e., the set
of all subsets of G.

A function f: P(G) — P(G) is called monotone if for all X, Y C G

XCY=f(X)cfY)

Definition 147 (Fixed Points)
Let [ : P(G) = P(G) be a set valued function and Z a subset of G.

1. Z is called a fixed point of f if f(Z) =7 .

2. Z is called the least fixed point of f is Z is a fized point and for all
other fixed points U of f the relation Z C U is true.

3. Z is called the greatest fixed point of f is Z is a fixed point and for all
other fixed points U of f the relation U C Z is true.

By f"(M) we denote as usual the n-fold iteration of f, i.e.,. f1{(M) = f(M),
M) = f(fH(M)).

Lemma 133
Let f: P(G) — P(G) be a monotone function on a finite set G.

1. There is a least and a greatest fized point of f.
2. Ups1 f7(0) is the least fived point of f.
3. Nus1 ["(G) is the greatest fixed point of f.
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Proofs It obviously suffices to prove 2. and 3.
(2) Monotonicity of f yields

pCr@crmmc...crmc...

Since G is finite there must be an 4 such that f*(0) = f*1(0).
Then Z = J,», f"(0) = f(0) is a fixed point of f:

F2)=f(f0) =0 =0 =2

Let U be another fixed point of f. From () C U we infer by monotonicity of
f at first f(0) C f(U) = U. By induction on n we conclude () C U for
all n. Thus also Z = f/(0) C U.

(3) Is proved analogously.

The following material in this subsection is not relevant for model checking
applications. But, it is of theoretical interest, if Lemma 133 in its present
form or after some adaptations is also true for infinite sets G.

Definition 148 (Continuity)
A function f:P(G) — P(G) is called

1. U-continuous (upward continuous), if for every ascending sequence
MyCM,C...CM,C...

n>1 n>1

2. N-continuous (downward continuous) , if for every descending se-
quence My D My D ...2> M, D ...

n>1 n>1

Every upward continuous or downward continuous function f is also mono-
tonic. This can be easily seen by considering the sequence M = M; und
N = M, for all n > 1. The reverse implication need not be true for infinite
domains: there are monotonic functions that are not continuous.

For continuous functions Lemma 133 is true even in the infinite case.
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Lemma 134
Let f: P(G) — P(G) be an upward continuous functions and g : P(G) —
P(G) a downward continuous function.

The for all M, N € P(G) such that M C f(M) and g(N) C N the following
18 true.

1. Uz, JM(M) is the least fized point of f containing M,
2. Nus1 9" (V) is the greatest fized point of g contained in N.
Proof
ad 1: By monotonicity we first obtain
MCf(M)C fA(M)C...C f"(M)C...

Let P =J,>, f"(M). This immediately gives M C P. Furthermore

fP) = f(Upsy [7(M))

= Ups [ (M) by continuity
= Ui f7(M)  since f(M) C f2(M)
= P

Assume now that () is another fixed point of f satisfying M C ). By Mono-
tonicity and the fixed point property f(M) C f(Q) = @ and furthermore for
every n > 1 also f*"(M) C Q. Thus we obtain P =J,., f"(M) C Q

ad 2: analogously.

Even monotone functions on infinite sets do have fixed points. This is the
result of the following much quoted Knaster-Tarski-Theorem:

Theorem 135 (Knaster-Tarski-Fixed-Points Theorem)
Let f : P(G) — P(G) be a monotone function.
f has a least and a greatest fized point.
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Proof Let L ={S C G| f(S) € S}. Thus, eg., G € L. Let U =) L.
We want to show f(U) = U. For all S € L we have by the definition of
the intersection () that U C S. By monotonicity and definition of L we
obtain f(U) C f(S) € S. Thus f(U) C U = (L and we have already
established half of our claim. By monotonicity we get from f(U) C U also
f(f(U)) € f(U) which yields f(U) € L and futhermore U C f(U). We
thus have indeed U = f(U). Now assume W is another fixed point of f.i.e.,
f(W) =W. This yields W € L and U C W. Thus U is the least fixed point
of f.

Following the same line of argument one can show that [J{S C G | S C f(S5)}
is the greatest fixed point of f.

Alternative Proof of Theorem 135 using ordinals (see Section 2.5).
We reserve the symbol A to denote limit ordinals (Def. 20 on page 33).
We define by ordinal recursion.

Lo = 0
La+1 = f(La>
L/\ = Uoz<)\ LO&

We prove as a first step

VA(Ls C Lon) (5.2)

If =0 we easily get Ly =0 C L.

If 5 is itself a successor ordinal f = fy + 1. The induction hypothesis is
Lg, € Lg,+1 and monotonicity yield Lg = f(Lg,) C f(Lgy+1) = Lpt1-

It remains the case the 3 is a limit ordinal. From L, C U,7 Ly = Lg
we obtain by monotonicity L,y = f(Ly) C f(Lg) = Lp41 and thus Lg =

U'y<ﬁ LV - Uv<ﬁ L’7+1 c LB-H :

We are ready now to show
VaVp(a < — L, C Lg) (5.3)

The proof is by transfinite induction on 8. For = 0 we only have to consider
the absolutely trivial case oo = f3.

If 8=0y+1and a < ( then we either have the trivial case a = 3 or a < fy,.
Then L, C Lg, by induction hypothesis and Lg, C Lg,+1 = Lg by (5.2).
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If 5 is a limit ordinal and o < 8 we get directly form the definition L, C
U'y<,8 L’Y = L/B'

If Va(a < B — Ly C Lyy1) then Lg 7 B. (5.4)

For the definition of a 7 b (b is a smaller set than a) see Definition 24 on
page 41. We define an injective function g : § — Lg by g(«) is an arbitrary
element in L1 \ Lo Since § = {a | @ < B} this suffices. Since Lz C G
(5.4) implies If Va(a < f — Lo C Lay1) then G 7 5. But, there are ordinal
B with g > G. Thus there must be some a with L, = L,,1. Now, L, is a
fixed point f(Ly) = Lay1 = La-

Example 37 Let r be a binary relation on a set D. We may view v as a
subset of the cartesian products D*> = D x D, i.e., r C S2.

The transitive, symmetric closure is usually defined as the smallest relation
T such that ri.(d,d) for all d € D and whenever r.(a,b) and r(b,c) then
also r.(a, c).

To relate this definition to fized point theory we define the operator T'C, on
subsets of D? by

TC,(X) = {(dd)|deD} U
{(a,c) | there exists b € D with (a,b) € X and r(b,c)}

It can be easily seen that ry. is the least fized point of r.

Example 38 Consider a deterministic finite automaton A = (S, so, F', %, 0)
with finite set of states S, wnitial state sy € S, set of final states F C S,
alphabet ¥ and transition function § : S x ¥ — S. As usual we extend the
transition function to § : S x X* — S by

d(s,e) = s
d(s,aw) = §(d(s,a),w)
with w € ¥*,a € ¥

The following binary relation =,,;, on S is of particular interest:

S1 =min S2 & for allw e X*
d(s1,w) € Fiff 6(se,w) € F
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The quotient automaton A/ =, 1s the minimal automaton equivalent to A.
But, how can we compute =,,;, ¢ Its definition involves the infinite set 3*.
This where fixed points come in.

Consider the following function F : P(S x S) — P(S x S)

H(R) = {(81,82) | s1€EF & sy€e F and
for all a € ( (6(s1,a),0(s2,a)) € R)}

Obviously, H is monotone, i.e. Ry C Ry implies H(Ry) C H(Ry).
By Lemma 153 there is a greatest fized point =q for H, i.e., H(=) = =o.
We set out to show =,m = =o.

First =,,;, C = is proved by showing that =,,;, is a fixed point for H and
using the fact that =q is the greatest fixed point of H.

$1 =min S2 < for allw € ¥*((s1,w) € F iff §(sq,w) € F)
(this is the definition of =.in)
& s € Fliff s € F oand
for all a € ¥ for all w € X*(0(s1,aw) € F iff 6(s9, aw) € F)
(separate the case w = € from w # ¢)
& 51 € Fiff so € F and for all a € X(3(s1,a) Zmin 0(S2,a))
(this makes use of 6(s;, aw) = §(5(s;,a),w))

< S1 =H(Zmin) 52
Second =( C =,,;,, is proved. Since =g is a fived point of H we have

for all s1,s9 € .S (s1 =¢ $2)
implies (5.5)
(s1 € Fiff so € F) and for all a € 3(0(s1,a) =¢ §(s2,a))

We will proceed by induction on n to show

for alln € N

for all s1,s5 € S (51 =¢ S2)

implies

for all w € ¥* with len(w) =n (§(s1,w) € F < §(s2,w) € F)

(5.6)

In the initial case n = 0, we have to consider words w with len(w) = 0. Only
the empty word w = € satisfies this constraint and the claim follows directly
from 5.5, since §(s;,€) = s;. For the induction step assume that 5.6 is true
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for n and atm to show that it for n + 1. So we fix s1,s9 € S with s1 =q S».
Any word w" with len(w") = n+1 can be written as w' = aw with len(w) = n.
From 5.5 we obtain §(s1,a) =¢ §(s2,a). Using the induction hypothesis for
d(s1,a),d(s2,a) in place of s1, sy we obtain

0(d(s1,a),w) € F < §(6(s2,a),w) € F

which yields
d(s1,w') € F & §(sp,w') € F

as desired. All together we have shown =,,;, = =¢ and we may use the
algorithm used in the proof of Lemma 153 to compute the fized point =y to
compute =pin-

Example 39 This example is a variation of Example 38 and is also taken
from the theory of reqular languages. Let ¥ be a finite alphabet and L an ar-
bitrary language, i.e., a set of words L C ¥*. The following relation between
words

wy =p wy & forallu € ¥* (wyu € L iff wou € L)

plays an important role, since L is reqular exactly when =y, has finite index.

We propose to consider the function G : P(X* x ¥*) — P(X* x 3*) defined
by
Gr(R) = {(wi,w2)| (wy €L iffwy € L) and
for alla € ¥ ((wia,wqa) € R)}

It can be easily seen that Gr(R) is monotone, i.e., Ry C Ry implies G(Ry) C
Gr(Ry). By theorem 135 there ezists a greatest fized point Er of Gp.

The following variation of the argument from Example shows that =, equals
the EL.

wy =p wy & forallu € ¥ (wyu € L iff wou € L)

(this is the definition)

< (wy € Liffwy € L) and
foralla € ¥ and all uw € ¥* (wyau € L iff wiau € L)
(distinguishing the cases u = € and u # ¢)

< (wy € Liff wy € L) and for all a € X(wia =1, waa)
definition of =; again

~ (wl,wg) c GL(EL)
(definition of Gp)
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Thus Gr(=L) = =L and therefore =p C Ey.

It remains to show Er C =p. To this end we will prove by induction on
neN

for allm € N for all wy,wy € ¥*( (w1, ws) € B,
—
for all uw € ¥* with len(u) = n (wyu € L iff wou € L))

The case n = 0 we have to derive wy € L iff wy € L from (wy,wy) € Ef.
By the fized point property of Er we also have (w1, ws) € GL(EL). Now the
claim follows directly from the definition of Gp.

So let us assume that the claim is true for n. To prove that the claim is also
true for n+1 we fix wy, wy with (wy,wy) € Er and u € X* with len(u) = n+1.
We need to arrive at (wqyu € L iff wou € L). We may write u = au’ for
appropriate a € 3 and v’ € ¥*. Since G (FL) = EL we get from (wy,ws) €
Ep also (wya,wea) € Er. Induction hypothesis applied for w;a in place of w;
yields (wya)u’ € L iff (wea)u' € L. Associativity of word composition yields
wi(au’) € L iff wa(au') € L as desired.

In total we now have indeed shown =, = E,.

to be completed

The CTL Model Checking Algorithm

The task to be solved by a model checking algorithm takes as input a tran-
sition system 7 = (5, R,v) and a CTL formula F'. The output is the set
T(F) C S of states satisfying F: 7(F) = {s € S | s = F}. For Boolean
connectives this is easy. E.g., 7(F) A Fy) = 7(F)) N 7(Fy) and it is not so
hard to find an algorithm that computes the intersection of two finite sets.
More difficult are the cases where F' starts with a top-level temporal oper-
ator. This problem will be solved by defining for every CTL formula F' a
set-valued function fr : P(S) — P(S) such that

T(F)={s€S|skEF} = theleast fixed point of fr
or
the greatest fixed point of fg

The choice whether the least or greatest fixed point is to be used depends
on the top-level operator of F. We have already used in the previous text
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without much ado the symbol 7(F). This notation will frequently recur in
the following. So, we turn it into an official definition and give it a name.

Definition 149 (Characteristic Region)
Let T = (S, R,v) be a transition system and F an CTL formula. The set

T(F)={seS|skEF}

is called the characteristic region of F' in T.

Already at this early stage of explanation of the algorithm its bottleneck is
apparent. The algorithm needs to work on the set of all states. It does not
start with looking at one state and explore others as needed. If the state space
exceeds available memory model checking is out of luck. Unfortunately, this
situation arises frequently and has been dubbed the state explosion problem.
A lot of research went into methods to alleviate the state explosion problem.

We return to the explanation of the model checking algorithm. The set-
valued function frp will, of course, be computed inductively following the
structure of the formula F. If Fy, F5 are the immediate subformulas of F
then fr will depend on 7(F}) and 7(F3) and in addition on the two functions
fax and fgx that depend on the transition relation R.

Definition 150 (Next Step Functions)

Let T = (S, R,v) be a given transition system.

The universal and existential next step functions fax, fex : P(S) — P(S)
are defined by

fax(Z) = {se€ G| for all t with sRt we gett € Z}

fex(Z) = {s € G| there exists a t with sRt andt € Z}

Thus fax(Z) is the set of all states with all next states in Z, while frx(Z)
1s the set of all states with one next state in Z.

We are now ready to present the model checking algorithm.

Definition 151 (CTL Model Checking Algorithm)
Let T = (S,R,v) be a transition system and F an CTL formula. The
characteristic region 7(F') is computed by the following high-level recursive
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algorithm:

1 7(p) = {se€ S |v(s,p) =true}

2 1(Fy A\ Fy) = 7(F)NT7(F)

3 T(F1V Fy) = T(F)UT(Fy)

4 T(=F) = S\7(f)

5 (Al U F)) = lp[r(F) U(r(F1) N fax(Z))]
6 T(E(F U Fy)) = Up[r(Fy) U (T(F)N fex(Z))]
7 7(AFF) = 1p[r(F1) U fax(Z)]

8 7(EFF) = lip[r(F1) U fex(Z)]

9 T(EGF) = gfp[r(F1) N fex(Z)]

10 7(AGF) = gip[r(F1) N fax(Z)]

Theorem 136 (Correctness of CTL Model Checking)
The algorithm from Definition 151 is correct.

Proof Let us start from the bottom of the definition.

Case 10 AG F; From the definition of the characteristic region of AG F}
we easily obtain:

T(AG F)) ={se€ S| se7(F) and h € 7(AG F)) for all h with sRh}
Using the notion from Definition 151 this can be written as
T(AG F1) = 7(F1) N fax(T(AG FY))

So, T(AG F}) is a fixed point of the function 7(F1)N fax(Z). It remains to see
that it is the greatest fixed point. Let H be another fixed point, i.e., a subset
of S satisfying H = 7(F1) N fax(H). We want to show H C 7(AG F})).

To this end we consider some gy € H with the aim of showing that for all
n > 0 and all g; satisfying g;_1Rg; for all 1 < i < n we obtain g, € 7(F}).
By definition that is to say go € T(AGF}). We first observe

H C 7(Fy) which follows readily from H = 7(Fy) N fax(H) C 7(F}).

Thus it suffices to show for all n > 0 that g, € H. For n = 0 that is
true by assumptions. For the induction step we assume g, ; € H. From
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the fixed point property of H we infer g,.1 € H C fax(H) = {g |
for all h with gRh we have h € H}. Thus g, € H.

Case 6 E(F; U F3) From the definition of the characteristic region of
AG F| we easily obtain:

T(E(F, UF)) = {se€S|skEFyorskF and
there exists h with sRh and h € 7(E(F; U F3))}

Using the notion from Definition 151 this can be written as
T(E(F U 1)) = 7(F2) U (7(F1) N fex (T(E(F1 U F)))

That is to say 7(E(Fy U Fy)) is a fixed point of the function 7(F3) U (7(F;) N
fex(Z)) where Z is the parameter of the functions.

It remains to show that it is the least one. Consider thus another subset
H C S with H = 7(F») U (7(F1) N fex(H)). We need to convince ourselves
that 7(E(F; U F,)) C H is true. To this end let gy € 7(E(F; U F3) and try
to arrive at go € H. By the semantics of E(F; U F;) there is an n € N and
there are g; for 1 < i < n satisfying

1. giRg;yq1 for all 0 < i < n.
2. g, € T(F2).

3. gi€T(Fy) forall 0 <i <n.

We set out to prove g, € H by induction on n.

n = 0 By the fixed point property of H
H=1(F)U(r(F1)N fex(H)) 2 7(F3)

and we are through since gy = g, € T(F2).

n — 1 ~ n By induction hypothesis we have g; € H (since we get from ¢;
to g, in n — 1 steps). Since gy € 7(F)) and goRg1 we obtain gy € (7(F;) N
fex(H)) C H and thus also gy € H.

There are no suprises in the proofs of the remaining cases, some of which
may be found in in | : ].
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The CTL Model Checking: An Example

We want to illustrate the working of the model checking algorithm from
Definition 151 by a small, yet non-trivial example. We will use the transition
system 7T,.o from Figure 5.6, which we repeat for the readers convenience in
Figure 5.8 The example will involve the propositional atoms Ny, N, T}, T,

S0

Figure 5.8: Mutual Exclusion (repeated from Figure 5.6)

C1, and C5. The interpretation of these atoms in the transition system is
given by the following table.

| [0]1[2[3]4[5[6]7[8]
N, |1]0]0]0]0][1]L]0]0
N, [1[1[1/0]0]/0/0[0]0
T, [0[1/0[1]0]0]0]1]1
T, 0]/0/0[1|1/1]0]0]1
C,[0/0[1/0/1]0]0/0]0
C, [0/0[0[0/0[0[1[1]0
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We want to check whether the formula
F= T — AFCl =11V AFCl

is true in state 1. Here and in the following we will write state ¢ instead of
state s;. The recursive algorithm will successively compute the characterisitc
region of the following formulas:

F, _\Tl, Tl, AFCl, and Cl

We will present the computations starting with the innermost subformulas
first, i.e., in the order 7(17), 7(Cy), 7(=T1), T(AFC}), and 7(F'). This will
make it much easier to follow the algorithm, since when a recursice call is
started, we know already its result. In the end we check 1 € 7(F).

The characteristic regions of 77 and C; can be read of from the transition
system 7,,e2

7(Ch) ={2,4} (5.8)
From which we get easily
7(=T1) ={0,2,4,5,6} (5.9)

The next step is to compute 7(AFC}) which according to Definition 151
amounts to the computation of the least fixed point of the set function
f(Z) =7(C1)U fax(Z) = fax(Z) U {2,4}. Following Lemma 133 we com-
pute successively f(0), f2(0), ... f(0) till we reach a stationary value, i.e.

fr(0) = i),

fl((a) = {2’4}

f2(®) = {2’374}
20 = {1,2,3,4}
40 = {1,2,3,4,7}
o0 = {1,2,3,4,7,8}
50 = {1,2,3,4,7,8}
Thus

7(AFCy) = {1,2,3,4,7,8} (5.10)
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and finally
7(F) =7(-Ty) UT(AFCy) ={0,1,2,3,4,5,6,7,8} = S (5.11)
Since 1 € 7(F) we conclude

si e F (5.12)
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5.6 Exercises

Exercise 5.6.1

Let 3y be the vocabulary defined in Definition 125.

In Lemma 113 it was shown that the order relation < on N can be defined
in the theory FOW of second order monadic logic. The question arises what
else can be defined in this theory. Is it possible to define addition? More
precisely, is there a formula ¢(z,y,z) of second order monadic logic in the
vocabulary Xy with free first-order variables x,vy, z, such that for any model
W of FOW and elements n,m, k in the universe of W

WEon,mkl < n+m=k.

Remember that the wuniverse of W consists exactly of the elements
0, (s(0)W,...(s™(0))Y,... and that we agreed to identify (s"(0))"Y with
n.

Exercise 5.6.2
Show that the following LTL formulas are tautologies

Exercise 5.6.3
Formalize the following properties in LTL

1. Fvery p is followed by a q, or more precisely:
for every time point t at which p is true there is a time point s, s >t
such that q 1is true at s.

2. Fvery p is followe by a q but at least 3 time points later, or more
precisely:
or every time point t at which p s true there is a time point s, s—t > 3
such that q is true at s.

Exercise 5.6.4
Consider the following property:
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p occurs infinitely often. Every p is followed by a q. At the first occurence of
p also q is immediately true. For every following occurence of p the time till
q occurs is at least on time step longer than on the previous occurence of p.

Try to formalize this property in LTL or show that this is not possible.

Exercise 5.6.5
Formalize the five properties from Example 56 on page 243 by CTL formulas
assuming that there are n participants in the protocol instead of two.

Exercise 5.6.6
Show that the subset K, C V,* defined by

K,, = {we Ve | for all 1 <@ < p there is exactly one k such that the
i-th position in the letter w(k) equals 1}

1s an omega-reqular language.

Exercise 5.6.7
Prove Lemma 117, that every homomorphic image of an omega-reqular set
1S again omega-reqular.

Exercise 5.6.8 Compute the formulas Ly, Ly and Mjs for the example au-
tomaton is in Lemma 124 for the formula F = GF—p.

Exercise 5.6.9 Prove the following generalization of Theorem 135:

Let f : P(G) — P(G) be a monotone function on an arbitrary, possibly
infinite, set G. Let Uy C G such that Uy C f(Uy).

Then there exists a fixed point U of f with

1. Uy C U and

2. For every fized point W with Uy C W we have U C W

i.e., W is the least fized point above Uy.
Exercise 5.6.10 This is a follow-up on Exercise 5.0.9.
What would be the requirement for a set Uy such that there exists a greatest

fixed point below Uy ?
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Exercise 5.6.11 Show that the formula AGEFp is not expressible in LTL.
Hint: Obviously Lemma 132 has to be used.

Exercise 5.6.12 Let F' be a monotone operator on subset of the set D.
Define G(X) =D\ F(D\ X). Show

1. G is monotone.
2. The least fized point lfp(G) of G is D\ gfp(F).
3. The greatest fized point gfp(G) of G is D\ lfp(F).

Exercise 5.6.13 Let B = (S, V,4, 50,0, F') be a Biichi automaton with edge
vocabulary V, ,, see Definition 126 on page 217 such that

L¥(B) ={we K,, | w [ ¢lx1,...,2p, X1,..., X]}

for some monadic second-order formula ¢.

Construct a Bichi automaton B., such that
Lw(Bex) = {w S Kp,q ‘ w ): E|$p¢[$1, c. ,.Z'pfl,Xl, c. ,Xq]}

This is a constructive version of part of the argument in the proof of Theorem
114.

266



Chapter 6

Solutions to Exercises
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Solutions to Chapter 1

Exercise 1.2.1  Let {¢; | i € N} be new constant symbols. By assumption
the set

is inconsistent. By the compactness theorem of first-order logic there is a
finite subset T'y C T that is also inconsistent. Let &k be such that Ty C {¢; #
¢j | 1,7 <k with i # j}U{—F}. As a superset of an inconsistent set this set is
also inconsistent. Furthermore, since the part {¢; # ¢; | 4,57 < k with ¢ # j}
is satisfiable in any structure M with k£ or more elements, we must have

MEF.

Exercise 1.2.2  Assume F' is Y;-tautology. Let M be an arbitrary ;-
structure. Let M; be as in Definition 2. By construction we know M; |=
F & M = F,. Since F was assumed to be a tautology we have M; = F
and thus M |= Fy, as desired

Now assume conversely that Fj is a Yp-tautology. Let N be an arbitrary
¥-structure. We aim for A’ = F. By Definition 2 there is a Xs-structure
M with N ~ M;. By assumption on F» we have M | F, and thus by
construction M; = F. By isomorphy N = F.

Exercise 1.2.3  If validity of ¥5-formulas were decidable. We could get a
procedure for deciding ¥;-formulas as follows: For a 3;-formula F' construct
Fy. If Fy is a valid Yo-formula then F'is a valid ;-formula by Exercise 1.2.2.

Exercise 1.2.4 Let Xy = X5 U 2§ be a given signature containing only
binary relation symbols R € ¥ and constant symbols ¢ € Eg .

Let X5 = {rel(_,_, )} U, U{cr | R € T3}

For any Y, formula F let the X5 formula F?® be obtained by replacing every
atomic subformula R(ty,t,) in F, where t; are either constants from %} or
variables by rel(cg, t1,t2).

For a Ys-structure M we obtain the Yg-structure M? by

1. the universe M of M? is the same as the universe of M
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2. the interpretation of the constants c € 25 remains unchanged

3. for all e1,e9 € M (eq,€2) € RM & (¥l e, e9) € relM

An easy induction on the complexity of F' shows M? = F & M = F3.

For the second part of the exercise conisder a Yo-structure A'. We assume in
addition that card(N) > card(X}), i.e. there are at least as many element
in N as there are (binary) relation symbols in the signature 3. We define
the Ys-structure M by

1. the universe N of M is the universe of N.
2. the interpretation of the constants in 25 remains unchanged.

3. the constants cp for R € X are interpreted arbitrarily subject only
to the condition that different constants are interpreted by different
elements. This is why we need the cardinality requirement on V.

4. (e1,eq,e3) € rel™M & there is R € X% with ep! = ey and
(62, 63) S RN

If M2 is the Yy-structure obtained from M by the construction described
above it can readily be seen that M? = N.

It remains to discuss wether the restriction on the size of A affects the trans-
fer of undecidability. Assume that the tautology property of ¥3-formulas
could be decided. Then we could also decide which Y3-formulas are true in
all structures with more than k elements. (Let Fj, be a formula that is exactly
true in structures with more than k elements. Fj uses only the equality rela-
tion. Then F is true in all structures with more than k elements iff Fj, — F
is true in all structures.) The above argument shows that we can then de-
cide which Ys-formulas are true in all structures with more than k elements.
But then we can also decide which Y,-formulas are true in all structures by
checking in addition all finitely many structures with less than k elements.

Exercise 1.2.5 Let ¥; be an arbitrary (unrestricted) relational vocabu-
lary. The signature Y, contains

1. All constant symbols from 3,
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2. For every relation symbol R € ¥ of arity # 2 a new constant symbols
CRr

3. A binary relation symbol rel

4. Binary relation symbols rel} for every 7, 1 < i <mand 1 < n <k,
where £ is the maximal arity of a relation symbol in ¥; or £ = oo if
there is no bound on the arity of relation symbol in ;.

For a ¥ -formula F} its translation into a Yo-formula Fj is obtained by re-
placing every atomic subformula R(ty,...,t,) with n # 2 by

Jz(rel(cr, z) A /\ reli'(z,t;))

i=1
Note, that t; is either a constant symbol or a variable and of course z is
chosen to be different from all ¢;.

Consider an infinite Ys-structure M. The X;-structure M; is obtained as
follows

1. The universe M of M is the same as that of M

2. For n # 2 and R an n-ary relation symbol,n # 2, in ¥

RM = {(ay,...,a,) € M™ | rel™(ci, a) A /\reliM(a,ai) for some a}

=1

It is fairly obvious that for any variable assignment

(M1, 8) E R(t1, ..., tn) & (M, 8) E Jz(rel(cg, z) A /\reli(z,ti))

=1

and thus
Ml ): F < M ): F5

It remains to show that also the second part of Definition 2 is true. To this
end consider a Y;-structure N. To construct the required Yo-structure M
we need some auxiliary functions. Since N, the universe of N, is infinite
there are for every n injective functions f, : N* — N. Now M is given by
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1. The universe of M is N

2. The interpretations cp! are chosen arbitrarily subject only to the con-

dition that for different relation symbols R and S the interpretations
are different, i.e., eyl # M.

3. (a,b) € rel™ if there is R € ¥; such that ¢! = a and there is an
n-tuple (by,...,b,) € N n = the arity of R, with f,(by,...,b,) =0
and (by,...,b,) € RV.

4. (bye) € (rel™)™ if there is an n-tuple (by,...,b,) € N" with
fu(b1,....b,) =band b; = c.

It is not hard to see that

{(by,...,by) € M™ | rel™M(c,a) A /\ rel?(b, b;) for some b}

=1

coincides with RV and thus N' ~ M;.

Solutions to Chapter 2

Exercise 2.11.1  This is a simple reformulation of the Foundation Axiom
making use of the appreviations () and N.

Exercise 2.11.2 (1) The initial case m = 0 is trivial, since n € 0 is never
true. Assumen € m —-nt emvVnt =m

Show n € m* —nt emtvnt =mt

There are two cases for n € m™ ot be true.

case 1 n=m.

This yields immediately n™ = m™ and we are finished.

case 2n € m.

By induction hypothesis we have n™ € m or n™ = m. Both cases immediately
entail nt € m™ =mU {m}.

(2) The base case, n = 0, follows from Lemma 7.

Assume (n € mV n=mm € n)
Show nt e mVnt =mVmenh)
case 1 n € m.
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By part 1 of this exercise we get n™ € m or n™ = m. As needed. case 2
n=mVmen)
Immediately implies m € nt =n U {n}.

Exercise 2.11.3

Let a = {s1,...,s¢} with & > 0. By assumption |Ja = a. We fix an
arbitrary element s;, € a. By definition of union there must be an index 4,
such that s;, € s;,. Again there must be an index iy such that s;, € s,,.
Iterating this argument we obtain in total k + 1 indices g, 71, . . . i such that
Siy € Si, € S, € ... € ;. Since there are only k£ elements there must be
0 <u<wv <k with s;, = s;,. But now, s;, € s, € ... € 55, = 55
contradicts the axiom of foundation.

u

Exercise 2.11.4

(1) It can be easily checked that the set {0,1,2,{1},{2}} is transitive, but
its elements {1} and {2} are neither equal nor is one an element of the other.
(2) Assume that n is a transitive set satisfying VaVy(x € a Ay € a — (x €
yVyexzVr=y).

The same proof as for Lemma 8(1) shows that n' is also transitive. It
remains to show the additional property for n™. For this we fix elements
z,y €nt =nU{n}. If x,y € n then we get from the induction hypothesis
(x € yVy € xVa =y), as desired. If x = y = n we are immediately finished.
So, it remains to investigate the case © € n A y = n (and the symmetric one
y € nAx =n). The first case immediatly yields x € y and the second y € x.

Exercise 2.11.5

1 This is the classical Russell paradox.

Assume that there is a set ¢ with ¢ = {z | = & x}. Then the formula
c € {x | x & z} is be the rules for eliminating class terms logically equivalent
to ¢ & c. Thus ¢ € ¢ <> ¢ € ¢, an outright contradiction.
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2 Since {z | x = z} is the class term denoting all sets, this exercise asks to
show that the collection of all sets is not a set.

Assume, that it is, i.e., that there is a set ¢ with ¢ = {x | x = 2}. Since c = ¢
is true, we obtain ¢ € ¢ which contradicts the foundation axiom.

3 Assume for the sake of a contradiction that there is a set r satisfying r =
{z | rel(z)}. The singleton set {(r,r)} satisfies rel({{r,r)}), thus {(r,r)} € r.
Since (r,r) = {{r}} thisleads tor € {r} € {{r}} € {{{r}}} € r which again

contradicts the foundation axiom.

Exercise 2.11.6 Observe that

21, 22 € aUbd

{1}, {z1,22} € PaUb)
{{z1},{#z1,22}} € P(P(aUD))
(21, 22) € P(P(aUb))
Thus

axb={r€P?| Iz 3n(r="{(21,2)Az1 CaAzncb)}
Now it is easy to see that the previously proved existence of the union of two

sets, the powerset and subset axioms allow to deduce the existence of the
Cartesian product.

Exercise 2.11.7  Assume that Ord is a set, then by Lemma 24(4) o =
JOrd is also an ordinal, i.e., @« € Ord. Thus also a + 1 € Ord. From
a € (a+ 1) € Ord we obtain the contradiction to the foundation axiom

aeJOrd=a.

Exercise 2.11.8 Let a =J=.

For § € x we get by definition of | J that 8 C «. Now consider an ordinal ~
with 8 <~ for all § € z,i.e. B C~ for all § € z. The definition of | J yields
immediately a = {Jgc, 8 C 7.
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Exercise 2.11.9  Assume that there is a set a such that a x a = P(a). By
the foundation axiom A2 there is b € P(a) such that b N P(a) = 0. Since
b € a x a there are elements x,y € a with b =< z,y >= {{z},{z,y}}. By
choice of b we have {z} € P(a). Thus z & a contrary to the choice of x.

Exercise 2.11.10  The answer is no! Remembering the definition (a, b) =
{{a},{a,b}} we obtain

s€{q, s} €lq,s)ere{pr}teprecs

This contradicts the foundation axioms.

Exercise 2.11.11  An immediate application of the axiom of foundation
does not yield the desired contradiction. We need an additional application
of the subset axiom. This axiom yields the existence of a set ag with ag =
{z € a| z=a} = {a}. By the foundation axiom there should be an element
b € ag with ag N'b = . Since a is the only element of ag, this is ag Na = 0.
But, this contradicts a € ag N a.

Exercise 2.11.12  Assume there are sets aq,...a, with a1 € ay € ... €
an_1 € ap € a1. Let ¢ = {aq,...a,}. By the foundation axiom A2 there is
an element b € ¢ with

Vz(z€c— 2 ¢Db)

Now, b = a;y1 for 1 < i < n — 1 is not possible since we have a; € ¢ and
a; € a;y1. But, also b = a; is not possible since a, € ¢ and a, € a;.

Exercise 2.11.13  Assume that H = Ord \ X # 0.

We will first show that [ H is again an ordinal. By Lemma 2(3) we know
that (| H is a set. The rest of the argument is an easy extension of the
proof of Lemma 24(2). To prove transitivity of (| H consider z € H. Since
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all elements of H are in particular transitive set we get for all « € H that
a C «a. Thus also a € (H. To check the second defining property of
ordinals consider «, 5 € (| H. By our assumptions H is not empty, so there
is v € H and of course also «, € 7. By the ordinal property of v we obtain
a € forf € aorf=a. Sowe have established that (| H = ¢ is an ordinal.

For all @« € 6 = (((Ord \ X) we get V3(8 ¢ X — a € f). This implies
a € X, since a ¢ X would lead to the contradiction a € . By the inductive
property of X we get 6 € X. From § = ()(Ord \ X) we also infer for all
B ¢ X the relation § C 3. Since we know already 6 € X we must even have
VB(B ¢ X — 0 C ). By Lemma 24(1) this implies V3(8 ¢ X — § € 3).
This leads to the contradiction § € (N, ,gx 8 = 6. Thus we must indeed
have Ord = X.

Exercise 2.11.14 The answer is no since

O < 0F1 < ...001 < 01

Exercise 2.11.15 We apply Lemma 22 with

WO(z,y) = ord(x)Nordly) Nz €y
o(u) = Yo((u,€) = (v,e) > u=0)

Requirement (1) of Lemma 22 follows from the foundation axioms. To satisfy
requirement (2) we start with an arbitrary set x and need to find a superset
x C u closed under the predecessors of WO. We claim that u =z U [ J{w €
x | wis an ordinal} does the job. Assume z €  and WO(v, z) then v € z
and z is an ordinal and thus v € z C u. If 2 € w for an ordinal w € x and
WO(v,z) then v € z and v and z are ordinals. Since the ordinal w is in
particular a transitive set we get v € z C wand there for z € w C u. Thus
we know that Lemma 22 is applicable with the given instantiations of WO.
It remains to proof the argument for the induction step for o an arbitrary

ordinal:
If VBB €a—Vy((B,e) = (y,6) = B=17))
then Vvy((a,€) = (v,€) > a=7))
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So we consider an isomorphism f : (a,€) — (v,¢). For every 8 € « the
restriction f" of f to 8 C « is an isomorphism f’ : (8,¢) — (f(5),€). By
assumption we get § = f(f). This immediately yields oo = .

Exercise 2.11.16  Assume, for the sake of a contradiction, that a = {z |
ord(z)} for a set a. By Lemma 24(4) (Ja = f is an ordinal. Thus also
BT € a. By the property of the sum operation we know y C |Ja for every
y € a. This yields the contradiction 5 € T C S.

Exercise 2.11.17 (1) Intuitively, this is obvious. The task here is to show
that s is finite by Definition 21. By assumption there are natural numbers
ni, ny and bijections fi, fo satisfying func(fi,n1,s1) and func(fa, ng, s2).
We define

f=hHUu{{n+my) | (my) € fo}

It can be easily seen that f is a bijection and func(f,n;+mns, s1Usy) is true.
(2) This is the contraposition of part (1).

(3) Let g be a bijection with func(g,k,a) and f; bijections with
func(fi,ni, (7)) for i < k. We define

£ = U8 em; +my) | (m.y) € £}

i<k
Less formal we could write:
{(no +m,y) [ (m,y) € fi} U

{<n0+n1+m7y> ‘ <m>y> € f2} U
.U

((Sjakoany +moy) | (moy) € foor)

It can be easily seen that f is a bijection and func(f,X;<xn;,|Ja) is true.
(4) This is again the contraposition of part (3).
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Solutions to Chapter 3

Solution to Exercise 3.9.1 The statement of the lemma is rather obvi-
ous and one is easily persuaded to believe it. Let us nevertheless present a
detailed proof if only for the purpose to see what such a detailed proof would
look like.

We show by structural induction on the complexity of a formula F' €

PModFml
for all g € G,

(GlaRlavlag) }: Fift (G%R%v%g) }: F.

In the initial case the formula F' consists of a propositional variable p and we
need to prove v1(g,p) = va(g,p). This is immediate from the definition of a
subframe.

The proof of the induction step is organized in various cases depending on
the leading logical operator of I'. The propositional operators are straight
forward. We will present the case OF. The case OF' is absolutely parallel.
To save notational overhead we use the abbreviation K; for (Gy, R;, v;).

Let us first assume (K, g) = OF. Thus (Kq,h) | F is true for all h € Gy
with Ry(g,h). We need to show (Ks,g) = OF. To this end we consider
an arbitrary h € G5 with Rs(g, h). By the subframe property we also have
Ri(g,h) and by what we just said we know (Ky,h) = F. By induction
hypothesis this implies (ICo, h) |= F, as desired.

Now assume for the reverse implication (K, g) | OF. Thus (K, h) = F is
true for all h € Gy with Ry(g,h). We aim to show (K1, g) = OF. Thus we

consider an arbitrary element h € G satisfying R;(g,h) and need to show

(K1,h) = F. Since Gy is a closed subframe of G; we get h € Gy and also
Ry(g, h). By the assumption for this part of the proof we obtain (Ko, h) = F.
The induction hypothesis now yields (KCa, h) = F.

Solution to Exercise 3.9.2

1. We need to exhibit a Kripke structure K and a world ¢; in & such that
g1 F (OP — 0Q) and g = O(P — Q). See Figure 6.1.
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Figure 6.1: Counterexample to (OP — 0Q) — O(P — Q)

Figure 6.2: Counterexample to O(P V Q) — (OP Vv OQ)

2. We need to exhibit a Kripke structure X and a world g; in K such that
g1 EO(PVQ)and g, = (OPVOQ). See Figure 6.2.

Solution to Exercise 3.9.3

1. $Op «» Op

Let K = (G, R,v) be a Kripke structure with R an equivalence relation
and assume that for an arbitrary g € G we have g = $Op. Thus there
is hy with R(g, h1) such that for all h with R(hq, h) we know h = p. The
description that there is some hy such that R(g, hi) and R(hq, h) says
nothing more than that g and h belong to the same equivalence class
of R. More formaly 3hi(R(g,h1) A R(hy,h)) <> R(g,h). In particular
this shows g |= Op.

2. O0p < Op
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Follows from 1 by the usual trick of replacing p by —p and some obvious
equivalence transformations.

Solution to Exercise 3.9.4

Proof of 2 Let K = (G, R,v) be a Kripke structure with (G, R) a symmetric
frame and g € G. We want to show (K, g) = p — O<Cp. So assume (K, g) = p
and try to prove (K, g) = OCp. For any gy satisfying R(g,g1) we need to
find g with R(g1, g2) and (K, g2) = p. Symmetry allows us to use g3 = g.

For the proof of the second part of the characterization property consider a
frame (G, R) that is not symmetric. There are thus g1, go with R(g1, go) and
—R(g2,g1). We define a valutation function v as follows:

[0 if Rga, ).
v(h,p) = { 1 otherwise

This definition was specifically taylored to yield ((G,R,v),g1) = p and
((G,R,v), g2) = =<Cp. The last formula also yields ((G, R,v),¢1) E —~OCp.
Altogether we arrive at ((G, R,v),g1) = ~(p — OOp).

Proof of 3 Let K = (G, R, v) be a Kripke structure with (G, R) a serial frame
and g € G. We want to show (K, ¢g) = Op — <p. So assume (K, g) = Op
and try to prove (K, g) &= Op. Since R is serial there is a world g; satisfying
R(g,91). By the assumption (K,¢) = Op we obtain (K, ¢1) = p and thus

(K, 9) E ©p.

For the proof of the second part of the characterization property consider a
frame (G, R) that is not serial. There is thus gy € G such that no g; exists
satisfying R(go, g1). We define a valutation function v with v(h,p) = 0 for
all h € G. This yields first of all ((G, R,v),g0) | —=<p. By the semantics of
the Box operator we also have ((G, R,v),g0) = Op. Thus ((G, R,v),g0) [~
Op — Op, as desired.

Proof of 5 Let £ = (G, R, v) be a Kripke structure with (G, R) a Euclidian
frame and g € G. We want to show (K, g9) F Op — OOp. So assume
(K,g9) = Op and try to prove (K,g) = OCp. By assumption there exists
g1 € G with R(g,¢1) and (K, ¢1) | p. For any go with R(g, g2) we need to
find g3 with R(gs,93) and (K, g3) | p. By the Euclidean property we have
R(g2,91), and thus g3 = g1 does the job.

For the proof of the second part of the characterization property consider
a frame (G, R) that is not Euclidean. There are g1, g2, g5 with R(g1, g2),
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R(g1,93) and = R(gs, g3). We define a valutation function v as follows:
0 if R(go, ).
) ={ ] el

1 otherwise

Immediate consequences of this definition are ((G,R,v),g93) F p and
((G,R,v), g2) E —Cp. Because of R(g1,g3) we also get ((G, R,v),q1) = <p.
Because of R(g1, g2) we also get ((G, R,v),g1) = —~O<Cp. Together this shows
((G,R,v), 1) = Op — OCp.

Proof of 6 Let £ = (G, R,v) be a Kripke structure with (G, R) a weakly
functional frame and g € G. We want to show (K, g) = Op — Op. So assume
(K,g) = ©p and try to prove (K,g) = Op. By assumption there is g; € G
with R(g,¢1) and (K, ¢1) = p. Consider an arbitrary go € G with R(g, g2)
we need to prove (K, g2) = p. Since weak functionality requires g; = go this
is obvious.

For the proof of the second part of the characterization property consider a
frame (G, R) that is not weakly functional. There are thus g, g1, go satisfying
R(g,91), R(g,g2) and g; # go. We define a valutation function v as follows:

v(h,p) = { 0 otherwise

Obviously, thus entails ((G,R,v),¢91) = p and ((G,R,v),q2) E —p

and further ((G,R,v),9) E <p and ((G,R,v),g) = —Op. Altogether
(G, R,v),g) = Op — Op and we are done.

Proof of 7 Follows immediately from parts 3 and 6.

Proof of 8 Let £ = (G, R,v) be a Kripke structure with (G, R) a dense
frame and ¢ € G. We want to show (K,¢) = OOp — Op. So assume
(K,g) = OOp and try to prove (K,g) = Op. We thus consider g, € G sat-
isfying R(g, g2) and aim to show (I, g2) = p. Since R is dense we are sure
to find g; with R(g,¢1) and R(g1, g2). But, now we can use (K, g) = O0Op to
conclude (K, g2) = p.

For the proof of the second part of the characterization property consider a
frame (G, R) that is not dense. This means that there exist go, ¢; in G, such
that there is no g € G between them i.e., there is no g € G with R(go, g) and
R(g,g1). We define a valutation function v as follows:

o(h,p) = { (1) ;f(’);qlsf G exists with R(go, g) and R(g,h).
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,v),91) E —p. Thus also

Obviously ((G, R,v),90) F OOp and ((G,R
((G,R,v),90) = DOp — Op is

((G,R,v),90) E —Op . This shows that
not true and we are done.

Proof of 9 Let £ = (G, R,v) be a Kripke structure with (G, R) a weakly
connective frame and g € G. We want to show (K, g) = O((p A Op) —
q) VO((g AN Og) — p). We assume that the first part of the disjunction
is not true, i.e., that there is g; € G with R(g,¢1), (K,¢91) &= p A Op and
(K, 91) E —q., and we will show that the second disjunct has to be true. To
this end consider an arbitrary g, with R(g, go) and (K, go) = (¢AOgq) and try
to show (IC, ¢g2) = p. By weak connectivity there are three possibilities: (a)
g1 = g2 (b) R(g2,91) and (c) R(g1,g2). Alternative (a) yields a contradiction
since we have (I, g2) = ¢ and (K, g1) = —q. Also alternative (b) is contra-
dictory since we have (I, g2) = Og and (K, ¢1) E —¢. Thus alternative (c)
has to be the case. But now (K, ¢1) | Op yields (K, go) = p as desired.

For the proof of the second part of the characterization property consider a
frame (G, R) that is not weakly connective. Thus there are s, s1,t; € G with
R(s,s1) and R(s,t;) but

—R(s1,t1) and —R(t1,s1) and t; # s

We define a interpretation v by:

| 1 if h=sy or R(s1,h)
v(h,p) = { 0 otherwise

o 1 lfhztl or R(tl,h)
v(h.q) = { 0 otherwise
This stipulation yields in particular v(¢;,p) = 0 and v(sy,q) = 0. It is
furthermore easy to see that s; = p A Op holds true. Combined these obser-
vations yield s; & (p A Op) — ¢ and also s [~ O(p A Op) — ¢. Analogously
s £ 0O(g A Og) — p can be seen to be true. Altogether we arrive at

(G, R,v),s) = O((pAOp) — q) VO((g ABgq) = p)

and are done.

Proof of 10 Let K = (G, R,v) be a Kripke structure with (G, R) a weakly
oriented frame and ¢ € G. We want to show (K, ¢) = <¢Op — OOp. So
assume (IC,g) E <Op and try to prove (K,g) | OOp. There is thus ¢;
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with R(g, g1) and (K, g1) = Op. To meet our proof obligation we consider an
arbitrary go with R(g, ¢g2) and need to find g3 with R(gs, g3) and (K, g3) = p.
Since R is weakly oriented we find h € G with R(g1,h) and R(gs, h). From
(K, g1) = Op we get (K, h) |= p. This shows that we can use g3 = h.

For the proof of the second part of the characterization property consider a
frame (G, R) that is not weakly oriented. Thus we find g, ¢, g2 in G with
R(g, g1) and R(g, g2) such that there is no h satisfying simultaneously R(gi, h)
and R(gs, h). We define a interpretation v by:

o(h p) :{ 1 if R(g1,h)

0 otherwise
This definition gives immediately ((G, R,v),¢1) | Op and ((G, R,v),g) =
&Op. The definition was furthermore taylored to yield ((G, R, v), g2) | —=<p.
Thus entails ((G, R,v),g9) E —OCp. In summa ((G, R,v),g) £ <OOp —
Op.

Proof of 11 Let K = (G, R, v) be a Kripke structure with (G, R) a confluent
frame and g € G. We want to show (K,g) = ¢Op — <p. So assume
(K,g9) E <¢0Op and try to prove (K,g) = <Op. By this assumption there
exists g; with R(g,¢1) and (K, ¢1) = Op. We want to find g, with R(g, g2)
and (K, g2) = p. By the confluence property there is h with R(g,h) and
R(g1,h). Thus (K, g1) E Op implies (K, k) = p which shows that go = h is
possible.

For the proof of the second part of the characterization property consider a
frame (G, R) that is not confluent. There are thus elements gy, g» in G with
R(g1, g2) and there is no h satisfying both R(gi,h) and R(ga, h). We define
a interpretation v by:

U<h’p):{ 1 if R(gs, h)

0 otherwise

The definition immediately implies ((G, R,v),¢92) | Op and thus also
((G,R,v),q1) = <©Op. On the other hand ((G, R,v),¢1) E ©p cannot be
true, since this would entail the existence of a world h with R(g;,h) and
((G,R,v),h) = p. By definition of v the last claim would imply R(gs,h)
which is excluded by our assumptions. Thus we arrive at ((G, R,v),g1) [~
SOp — Op.

Solution to Exercise 3.9.5
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1. By definition C'(0,1,2,0) stands for
YV, VwaVws ((wy = wy A Rz(wl, w3)) — Jwy(R(we, wy) A ws = wy))

We may replace wy everywhere by w; and w, everywhere by ws to
obtain the following logically equivalent formula

Vw1Vw3(R2(w1, 'LU3) — R(wl, 'LUg)),

If we expand R?(w;,ws) to its definition we are looking at the familiar
definition for transitivity of R.

2. Unravelling the definition for C'(0,1,0,0) we get
VwNwQng,((wl = wo Nw; = U)g) — ElUJ4(R<UJ2, U)4) N wg = w4))

Replacing both ws and w3 everywhere by w; we arrive after some trivial
transformations at

Vw, Fwa(R(wy, wy) A wy = wy)

We can omit existential quantification by replacing w, by w; and obtain
after omitting the trivially true conjunct w; = w;

leR(wl, wl)
3. Replacing C'(1,1,0,0) by its definition we obtain
YV, VwoVws ((R(wy, we) A wy = wsz) — Jwa(R(we, wy) A ws = wy))

Replacing both w3 and w, by w; which is an operation preserving logical
equivalence we get after some trivial transformations

YV, Vws (R(wy, we) — R(we, wy))

4. Unfolding the definition of C'(1,0,1,0) yields
Vw Vwa Vws (R(wr, wa) A R(wi, ws)) — Jwa(ws = wa A ws = wy))
Here it suffices to replace wy by w3 ain the desired result
YV, VwaVws (R(wy, we) A R(wy, w3) — wy = w3)

See also | , page 493].
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Solution to Exercise 3.9.6 Both equivalences are proved by induction
on n. We will only present the proof of the first statement, the second proof
proceeds analogously.

For n = 0 the claim is reduced to
(K, g) | F iff for all h € G with R°(g, h) we have (K,h) | F.

Since R%(g,h) = g = h this is further equivalent to

(K,9) | Fiff (K,g) = F.

Proof of the induction step from n to n + 1:

(K,g) EO"E iff (K, hy) | O"F for all hy with R(g,h;) Def. of O"*!
iff (IC,h) |= F for all h, h; with

R(g,hy) and R™(hy,h) Ind.Hyp.

iff (K,h)E F for all h with R"*(g,h)  Def. of R™!

Solution to Exercise 3.9.7 Assume by way of contradiction that there
is a formula F' € PModFml characterizing the class {(G,R) | (G,R) &
JrIyR(z,y)}. We consider two frames (Gy, R;) and (Ga, Ry) with G; =
{91, 92,93} and G2 = {g1}. Furthermore R;(x,y) < = = go and y = g3 and
finally Ry the empty relation. By our assumptions on F' there is a valuation
ve with ((Ga, Ra,v2),q1) = —F and ((Gy, R1,v),g:;) = F for all v and all
i € {1,2,3}. We choose some v; such that vy is the restriction of v; to Gs.
Obviously (G, Rs) is a closed subframe of (G, Ry). Thus by the result from
Exercise 3.9.1 ((Gy, R1,v1),g1) = F implies ((Ga, R2,v2),91) = F.

This contradiction completes the proof.

Solution to Exercise 3.9.8 Let K = (G, R, v) be the disjoint sum of the
Kripke structures Ky = (G1, Ry, v1) and Ky = (G, Rs, v2). For simplicity we
assume that G4 NGy = 0.

We set out ot show K = Fiff K; = F and Ky = F

To this end we show by induction on the complexity of F' and every world
ge G
(K,9) E Fiff (K1,9) = For (Ky,9) FF

Since G = G W G it suffices to prove
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1. forevery g € G;:  (K,g) E F iff (Ky,9) E F
2. forevery g € Go:  (K,g) E Fiff (Kq,9) E F

In the base case of the induction F' is a propositional variable and the claims
follow immediately from the definition of v.

We will present the induction step for the case F' = OF,. The remaining
cases are either simple of analogous.

We observe that the definition of R yields for all g € G; and h € G
R(g,h) < h € G; AN Ri(g,h). This observation an the induction hypothesis
immediately lead to

1. forevery g € Gi: (K, g) | OF iff (K41, 9) | OF
2. for every g € Go: (K, g) E OF, iff (Ks,9) E OF,

as required.

Solution to Exercise 3.9.9 Consider the two frames (G1, Ry), (G2, Ry)
with G = {91}, G2 = {92}, g1 # 92 and R;(gi,9;) for i = 1,2. Assume
that F' characterizes the class of all universal frames. Thus for arbitrary
interpretations w; we have (G;, R;,w;) = F. By choice of F' we also know
that there is a interpretation v such that (G, R,v) = —F for the disjoint sum
(G, R) = (G1, R1)W(Gy, Ry). Let vy, vy be such that (G, R,v) = (G, Ry, v1)W¥
(Ga, Ry, v9). Note, that vy, vy can easily be found since G and G5 are disjoint.
From (Gy, R;,v;) = F we conclude by Exercise 3.9.8 also (G, R,v) = F .
Contradiction.

Solution to Exercise 3.9.10
1 Fians  VXMVu(R(z,u) = X(u)) = YuVo(R(z,w) A R(w,v) = X(v)))
2 Fyans AX(Vu(R(z,u) = X(u)) A Jwv(R(z,w) A R(w,v) A =X (v)))
Apply lemma with
G = R(z,u)
H = Jw3v(R(z,w) A R(w,v) A =X (v)) negative in X
3 “Fians JwIv(R(z,w) A R(w,v) A —R(z,v))
4 Fyans YVU(R(z,w) A R(w,v) = R(z,v))
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Solution to Exercise 3.9.11
1 Fer VX(Vz(R(z,z) = X(2)) = Ju(R(z,u) A X(u)))
2 Fy, JXVz(R(z,z) = X(2)) ANVu(R(z,u) = =X (u)))
Apply lemma with
G = R(z,2)
H =Vu(R(z,u) — —X(u)) negative in X
3 —Fser Vu(R(z,u) = —R(z,u))
4 —Fr Yu(—R(z,u))
5 Fr JuR(z,u)
6 VzFsr VzIuR(z,u)

Solution to Exercise 3.9.12

The characterizing formula is Ofalse.

For a Kripke structure K = (G, R,v) with R = () and arbitrary g € G the
claim ¢ = Ofalse is true of for all h € G with R(g, h) we have h |= false. This
is vacuously true since there is no h with R(g, h). Also the reverse implication
is simple. If, for the sake of a contradiction, there would be g,h € G with
R(g, h) then g = Ofalse could not be true for arbitrary interpretation v.

Solution to Exercise 3.9.13

Fix n. The proof proceed by induction on n — k, or reverse induction on &
fromk=ntok=0

If n—k =0,ie k =n, then I is a purely propositional formula without
modal operators. So, (K,g1) = F only depends on v(gy,p) for p € PVar.
But, v(g1,p) = vy (g1,p) for any n and any g with g, € G7.

In the inductive step from k+1 to k we assume that for any F’ with md(F") <
n—k—1and g € GE' we have

(K,9) EF < (Ky,d) = F
and we try to establish that for any ' with md(F) < n —k and any g, € G’;

(K.g1) F F e (Kg,0) FF

This inductive step is proved by structural induction on F. The case that
F'is a propositional variable has already be dealt with. If ' = F} A F5 then
also md(F;) < n — k. By the semantics definition (K, g;) = F is equivalent
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to (K,g1) E Fy and (K,91) E F1 . By the induction hypothesis of the
structural induction this is equivalent to (K7, ¢1) = F1 and (K, 1) F Fy
which again by the semantics definition is equivalent to (K7, 1) = F. The
other propositional cases F' = F} V Fy and F' = —F} follow analogously.

So let us look at F' = OF; with md(F) <n — k. Thus md(F,) <n —k — 1.

Assume (K, g1) = OF; with the aim to arrive at (K}, g1) = F. To achieve
this aim we have to prove for any g, € G} with R} (g1, g2) that (K}, g2) = F1.
We first point out that under the present assumptions R} (g1, g2) is equivalent
to R(g1, g2). This gives us (K, ¢g2) = Fi. Since g1 € G’; implies gy € G’;“ the
outer induction hypothesis is applicable and yields (K}, g2) = F as desired.

Now assume (Kj,g1) = F with the aim to arrive at (K, ¢1) = OF. To
achieve this aim we have to prove for any go € Gy with R(gi,g2) that
(K,92) F Fi. Again R(g1,g0) is equivalent to Rj(gi,g2) which gives us
(K7, g92) = Fi. Since gy € G¥ implies g, € G¥™' the outer induction hypoth-
esis is applicable and yields (K, g2) = F} as desired.

The case ' = OF) follows analogously.

Solution to Exercise 3.9.14

We start with the easy implication. Assume - (FyAOFA...O"F) — F; and
try to prove Fy Fg Fy. So we look at a Kripke structure K = (G, R,v) with
(K,g) E F, for all g € G and want to arrive at (K, g1) = F> for any g, € G.
Since (K, g) = Fi is true for all g € G we have (K, ¢1) | FiAOF, A...O"F}.
Thus by assumption (K, g1) = Fs, as desired.

For the reverse implication we assume F| ¢ F5 and for an arbitrary Kripke
structure K = (G, R, V) we assume (K, ¢g;) = Fi AOF, A...0"F; for an
arbitrary g; € G with the aim to show (IC, g1) |= Fy. Let K = (G, Ry, vy
be the Kripke structure defined in Exercise 3.9.13. From the definition of G,
we see that (I, g1) = Fi AOFyA...O"Fy implies (K, g) |= F) for all g € Gy .
Since md(Fy; < n we get from Excercise 3.9.13 also (K} ,g) | F for all
g € GY . The assumption Fy ¢ Fy now yields (K, g) = F; for all g € G,
in particular (K7, g1) | F2. Since md(F; < n another appeal to Excercise

3.9.13 yields (K, g1) = F» and we have finished.

Solution to Exercise 3.9.15
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ad 1 From the description logic vocabulary V = CUR we construct a first-
order vocabulary ¥ that contains a unary predicate symbol C(z) for each
C' € C and a binary relation symbol R(x,y) for each R € R. We use the
same symbols to denote the concept and likewise the unary relation, and
the role and the binary relation in the hope that this will not cause any
confusion.

For an expression C' we define its first-order translation C* inductively as
follows:

concept expression C' C* comment
C C(z) if CeC
—c -C*

CiMCy CiNCs

CiUCy Crv e

VR.C Vy(R(z,y) — C*(y/x))

JR.C Jy(R(z,y) N C*(y/x))

We arrange this translation in a way that C* contains = as the only free
variable. C*(y/x) denotes that formula obtained by replacing all occurences
of the free variable x by y.

ad 2 needs to be done

Solution to Exercise 3.9.16

We need to show for any interpretation Z that (=VR.C)* equals
(AR.~C)*. By the semantics definition (VR.C)? is the set {d € A |
for all b with R(d,b) we have b € C%}. So its complement is {d € A |
there exists b with R(d,b) and b € (—C)?}.

Solution to Exercise 3.9.17

That is easy. Transitivity of r says VaVyVz(r(x,y) A r(y, z) — r(z, z)) and
transitivity of v~ says VaVyVz(r—(x,y) Ar~(y,z) — r~(x, 2)). By definition
of r~ this is equivalent to YaVyVz(r(y,z) Ar(z,y) — r(z,x)) which is just a
simple permutation of the definition of transitivity for r.

Solution to Exercise 3.9.18

The answer is No. The formulas in H written as first-order formulas are
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all univeral Horn clauses, i.e. formulas of the form Vz(lhs — rhs). These
formulas can trivially be satisfied by an interpretation Z with RZ = A for all
R e R.

By the way Z satisfies Ry C R, and Ry, C R, iff R = RZ and RY is

symmetric.

Solution to Exercise 3.9.19

Let C € C, and C' = (4 the defining equation for C' in the T-Box 7. We
built a tree T" whose nodes will be labeled by name concepts. The root is
labeled with C'. In general if a node in the tree is labeled by D from C,,
then there are successor nodes one for each D; from C,, that is directly used
by D. Since T is noncyclic T is a finite tree. Now perform the following
construction: replace every name symbol in C by its definition to obtain
Cs. If (5 does not contain any name symbol we stop. Otherwise we again
replace all name symbols in Cy by their definition to obtain C5. And so on
to obtain Cy. Any name symbol C’ occuring in C} is on a branch of the
tree T. Thus the described replacement process stops after finitely many
iterations and we obtain an equation C' = C%, where C} only contains base
symbols. Obviously, the original T-Box 7 and the one, call it 7, obtained
by replacing C' = C; by C' = C}, are equivalent, i.e., are satisfied by the same
interpretations. But in 7’ C' is uniquely defined by base concepts.

Solution to Exercise 3.9.20

The claim K,gx = FF < K* gx = F is proved by structural induction
on F.

Solution to Exercise 3.9.21

Let us first look at the easy direction. Assume {0"A | n > 0} =1 F and try
to prove A =g F. We consider a Kripke structure K = (G, R,v) with g = A
for all ¢ € G. We want to prove h = F for all h € G. From the assumption
we get h = 0"A for all n > 0. Which by case assumption yields h | F.

Now assume A |=¢ F' and consider a Kripke structure K = (G, R,v) with
g € G with K, g = O"A for all n > 0. We want to arrive at K,g = F.
Let K* = (G*, R*,v*) be the Kripke structure from Exercise 3.9.20. Then
we have also have K£* g = O0"A for all n > 0. Since all worlds in K* are
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reachable from g we obtain K*,h = A for all h € G*. By A ¢ F this
implies K*,h |= F for all h € G*. In particular £*,g = F. By Exercise
3.9.20 this implies K, g = F.

Solution to Exercise 3.9.22

to be done

Solution to Exercise 3.9.23

(z1, line of, 1982953 ) (22, line of, 1982953 ) (23, line of, 1982953 )

(z1, item, Fleece) (z1, Id, 313169M6) (z1, color, orange)
(z1, size, M) (z1, qu, 2)

(72, item, Shirt) (z2, 1d, 1911409M6> (z2, color, smaragd)
(72, size, L) (z2, qu, 1)

(23, item, Top) (z3, 1d, 2497081\/[6) (z3, color, navy dotted)
(23, size, S) (z3, qu, 1)

Solution to Exercise 3.9.24

1. ¥ (Cn-3s.D) & V :
& Vy(r(y,z)
&V )

2. to be done

3. to be done

Solution to Exercise 3.9.25

In the proof of the correctness theorem, Theorem 69, the statement that
the initial tableau is satisfiable is used. This involves a mapping I of one
prefix o into the set of possible worlds of an arbitrary Kripke structure with
reflexive accessability relation such that R(I(0),I(0)) if o is T-accessible
from o. Since ¢ is T-accessible from ¢ it is crucial that R is indeed reflexive.
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Furthermore the correctness theorem builds on the validity of the correctness
lemma. So, let us look at the proof of Lemma 70. The case of the v-rule (box
rule) is valid regardless of the accessibility of prefixes, since the mapping
is not changed. But, the argument concerning the p-rule (diamond rule) in
generel needs reconsideration. But, in the special case of T-accessible the
text as it stand remains a valid proof.

The critical part of the completeness theorem is the construction of the coun-
termodel (G, R, v) with G the set of prefixes occuring on the open branch and
R the accessibility relation. We have to convince ourselves that T-accessible
entails reflexivity of R. But this is obvious.

Solution to Exercise 3.9.26

Given [(T'r) define
ext(d) = {(dhdg) | (dl,d, dg) S ](TT)}
Given ext define

[(Tr) = {(dy,d,d2) | (dy,ds) € ext(d)}

Solution to Exercise 3.9.27

Both inclusions are not universally valid. Here are minimal counterexamples
7, and Z, with the common universe A = {e,d} and R"* = R%2 = {(e,d)}
and

1 C7' = {e}, C3' = {d}

Thus (C; M3R.Co)"t = {e} and (IR.(C, N Cy))2 = 0.

2 O =0y = {d}

Thus (3R.(C; N Cy))H = {e} and (C; M IR.Cy)H = .

Consider the translation C(x) A Jy(R(x,y) ACs(y)) of C1 MIR.Cy into first-
order logic. This formula is equivalent to its prenex normal form Jy(C(z) A
R(z,y)AC5(y)). This is possible since quantified object are explicitely named.
In description logic there is no prenex normal form.
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Solutions to Chapter 4

Solution to Exercise 4.7.1

The proof proceeds, of course, by induction on the structural complexity of
F.

If F = p for a propositional variable p € PVar the claim reduces to:

gFEp & wvigp =1

which is true by definition of v. Since the propositional induction steps are
trivial it remains by the restrictions placed on F' to consider F' = [a]F}
(respectively F' = (a)F}).

(K,9) ElalF1 < (K,¢)E F forall (g,¢') € p(a) semantics
& (K q) | Fy for all (g,¢') € p(a)  ind.hyp.
< (K% ¢) | Ff for all R(g,q") def.of R
& (K% g) | OF7 semantics
< (K% g) e def.of F°

The case F' = (a) F follows analogously.

Solution to Exercise 4.7.2

(u,w) € p(a; (—A?;a)*; A?)
iff there exist v € S such that (u,v) € p(a) and (v,w) € p((—A?; )*; A?)
iff there exist n € N and w4, ...,u, € S with uy = v, u, = w
(u,v) € p(a) and
w; = A and (uj,u;11) € p(a) for all 1 <i <n and
wE A
iff repeat o until A

Solution to Exercise 4.7.3

Set A? = if Athen oy, elsew,; where ag, is a program that always
terminates without state change and «,,; is non-terminating progam. More
precisely for any Kripke structure (5, p, =) we have

p(Qskip) = {(s,5) | s €S}
plans) = 0
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Then

p(if Athen ag), elsea,:) = {(s1,52) | (s1,52) € plaskip) if 51 F A

(s1,82) € plag) if s; = -A}
cp

{
}(31,52) } (s1,52) (Quskip) if 51 = A}

={(s1,s1) ] ifsg A}
p(A?)

Solution to Exercise 4.7.4

Let K be a Kripke structure and s one of its states.
Proof of (1). We need to show s = = (p)F < [p|=F)

s —(m)F iff there is no ¢t with (s,t) € p(7) and t = F
iff for all ¢ satisfying (s,t) € p(m) we have t = = F
iff s k= [p]-F

Proof of (2). We need to show s = =[n|F <> (m)—F)

s E [r]F iff it is not true that for all (s,t) € p(7) we have t = F
iff there is at least one ¢ with (s,t) € p(7) and t | - F
ifft sk (m)-F
Proof of (3). We need to show s = [7|(F — G) — (([7]F) — [7]G)
skE[r)(F— G) iff forall t with (s,t) € p(7) we have t = (F — G)

Now, assume s |= [7]F, i.e., for all ¢ such that (s,t) € p(7w) we get t = F.
Since also t |= (F' — Q) is true we conclude ¢ = G. This gives for all ¢ with
(s,t) € p(m) the statement t = G, i.e., s |= [7]G. Altogether s = (([7]F) —

([7]G))-

Solution to Exercise 4.7.5

Assume s; = —(m)F implies sy = —F and s; = [7]-F. We want to show
sy | —F. From s; | [n]-F we get by duality of the modal operators

s1 = —(m) F. This immediately yields sy = —F.

Solution to Exercise 4.7.6

If H G — F then obviously G F F'. This is the easy implication that would

293



also be true for the global inference relation. Assume now G + F is true and
consider an arbitrary state s in an arbitrary Kripke structure K = (5, |=, p).
If s £ G then trivially s = G — F. If s = G then by G F F also s = F.
Again we get s =G — F.

Solution to Exercise 4.7.7

ad (1) The proof proceeds by induction on the complexity of .

Let m =a for a € A and (s,5') € p(a).

From s € Sﬁ) we derive the existence of some n with s € 57 . By definition
s’ € S7+1. This finishes the initial case of the induction since S7! C S2.
Let m = m;mo and (s, s') € p().

By the semantics definition there is s” € S such that (s,s”) € p(m;) and
(s",s') € p(ms). By the induction hypothesis for m we get s” € S2 from
NS S;‘(‘). Starting from this the induction hypothesis for my yields s € S ;?).
Let 7 = m Umy and (s,8") € p(m).

By the semantics definition either (s,s’) € p(m) or (s,s") € p(m2). Then the
induction hypothesis for either 7 or 7y yields s’ € S2.

Let 7 =77 € Il and (s, ') € p(m).

By the semantics definition there is some n, 0 < n and there are tg,...t,
with tg = s, (t;,tiy1) € p(m) for all 0 < i < n and ¢, = §'. By repeated

application of the induction hypothesis on m we show t; € S;%,. Lt € S;?),

oty €52

Let m = con? for some formula con and (s, s’) € p(7).

By the semantics definition this implies s = s and nothing needs to be
proved.

ad (2) The proof proceeds by induction on the complexity of F.
Let F' = p for a proposition variable p then
(K,s)Ep & (s,p) €-
& (s.p) €F N(SZ x PVar)
& (s.p) eFa
& (K4s)Ep
The induction step for the propositinal connectives follwos easily. So we
consider next F' = [r|F}.
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(K,s) EF < (K,s) [ F forall s with (s,s") € p(m) semantics
& (Ki,s') = F for all §' with (s,s') € p(v)  Ind.Hyp and

Part 1
(K2, s') b= Fy for all &' with (s, ) € pil () Part 1
& (K4,8)EF semantics

The case F' = (r) F} follows analogously.

Solution to Exercise 4.7.8

We start with the easier implication. So assume F [(aq U ... U a,)*|F; — Fy
and for some PDL Kripke structure IC = (S, F, p) assume (K, s) = F} for all
s € S with the aim to show (K,s) | F, for all s € S. For any s’ € S we
know (KC,s") = [(a1 U...Uay,)*|F1 — F,. Since (K,s) = Fj is true for all
s € S we obtain (K, s) E [(a1 U...Ua,)*]F; and thus (K, ') = .

For the reverse implication assume F; ¢ F5 and for an arbitrary PDL Kripke
structure K = (S,F, p), so € S assume (K, sg) = [(a1 U...Uay,)*]F; with the
goal to show (IC, s¢) = Fb.

We observe first that {s’ € S | (so,') € p((a1 U...Ua,)*)} equals S2 as
defined in Exercise 4.7.7. Thus we know (K, s') = F for all s’ € SZt. Exercise
4.7.7 entails (K2,5') = Fy for all & € S2. The assumption, F} Fq F,
now implies (IC;%,S’) = F; for all § € Sﬁ). Another appeal to 4.7.7 gives
(IC, s9) = F» as desired.

Solution to Exercise 4.7.9

Let F' € PModF'ml be a modal propositional formula as defined in Definition
34 and a € AP an atomic program. To decide wether F' is satisfiable we built
a formula F* € PFml such that (F*)* = F, where (F*)® is as defined in
Exercise 4.7.1. This exercise guarantees

F is satisfiable in modal logic K iff F™ is satisfiable in PDL

Since we know that satisfiability of PDL is decidable we are then finished.
The construction of the transformed formula F* € PFml is simple, e.g.
(Fy A Fy)* = F} N Fy.
The only non-trivial cases are

(OF)* = [a]F*

(CF) = {a)P"
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Solution to Exercise 4.7.10

Use the same set-up as in the solution to Exercise 4.7.9 but with the following
translation:

(0A) = [a]a"

(CA)" = (an)A

Again the desired property, equivalence of satisfiability, is not hard to see.

Solution to Exercise 4.7.11

This is easy. To decide Fy k¢ Fy let n = max{md(F;,md(F3)} and find out
whether (;AOF; ... 0O"F)) — F; is satisfiable. If and only if that is the case
P\ Fq F5 is true. This is the statement proved in Exercise 3.9.14.

Solution to Exercise 4.7.12

This is again easy. To decide F} ¢ Fy let A = {ay,...,a,} be all atomic
programs occuring in £} or F;. By Exercise 4.7.8 it sufices to find out whether
(a1 U...Ua,)*|Fy — F, is universally valid in PDL. This can be done, as
Theorem 103 assures us.
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Solutions to Chapter 5

Solution to Exercise 5.6.1 The answer will be no. We will even show
that the binary relation y = 2 % x is not definable in the theory in question.
The proof proceeds by contradiction. So we assume that y = 2 *x z is in fact
definable.

Let V' be the vocabulary with two letters a and b, V' = {a,b}. By Ly, C V¥
we denote the set of omega words defined by FOW A Jz3y(y = 2%z Aa(z) A
a(y) A\Vz(z # x ANz # y — b(y). By Theorem 114 there is a Biichi automaton
Bago with L¥(Bag2) = Laga. By w, we denote the word with
w (z)—{ a ifiz@orizQ*n

" b otherwise

Using this notation we may write Lo, = {w, | n > 0}. We may write

i=k
Laza = | J KLY (6.1)
i=0
where K;, L; C V* are regular languages. See e.g. | , formula
(1.1)] or | , Satz 10.25].

There will be 7y, 0 < ig < k such that w, € K; L¥ for infinitely many n, say

10 0
K; LY = {w, | n € N} for an infinite subset N C N.

10ig

If a word in L;, contains the letter a then there would be words in L
containing infinitely many occurences of a. Since any word in L, has exactly
two occurences of a all words in L;, contain only the letter b. Thus K, has
the following two properties

1. For all n € N there is w € K;, of length > 2 % n + 1 with w(n) = a,
w(2*n) = a, and w(m) = b otherwise

2. For all w € K, there is n € N with w(n) = a, w(2 *n) = a, and
w(m) = b otherwise

We may now use the pumping lemma for regular languages to show that this
is impossible. Thus arriving at the desired contradiction.
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Solution to Exercise 5.6.2 Let T = (N, <,¢{) be an arbitrary omega
structure.

1 If¢ = (FL UG)A (F2 U Q) then there are ny and ny such that

¢y EGand &, EG
Em = F for all m with 0 <m < ny

Em = Fy for all m with 0 < m < ny
For n = min(ny,ng) we get §, = G and &, = F1 A Fy for all m with
0 < m < n. The reverse impication is obvious.
2 (EFU(GLVGy)iff

there is n such that &, = (G1 V G) and &, = F for all m with 0 < m < n.
This is trivially equivalent to

there is n such that &, | Gy or &, = Gs and &, = F for all m with 0 < m < n.

This is exactly the definition of £ = (F U G1) V (F U Gs)

Solution to Exercise 5.6.3

1. O(p — <q)

2. D(p — (—|q/\Xﬁq A\ XXﬁq A\ <>q))

Solution to Exercise 5.6.4  Assume there is an LTL formula G that
expresses the stated property. Let Ag be the Biichi automaton associated
with G as guaranteed by Theorem 120. Obviously, there is at least one
accepting computation sequence t satisfying ¢ = G. By Lemma 122 there
is also a finite, cyclic accepting computation sequence s, satisfying s. = G.
Let s, = s!,s% ...,s", .... Let n; be all positions in increasing order such
that s7 = p. We know there are infinitely many. Let m; be the least index
m; > n; such that s7 |= ¢. By the property encoded by G we should have

(miy1 — nip1) > (m; —ny;). This is not possible for the cyclic sequence s..

Solution to Exercise 5.6.5
safety so = AG A1§i<j§n (¢ A ¢j)
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liveness sg = AG /\Ze{l (ti — EF¢;)

77777

non-blocking sy = AG /\Ze{1 (Eth)

-----

non-sequencing EF A\ .. (ti AV ¢ jcppiz; EXE(mc; U ¢)))
non-alternating EF A\ _,_ (c: A EXE((A 1,0z 7¢) U @)

Solution to Exercise 5.6.6

For 1 <i < plet K,,; be the set of all words w € V, such that there is
exactly one position n such that the i-th position in the letter w(n) equals

1. Obviously
ﬂ P.4si

1<i<p
Let B; C V,, be the set of all letters whose i-th position is 0 and C; its
complement C; =V, ,\ B;. Then K, ,; = B}C;B{ which shows that K, ,;
is omega-regular. Since omega-regular sets are closed under intersection also
K, , is omega-regular. If you prefer a Biichi automaton over omega-regular
expressions here it is:

Solution to Exercise 5.6.7

Let B = (S, V1, so0, 6, F') be a Biichi automaton such that L¥(B) = L. We will
produce a Biichi automaton B, = (5, V5, s¢, ., F') such that L*(B,) = u(L).
The only difference is in the definition of ¢,:

— (s, ) | uld) = &}

we LY(B) iff there is a sequence (s,,)o<n Of states such that
forall m: s,41 € 0(sn, w(n))
= there is a sequence (s,)o<, Of states such that

forall n: s,11 € 8,(5n, p(w(n)))
iff  p(w) € L(B,)
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Figure 6.3: A Biichi automaton accepting K, ,
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w' e L¥(B,) iff there is a sequence (s, )o<n of states such that
forall n: s,41 € d,(sn,w'(n))
= there is a sequence (s;)o<, of states such that
foralln: s,11 € (s, w(n))
for an appropriate w
it we L¥(B)

The appropriate w is obtained as follows. From s,1 € 0,(s,, w'(n)) we get
by definition of ¢, some d € V; with pu(d) = w'(n) and s,+1 € d(s,,d). We
set w(n) = d. By construction we see u(w) = w'.

In total we have shown u(L*(B)) = L*(B,,).

Solution to Exercise 5.6.9

Let L={S C G| f(S) CSand Uy C S}. As in the proof of Theorem 135
we can prove for U = (| L that f(U) C U. Thus by monotonicity of f we also
obtain f(f(U)) C f(U). Since all sets in L are supersets of Uy we also have
Uy C U. By monotonicity we get f(Uy) C f(U) and by the assumption of
the theorem also Uy C f(U). This yields f(U) € L and therefore U C f(U).
Alltogether U = f(U).

Let now W be a fixed point above Uy, i.e., f(W) =W and Uy C W. We get
W € L by definition and thus U C W.

Solution to Exercise 5.6.10

You need to require f(Uy) C Uy. The proof is the dual of the proof of Exercise
5.6.9.

Solution to Exercise 5.6.11

By Lemma 132 AGEFp is only expresible in LTL if AGEFp <+ AGFp is
true. It can be seen that for the transition system in Figure 6.4 we have
so = AGEFp but sy = AGFp.
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Figure 6.4: Transition system for AGEFp

Solution to Exercise 5.6.12

ad 1 We argue as follows

XCY = (D\Y)C(D\X)
= F(D\Y)CFD\X)
= D\ F(D\X)CD\F(D\Y)

\ X)
= G(X)CG(Y)

ad 2 We make us of the characteristion of the least fixed point of G obtained
in the proof of Theorem 135 as the intersection of all X C D with G(X) C X,
ie.,

Lfp(G) = {X | X € D and G(X) C X}

By definition of G we have G(X) C X if and only if (D \ X) C F(D \ X).
We may thus equivalently rewrite the definition of I fp(G as

Ifp(G) = ({D\Y|YCDandY C F(Y)}
= D\U{D\Y|YCDandY C F(Y)}
= D\ gfp(F)

ad 3 analogous to part 2.

Solution to Exercise 5.6.13

Let B = (S,V,4, S0, 0, F') be the given Biichi automaton with edge vocabulary
Vp,q and

L¥B) ={w € K, g | W' E BlSw1s- s Swps Swls-- > Swql}
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for the given monadic second-order formula ¢.

The Biichi automaton B, to be constructed works over the alphabet V,,_; ,
so we need some notation to relate letters from the two different alphabets.
For a € V,_1, we denote by a | x the letter in V,, with = inserted at the
position 1 + p. Formally

ali] ifo0<i<p
(alx)i]=} = ifi=1+p

ali+1] ifp+l1<i<p+4+gqg+1
Of course, only x € {0, 1} make sense in the present context. Dually we done
for a € V,, by a 1 the letter in V,_; , obtained from a by dropping its p 4 1
component. Formally

.| ali] if0<i<p

(a T)li] = { ali+1] ifp<i<p+gqg

We set
Sex = S
50" = S
F,.. = F

Oex(s,a) = {5 €d(s,al0)}U{s|s €d(s,all)}

Consider now w € L“(B.;). By definition of acceptance there is a run
S0y .-+, Sn ... of By such that a final state ¢ € S occurs infinitely often among
the s, and for all n we have $,11 € der(Sn, w(n)). By definition of J,, there
are =, € {0,1} such that s,1 € d(s,, w(n) | x,). If we define w’ € V,,, by
w'(n) = w(n) | z, we obtain w’ € L¥(B). By assumption this entails

(U},)O ): ¢[Sw/71, ce ey Sw’,pu Sw/J, e 7Sw’,q]
and thus also

(W) | 32,B[Sur 1y - - s Tt p1s S 1y -+ > Xt g]

Since (w')? = w°

also have

, Swi = Swy for 1 <i<pand Sy ; =S5,; forl <j<qgwe

U)O ): E'I‘qu[sw’l, <oy Swp—1, SwJ, e ,Sw7q]
This already shows
L(Bep) CH{w € Ky 14 | W' = 37,8[Sw15 - - - s Swp1> Swids - - - Swq) }
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Now, consider w € Vi, , such that w® = 32,0[sw,1, - -+, Swp-1, w15 - -+, Swyg

Thus for some n W’ = @[Sw1y-- s Swp-1,M Swis- - Syl We can easily
find w* € Vi, with (w*(i)) t= w(i) for all i« € N and s,+, = n. Thus
(W) = OlSwt 1y s Swt pots Swtps Swt 15 - -« St 4. By assumption wt €

L¥(B). Thus there is a run sqg,...,Sg,... of B with sg11 € d(sg, w*(k)) for
all k£ and a state ¢ € F' occuring infinitely often among the s;. By definition
of de, we also have sgi1 € der(sk, w(k)) for all k, i.e. w € LY(Bey).
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