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Introduction

Reactive systems consist of several components which continuously interact with each other
(and, most of the time, do not terminate). In the most basic case such a system would consist
of two components, namely a controller program and its environment.

Example 0.1.

1. Signal-box:
Controller program vs. Railway service (environment)

2. Operating system:
Operating system program vs. User (environment)

X

A reactive system is modeled by a two-player-game - Player 0 (she) vs. Player 1 (he). Infinite
games are generated by alternate actions which do not need to be strictly rotational.

In order to decide on a winner, a winning condition for infinite games needs to be formu-
lated (e.g. for Player 0). It’s the goal of Player 0 to construct a winning strategy which, for
every possible course of actions by Player 1, results in fulfilling the winning condition, and
therefore in winning the game for Player 0.

Example 0.2. Modeling of an elevator control for 10 levels

Player 0: Elevator control
Player 1: User
The system state is described by the following properties:

1. A set of level numbers that are requested by pushing a button (either on the re-
spective floor or in the elevator). This set is represented by a bitvector (b, ..., big)
(with b; = 1 < level i is requested.)

2. A level number for the position of the elevator (i € {1,...,10}).

3. An indicator which (0|1) shows whose turn it is.

State space: Let B = {0, 1}. The state space of the system is
7 =B x {1,...,10} x {0,1}.

We note: |Z| = 20000 states
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Transitions: We define two different kinds of transition. They lead from the O-states, where
it is the turn of Player 0 (elevator controller), to 1-states, where it is the users turn,

and vice versa.
Player 0 Player 1

door CIOSES, elevator moves,
> b/ b/ ;! 1
1---010,7,

delivers people

with i # i, b}, = 0,b); = b; for j # 7/

. users
b1,...,b10,’L,1 -

push buttons

Y, ... bo,i,0

Player 1 Player 0

with b; < b’ for every j € {1,...,10}.

State space and transitions define the so called “system graph” or “game graph”.

Examples for winning conditions:

1. Every requested floor is served at some time.

2. The elevator does not skip requested floors (b; = 1 ~» b; = 0), except on the way
to level 10 (on the way to the top management :-)

3. On the way to level 10 the elevator stops at most one time.

4. The elevator always returns to level 1.

Important questions that need to be answered during the course of this lecture are:

e Can any controller program fulfill all demands? (Then we would have an implementation
of a winning strategy.)

e Does a finite memory suffice and how large does it have to be?

e Can we automatically derive a controller program from the system graph and the win-
ning conditions?



Chapter 1

Omega-Automata: Introduction

1.1 Terminology

by denotes a finite alphabet.

B={0,1} is the Boolean alphabet.

a,b,c,... stand for letters of an alphabet.

> is the set of finite words over X.

U, V, W, ... stand for finite words.

€ is the empty word.

¥t =3%*\{e} is the set of non-empty words over X.

a, B, .- denote w-words or infinite words where an w-word
over ¥ is a sequence a = a(0)c(1) ... with a(i) € ¥ for all i € N.

DD is the set of infinite words over X.

X =YruUx¥

UV, W,... denote sets of finite words (x-languages) C X*.

K, L M,... denote sets of infinite words (w-languages) C ¥¢.

We write u - v or simply wv for the concatenation of the words w and v. Similarly, the
concatenation of the word u and the w-word « is the w-word ua.
The concatenation of two languages is defined likewise:

UV = {w|uelUwveV}
U-L = {ua|ueUaclL}

We consider three different transitions from a language U C ¥* to an w-language, namely to
U-3¥¥ U¥ and limU.

1. U- X :={ac¥|a=uf withueU/pecX¥}

Visualization:
ceU
arbitrary

I
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Example 1.1. Let U; = 0110* + (00)™. We obtain

Uy - X% ={a € ¥¥| a starts with 00 or 011}

X
2. U¥ ={ae¥|a=uuuy... withu; € U}
Visualization:
elU
eU e
«
Notice that U¥ = (U \ {€})¥
Example 1.2. Let ¥ =B, U is given by the regular expression
0110* 4+ 00
Then U*% contains the word
« = 0001100110000000. ..
Another word in U¥
« = 01100110001100001 . ..
X

3. limU (or U) := {o € ¥ | there exist infinitely many i with a(0)...a(i) € U}.

The expression “there exist infinitely many ¢ with «(0)...«(i) € U” can also be written
in short as “3“7 «[0,i] € U”, where ali, j] = a(i) ... a(j).

N

Example 1.3. Claim: lim U; contains just the two w-words 0110000 ... (in short 0110“) and
0000000 ... (in short 0¢).

The word 0110% is an element of lim Uy, since 011,0110,011000, - - - € Uy. The word 0% is
an element of lim Uy, since 00, 0000, 000000, --- € U;.

Now, let a € lim Uy, i.e. there exist infinitely many a-prefixes in U;. Now look for the
first a-prefix v in Uj.

Visualization:

Case 1: v = 011. Then all longer prefixes in U; have to be of the form 0110*, thus o = 0110
Case 2: v =00. Then every extension of v in U; has to be of the form (00)*, thus a = 0.

X
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1.2 Biichi Automata

Definition 1.4. A Biichi automaton (to put it more precisely, a finite Biichi automaton) is
of the form
A= (Q, 5, 40,6 or A, F)

with a finite set of states @, input alphabet ¥, initial state ¢y € @, a deterministic (and hence
complete) transition function § : @ x ¥ — @ or a transition relation A C @ x 3 x @, and a
set of final states F. In the case of § we have a deterministic Biichi automaton, in the case of
A a nondeterministic Biichi automaton.

Definition 1.5. (Run of a Biichi Automaton)

1. Let A =(Q, %, qo, A, F) be a nondeterministic Biichi automaton.

A run of A on «is a sequence of states p = p(0)p(1) - - - with p(0) = go and (p(7), a(3), p(i+
1)) € A for i > 0.

2. Let A = (@, %, qo, 6, F) be a deterministic Biichi automaton. As it is usual, we expand
dto 0" : Q x ¥* — @ by adding 6*(¢,€) = q and 6*(q, aw) = 6*(d(q, a), w).

The unambiguous run of 2 on « is the sequence of states p with p(0) = qo, p(1) =
5(0, 0(0)), p(2) = 5" (d0, a(0)a(1), in general p(i) = (g0, a(0) ... ali — 1))

Deterministic Biichi automata can be seen as special cases of nondeterministic ones where
(p,a,q) € A < §(p,a) = q. To simplify our notation, we just write A = (Q, X%, qo, A, F) for
a Biichi automaton if we don’t care whether it is deterministic or not, and just speak of a
Biichi automaton in this case.

Example 1.6. Given the following automaton 2fg:

T e
ab b da
&
" q

\ b
a

g2
a

with F' = {q1,¢3} and the w-word o = abbaabababa . .., some of the possible runs of 2y on «

are:
a b b a a b a b a b ...

q0 q0 q0 q0 q0 q0 q0 q2 g3 q2 qs - - -

q0 q0 q0 q0 q1 q1 q4 g4 g4 q4 q4 .-

q0 q0 q0 q0 q0 q2 q3 q2 g3 q2 g3 - - -

X

Definition 1.7. Let 2A = (Q, X, qo, A, F') be a Biichi automaton. We say, that

A accepts a < ex. arun p of A on o with 3% p(i) € F.

Notice, that, for a deterministic Biichi automaton, the unambiguous run p has to fulfill
this condition.
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Definition 1.8. Let 2 = (Q, X, qo, A, F') be a Biichi automaton. Then
L) :={ae€X¥|Aaccepts a}

is the w-language recognized by 2A. An w-language L C X“ is Bichi recognizable (deter-
ministically Biichi recognizable), if a corresponding Biichi automaton (deterministic Biichi
automaton) 2 with L = L() exists.

Example 1.9. Let 2y be the nondeterministic Biichi automaton over ¥ = {a, b} as defined

in example [1.6!
L(Ay) = {aeX¥]| from some point in o onwards, there is only the letter a
or the sequence ab }.

1.3 Elementary Constructions of Omega-Automata

We will now, for the case of U C ¥* being regular, specify w-automata for the w-languages
U® and limU.

Theorem 1.10. U C X* is reqular = a) UY is Biichi recognizable
b) im U s deterministically Biichi recognizable

Proof
a) Consider an NFA 2 = (Q, X, qo, A, F') that recognizes U.

Idea: Instead of a transition to F, allow a return to gy and declare gy as a final state.
But there will be a problem with this idea if a return to ¢y is already allowed in the
original NFA.

Preparation: Transform 2 into a standardized NFA 2’ that has no transitions to the
initial state.

Construction: Introduce a new initial state ¢(, and add a transition (g;, a,q) for every
transition (qo, a, ¢). The final states remain untouched. But if gy is a final state, add ¢,
to F.

a a

C) al C)

/

N NI

The construction of the Biichi automaton for U% for a given standardized NFA A =
(Q,X,qo, A, F) is done in two steps:
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e For every ¢’ € F replace every transition (g, a,q’) with a new transition (g, a, qo).

e Fix the set of final states of the Biichi automaton to {go}.

We thereby obtain the Biichi automaton B. The automaton B accepts a < (+) there
exists a run of B on « that enters qq infinitely often, e.g. after the segments ug, u1, . ...
According to the construction, u; € U holds and therefore a € U¥.

Conversely, let a € U¥, a0 = uguiug ... with u; € U. Then 2 : qq 2, F holds and
according to the construction % : gy —= go. Thus there exists a run that fits (+), and
consequently B accepts the w-word a.

b) Let U be recognized by the DFA 2 = (Q, X, qo,0,F) . Use 2 as a deterministic Biichi
automaton, now called ‘B.

B accepts « L The unambiguous run of 8 on « enters F' infinitely often.
<= 3“;: A reaches a state in F after «(0)...«(7)
<= i: «a0)...a(i) € U (according to the def. of A)
< a€limU

O
Note that the converse of Theorem [1.10(b) also holds. Every w-language recognized by a

deterministic Biichi automaton is of the form lim U for a regular language U.

Theorem 1.11. There is an w-language which is Biichi recognizable but not recognizable by
any deterministic Buchi automaton.

Proof Consider the language
L = {a € B¥ | from some point in « onwards only zeros},
thus L = (0 + 1)*0¥. A matching automaton could look like this:

0,1 0

C: ®
o (o)

Assume: L is recognized by det. Biichi Automata 2 = (Q, X, qo,0, F') . Then the following
holds:

2 on 0¥ infinitely often enters final states, after 0! for the first time. 2 on 0™ 10 infinitely
often enters final states, before the last 1 for the first time, and after processing 010" a
second time. 21 on 0™ 10™210% infinitely often enters final states, before the last 1 for the first
time, before the second 1 a second time, and a third time after processing 0™ 10721073

Continuing this we obtain an w-word 0™110™210™10™ ... which causes 2 to enter final
states after each O-block. 2 therefore accepts this w-word, although it contains infinitely
many 1s. Contradiction. O
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1.4 Characterization of Biichi Recognizable Omega-Languages

Theorem 1.12. (Characterization of the Biichi recognizable w-languages) L C 3% is Biichi
recognizable < L has a description of the form of

L=|]JUi V¥ with Uy, Vi,...,Upn, Vs € 5* regular.
=0

Proof

<« It suffices to show:

1. U C ¥* regular = U Biichi recognizable.
2. U C ¥* regular, K C >* Biichi recognizable = U - K Biichi recognizable.
3. L1, Ly C % Biichi recognizable = L; U Lo Biichi recognizable.

For 1: Use Theorem [1.10(a).

For 2: Let A = (Q, %, qo, A, F) be an NFA, which recognizes the language U, and let
A = (Q,%, ¢, A’, F") be a Biichi automaton, which recognizes the language K. Now,
construct a Biichi automaton B = (QWQ', X, qo, As, F’) for U - K, where Ay contains,
in addition to the transitions of A and A’, the following:

e for every transition (p,a,q) with ¢ € F' the transition (p, a, ¢()
e if gy € F, for every transition (gj,a,q’) € A’ the transition (qo, a,q’).

For 3: Merge the Biichi automata A = (Q, X, g0, A, F) and A’ = (Q', X, ¢, A’, F') into a
single automaton B = (QUQ’, 2, qo, Ass, F'), where Ags contains all transitions of A; A/,
as well as (qo,a,q’) for (¢(,a,q’) € A’. In doing so, we assume w.l.o.g. that there are
no transitions to gg in 2.

= Let A = (@, %, q, A, F) be a Biichi automaton. Set A,y = (Q,%,q,A,{q¢'}). Let Uyy C
¥* be the language that is recognized by the NFA 2l,,. Notice that, consequently, U,y

is regular.
A accepts a & ex. ¢ € F which makes a segmentation of « into a = ugujus ..., with
up € Ugyg, U1 € Uyq, u2 € Uy, . .., possible. Therefore the following holds.

2l accepts a < ex. ¢ € F with a € Uyyq - Uy, & a € U Ugog - Ugq
qeF
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Definition 1.13. An w-reqular expressions is of the form r1s{ + --- 4 r,s¢ with standard
regular expressions 71, 81, ..., n, Sn-

The meaning (semantics) of those expressions is defined in a manner analogous to standard
regular expressions. We of course stipulate that for an expression s, which defines the language
U C X%, the expression s“ defines the w-language U*.

Example 1.14.  Biichi automaton: Defining w-regular expression:

(a+b)*a® + (a + b)*(ab)®

From Theorem |1.12| we obtain:

Corollary 1.15. An w-language is Biichi recognizable iff it can be defined by an w-reqular
ETPTession.

Definition 1.16. An w-language L is called regular if it is definable by an w-regular expression
(or if it is nondeterministically Biichi recognizable).

Remark 1.17.

a) Fvery nonempty regular w-language contains an w-word which is eventually periodic (in
the form uvvvvv ..., with u,v finite).

b) A set {a} with exactly one element is reqular < « eventually periodic.

Proof

a) Let L = J, U;V}¥ be regular and nonempty. Then, for a suitable i, U; - V;* # () holds.
Therefore there are words u € U;,v € V; with v # €. So wvvv... € L is eventually
periodic.

b) “=" is clear because of a)
“<" Let @ = wvvvv. ... Then {a} = {u} - {v}* holds, where {u} and {v} are regular.

0

Theorem 1.18. (Nonemptiness Problem) The nonemptiness Problem for Biichi automata
(with state set Q) and transition relation A) is solvable in time O(|Q| + |A]).

Proof Let A = (Q, %, qo, A, F) be a Biichi automaton. Define F = {(p,q) € Q x Q | Ja €
Y :(p,a,q) € A} and call G := (Q, E) the transition graph of 2.

Therefore L(2() # () iff in the transition graph there is a path from ¢ to a final state g,
from which there is a path back to q.

This is the case iff in the transition graph of 2 there is a strongly connected component
(SCC) C such that C contains a final state and is reachable by a path from .
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Nonemptiness test

1. Apply depth-first search from ¢g in order to determine the set (Qy of states reachable
from qq.

2. Apply Tarjan’s SCC-algorithm to list all SCC’s over (g, and check each SCC for the
containment of a final state.

3. If such an SCC is encountered, answer L(2A) # ), otherwise L(2A) = 0.

Items 1 and 2 require both time O(|Q| + |A[). (For details turn to CORMEN, LEISERSON,
RIVEST: Introduction to Algorithms.) O

1.5 Closure Properties of Biichi Recognizable Omega-Languages

We showed (in the exercises) that the union L; U Lo of two Biichi recognizable w-languages
L1, Ly is in turn Biichi recognizable.
We will now verify closure under intersection:

Theorem 1.19. The intersection Ly N Lo of two Biichi recognizable w-languages Ly, Lo is
again Biichi recognizable.

Proof Assume L; is recognized by the Biichi automaton 2; = (Qi, X, gio, A, F;) for i =1, 2.
First Idea: Form the product automaton

(Q1 % Q2,%,(q10,920), A, F1 X Fy)

where ((p,q),a, (p',q')) € Aiff (p,a,p’) € Ay and (¢, a,q’) € As.

Problem: We cannot assume that the final states in the two runs of 2,2y are visited
simultaneously

Solution: Repeatedly do the following steps

1. Wait for a final state p € F} in the first component.
2. When a p € F} is encountered, wait for a final state ¢ € F5 in the second component.
3. When a g € F; is encountered, signal “cycle completed“ and go back to 1.

Hence work with the state space Q1 x Q2 x {1,2,3}.
Form the refined product automaton

A= (Q1 x Q2 x{1,2,3},%, (q10, 920, 1), A, Q1 X Q2 x 3)
with the following transitions in A’, in each case assuming (p, a,p’) € A; and (¢, a,q’) € Ag:
o ((pa,1),a, (0, d', 1)) if p' & 1
* ((p.g;1),a,(p,¢,2) if p' € I

i ((p7 q, 2)7 a, (pl7 qla 2)) if q/ ¢ F2
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i ((p7q7 2),&, (plaqlag)) if q/ € F2
e ((p,q,3),a,(p,qd,1)

Then a run of 2 simulates two runs p; of 2y and ps of As: It has infinitely often 3 in the
third component iff p; visits infinitely often F7 and ps infinitely often F5.
O

Note that up to now we do not know a general construction for the complement of a Biichi
recognizable language.

1.6 Generalized Buchi Automata

Definition 1.20. (Generalized Biichi Automaton) A generalized Biichi automaton is of the
form A = (Q, %, qo, A, F1, ..., Fy) with final state sets F,..., Fi, € Q. A run is successful if
the automaton visits each of the sets F; (i.e. the automaton enters a state in each F;) infinitely
often.

Remark 1.21. For any generalized Biichi automaton one can construct an equivalent Btichi
automaton.

We will first give a proof idea before dealing with the exact construction: Work with the state
set @ x{1,...,k,k+1}. Fori,... k astate (q,7) means “wait for visit to F;”. After visiting
F}, proceed to i = k + 1 (“cycle completed”) and go back to i = 1. Consequently, declare
@ x {k+ 1} as the set of final states.

Proof (Detailed construction)
Given a generalized Biichi automaton 2 = (Q, %, qo, A, F1,. .., F}), construct the Biichi
automaton

Q[/ - (Q X {17"-7k+1}727((]071)7A,aQ X {k_'_l})
with the following transitions in A’ (assuming that (p,a,q) € A):

* ((p,i),a,(¢,9)), if i <k and ¢ & F
e ((p,i),a,(q,i+1)),ifi <k and q € F;

e ((pk+1),0a,(q,1))

1.7 Exercises

Exercise 1.1. Specify Biichi automata, which recognize the following w-languages over ¥ =
{a,b,c}:

(a) The set of @ € ¥, in which abc appears as an infix at least once.

(b) The set of v € ¥*, in which abc appears as an infix infinitely often.
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(c) The set of o € ¥*, in which abc appears as an infix only finitely often.
Exercise 1.2. Find w-regular expressions, which define the w-languages in Exercise 1.1l

Exercise 1.3. Let the NFA A recognize the language U C 3*. Verify both inclusions of the
equation L(A) =limU.

Exercise 1.4. Prove or disprove the following equations (for U,V C X71):

(a) (DUV)¥=U*uUV"¥

(b) lim (UUV) =limU UlimV
() U¥ =1lim(U™)

(d) im(U-V)=U-V¥

Exercise 1.5. Consider the w-language L over ¥ = {a, b} which is defined by the w-regular
expression (a + b)*a* + (a + b)*(ab)¥. (see Example[1.14). Show that L cannot be described
in the form U - V¥ with U,V C ¥* regular (therefore one needs the union operation in order
to generate all Biichi recognizable w-languages).

Hint: Assume that L is of the form U - V¥ and consider the words in V.

Exercise 1.6. Let L, Ly be the w-languages recognized by Biichi automata A; = (Q1, %, qo, A1, F1)
and Ay = (Q2,X%, qo, Ag, F»), respectively. Show (using some necessary assumptions on the
structure of A; and Ay) that the language Li U Lo is again Biichi recognizable by

(a) constructing a Biichi automaton B; with state set Q1 U QQ2, but without e-transitions,
that accepts Li U Lo.

(b) constructing a product Biichi automaton By with state set Q1 x Q2 accepting Ly U Lo.
Show in particular how to combine the Biichi acceptance conditions of both automata A;
and A, into a single one for Bs.

Exercise 1.7. Given the following Biichi automata,

.All 1 @ @ .,42:

1,2,3 1,2,3

specify w-regular expressions which define the w-languages that are recognized by A; and As.

Exercise 1.8. Investigate the following question (whose answer is yet to be found): Is there
an algorithm that, for a given Biichi automata A over the alphabet ¥, decides whether L(.A)
is of the form U® for a regular language U C >*?



Chapter 2

Temporal Logic and Model
Checking

In this chapter we are going to discuss an automata theoretic approach to the model checking
problem. The theory of Biichi automata, which we treated in the last chapter, will serve us
in two ways:

On the one hand, Biichi automata obviously represent a model for systems with infinite
runs. Such systems can be modeled by Biichi automata which have accepting runs only,
i.e. every state is a final state.

On the other hand, Biichi automata can be used to specify properties and constraints for
infinite state sequences, since they can be encoded by w-words. For our purposes we need a
logical language which can specify systems and be translated into Biichi automata as well.

Hence the model checking problem can be reduced to comparing two Biichi automata.
This is where we will be using methods from the previous chapter.

2.1 The Model-Checking Problem and Sequence Properties

Starting the technical treatment, we will first recall the informal formulation of the model-
checking problem from the introduction:

Given a system Sys and a specification Spec on the runs of the system, decide
whether Sys satisfies Spec.

There was an early example for this problem in the first lecture:

Example 2.1. Sys = MUX (Mutual exclusion) protocol, modeled by a transition system
over the state-space B°.

Process 1: Repeat

00: non-critical section 1
01: wait unless turn = 0
10: «critical section 1

11: turn := 1

Process 2: Repeat

00: non-critical section 2
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01: wait unless turn = 1
10: critical section 2
11: turn := 0

A state is a bit-vector (line no. of process 1, line no. of process 2, value of turn). The
system starts with the initial state (00000).

Spec = “a state (1010b) is never reached”, and “always when a state (01bed) is reached,
then later a state (100'c’d’) is reached” (similarly for states (bc01d), (V'¢'10d)). D

This example is going to be used to introduce transition systems and system specification.
After that, we will develop the general approach as follows:

1. Kripke structures as system models: Kripke structures provide a mathematical
framework for transition systems. Their states give information about the properties of
a system.

2. Simple specifications: We are going to model a simple example using Kripke struc-
tures and common language. Doing so we will see the need for a formal system specifi-
cation language.

3. Linear-time temporal logic LTL is the logic we choose to set system constraints. It
will enable us to express grammatical operators of common language.

4. The automata theoretic approach to model-checking: Having introduced the
necessary tools we will sketch a way to solve the model-checking problem using (Biichi)
automata theory.

5. Translation of temporal logic formulas to Biichi automata: At this stage we
will lack just one method: bridging the gap between LTL and Biichi automata.

2.2 Kripke Structures

Kripke structures are a general framework for the case where state properties p1,...,p, are
considered.

Definition 2.2. A Kripke structure over pi,...,py, has the form M = (S, R, \) with
e a finite set S of “states”
e a “transition relation” R C S x S

e a “labeling function” \ : § — 2{P1Pn} agsociating with s € S the set of those p; which
are assumed true in s

Usually we write a value A(s) as a bit vector (b1, ...,b,) with b; =1 iff p; € A(s).
In a pointed Kripke structure, a state s is declared as initial; we write (M, s). All runs
start in s.

Example 2.3. (MUX Protocol) State space: S = B°. We use the state properties

e p1,po for “being in wait instruction before the critical section of Py, or P» respectively”,
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e p3,py for “being in critical section of Pj, respectively Py”.

The transition relation R is as defined by the transitions of the protocol. Example value of
the label function: A(01101) = {p1,p4} [= (10010)]. X

We have another example which we will use again and again to familiarize ourselves with the
concept:

Example 2.4. (A toy example) Consider a system over two properties p; and ps.

H—03

0
(1)
A path through a pointed Kripke structure (M, s) with M = (S, R, \) is a sequence sg, s1, S2, - - -

where sop = s and (s;,8;+1) € R for i > 0.
The corresponding label sequence is the w-word over B™: A(sp)A(s1)A(s2) ..., for instance

(160666

over the alphabet B? = {(0), (1), (O), (1) }

VERCVARNVARN
We hereby obtain an w-language that contains the corresponding label sequences of all
possible runs of the Kripke structure. X

Now that we have introduced Kripke structures, we will state the model-checking problem
more precisely:

Given a pointed Kripke structure over pi,...,p, and a condition ¢ on w-words
over B", does every label sequence of (M, s) satisfy ¢7

For the MUX protocol consider the following conditions ¢:

e “Never ps,ps are simultaneously true” which means for any label sequence: “there is
no letter (by,b2,1,1)”.

e “Always when p; is true then sometime later ps is true” which means for any label
sequence “when a letter (1,be, b3, bs) occurs, later on a letter (b1, be, 1,b4) occurs”.

Basic sequence properties We consider state properties p1, ps. Label sequences are then
w-words over the alphabet B? = {(8), ((1)), ((1)), (}) } We consider the following properties of
label sequences over p; and ps:

Guaranty property: “Sometime p; becomes true.”

Safety property: “Always p; is true.”
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Periodicity property: “Initially p; is true, and p; is true precisely at every third moment.”
Example sequence: (5) (o) (1) (1) (1) @) (o)

Obligation property: “Sometime p; is true but ps is never true.”
Recurrence property: “Again and again, p; is true.”
Request-Response property: “Always when p; is true, ps will be true sometime later.”

Until property: “Always when p; is true, sometime later p; will be true again and in the
meantime po is always true.”

Fairness property: “If p; is true again and again, then so is ps.”

We reformulate these conditions by using the following temporal operators:
e Xp for “p is true next time”,
e Fp for “eventually (sometime, including present) p is true”,
e Gp for “always (from now onwards) p is true”,

o p1Ups for “p; is true until eventually po is true”.

Guaranty: “Sometime p; becomes true.”
Fpy

Safety: “Always p; is true.”
Gp

Periodicity: “Initially p; is true, and p; is true at precisely every third moment.”

p1 A X=p1 A XX=p1 A G(pr — XXXpy)

Obligation: “Sometime pp is true but po is never true.”

Fpi A =Fpa
——

=G-p2
Recurrence: “Again and again, p; is true.”

GFp;

Request-Response: “Always when p; is true, py will be true sometime later.”

G(p1 — XFp2)

Until Condition: “Always when p; is true, sometime later p; will be true again and in the
meantime po is always true.”

G(p1 — X(p2Up1))
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Fairness: “If p; is true again and again, then so is ps.”
GFp1 — GFps
Example 2.5. (Translation of LTL-formulas to Biichi automata) By intuition one can con-

struct corresponding Biichi automata for LTL-formula. These automata accept label se-
quences iff the corresponding LTL-formula are satisfied by them.

Fpl: GP1 :

M —aDo

p1 A X—py A XX=p1 AG(py = XXXp1) : Fpir A—=Fpa :

(o)

We leave G(p1 — X(p2Upy)) as an exercise. X

2.3 Linear-Time Temporal Logic LTL

We will now formally introduce the linear-time temporal logic.
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Definition 2.6. (Syntax of LTL)
The LTL-formulas over atomic propositions p1, ..., p, are inductively defined as follows:

e p; is a LTL-formula.

o If v, ¢ are LTL-formulas, then so are =, o V1, o A, p — .

o If ¢, ¢ are LTL-formulas, then so are Xy, Fo, Gy, @U.
Example 2.7. For atomic propositions pi, po we consider

e GFp;i: pp is true again and again.

e XX(p1 — Fpy): if the p; is true in the moment after the next, then ps will eventually
be true afterwards.

e F(p1 AX(—p2Up1)): Sometime p; will be true and from the next moment on pe will not
be true until p; is true.

X
By convention we read “X” as “next”, “F” as “eventually”, “G” as “always”, and “U” as
“until”.
LTL-formulas over p1,...,p, are interpreted in w-words a over B™.

Notation If a = a(0)a(l)... € (B")”, then
1. o stands for a(i)a(i +1)..., so a = a’.
2. (a()); is the j-th component of a(i).

Definition 2.8. (Semantics of LTL)
Define the satisfaction relation o’ = ¢ inductively over the construction of ¢ as follows:

e aifp it (a(i); =1

e o' =—p iff not o .

e similarly for V, A, —.

o o' =Xy iff ot

e o' =Fyp iff forsomej>i: o .

e o' =Gy iff forallj>i: o .

e a'=p U iff forsomej>i, of =1 andforalk=14,...5 —1: oFf = ¢.

Definition 2.9. An w-language L C ({0,1}")¥ is LTL-definable if there is a LTL-formula ¢
with propositional variables p1,...,p, such that L = {« € ({0,1}")¥ | a = ¢}.

Definition 2.10. (Satisfaction of LTL-Formulas by Kripke Structures)
A pointed Kripke structure (M, s) satisfies a LTL-formula ¢ ((M,s) = ¢) if all words
a=MXqo)\(q1) ..., where qo, q1, ... is a path through M with gy = s, satisfy .
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Example 2.11. We consider formulas over p1, ps.

1. a = GFpy
iff for all j >0: o’ |=Fpy
iff for all j > 0 exists k > j: o = py
iff for all j > 0 exists k > j: (a(k)); =1

iff in «, infinitely often 1 appears in the first component.

2. a | XX(ps — Fpr)
iff a? |=py — Fpy
iff if ((2))2 =1 then o? = Fpy
iff if (@(2))2 =1 then 35 >2: (a(j))1 =1

iff “if second component of «(2) is 1, then the first component of some «(j) with
j>2is 17

For example, this is true in: a = ((1)) (8) G) (?) ((1)) ((1)) e

3. a = F(p1 A X(=p2Up1))
iff for some j > 0: of Ep; and o/t = —paUpy

iff for some j > 0: o = p; and there is a j/ > j + 1 with od' = p1 such that for
k=74+1,...,5' =1 of |=-po

iff for some j and j* > j, a(j) and «(j’) have 1 in first component such that for k
strictly between j and j', a(k) has 0 in second component

iff o has two letters (i) such that in between only letters (S) occur.
X
We have defined the semantics of LTL-formulas. Now we want to be able to determine whether
a given sequence satisfies a formula.
Aim: Evaluation of a LTL-formula ¢ over a sequence a € (B™)“.
Idea: Consider
e all subformulas v of ¢ in increasing complexity,

e the end sequences o' for all i > 0.

This gives an infinite two-dimensional array of truth values: At array position (v,7) write 1
iff o' =1. Then: a = ¢ iff the value at position (i, 0) is 1.

Example 2.12. Let ¢ = F(—p; A X(—p2Up1)). The corresponding array of truth values is:
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a=]0 @ 0O ©

] 0 1 0 1 0 1

-p2 | 1 0 0 1 1 0

—poUp; | 1 0 1 1 1 0
X(=p2Up1) | 0 1 1 1 0
pr AX(=p2Up1) | O 1 0 1 0

F(=p1 A X(=p2Upy1)) | 1 1 1 1
@

X

Definition 2.13. Given an w-word « over B"” and a LTL-formula ¢ over p1,...,py,, let m be
the number of distinct subformulas of ¢. The array of truth values for all subformulas is an
w-word 3 € B*™™  called the p-expansion of c.

2.4 LTL-Model-Checking Problem

We have now met the technical requirements to reformulate the model-checking problem,
using Kripke structures and LTL:

A Kripke structure (M, s) is said to satisfy ¢ if each label sequence through (M, s)
satisfies .

To write that more formally:

Definition 2.14. (LTL-Model-Checking Problem)
Given a pointed Kripke structure (M, s) and a LTL-formula ¢ (both over pi,...,pn),
decide whether (M, s) satisfies ¢.

Example 2.15. Consider GFp;, XX (p2 — Fp1), F(p1 AX(=p2Up1)), and the following Kripke
structure:

H—03

/

0

(1)
We see that GFp; fails, XX(pa — Fp1) is true, and F(p; A X(—p2Upy)) fails. X
How do we go about solving a given LTL model-checking problem? In the above example the
answer was quite obvious. But for real world applications we need to do that algorithmically.

This is the point where we will use Biichi automata for the following idea for LTL model-
checking:
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Check for the negative answer: Is there a label sequence through (M, s) which
does not satisfy ©?

Four steps are needed to implement this idea:

1. Define the w-language of all label sequences through (M,s) by a Biichi automaton
-AM,s-

2. Define the w-language of all label sequences, which do not satisfy ¢ by a Biichi automa-
ton A-.

3. Construct a Biichi automaton B which recognizes L(Anqs) N L(A-y), i.e. accepts all
label sequences through (M, s) which violate .

4. Check B for nonemptiness; if L(B) # ) then answer “(M, s) does not satisfy ¢”, other-
wise “(M, s) satisfies ¢”.

We already know algorithms for items 3. and 4. Items 1. and 2. still need to be taken care
of.

From Kripke structures to Biichi automata This problem is straightforward and the
solution is rather obvious: Given a pointed Kripke structure (M,s) with M = (S, R, \),
A:S — B", construct a Biichi automaton Anqs = (S,B", s, A, S) with

(s,(b1...bn),s') € Aiff (s,5") € Rand A(s) = (b1 ...by).
So a transition gets the label of the source state.

Example 2.16. Consider the Kripke structure from Example [2.15}

O3

X

The second item is not that easy to solve. We are going to dedicate a whole section to this
problem.

2.5 From LTL to Biichi Automata

Idea: For a given LTL-formula ¢ construct a Biichi automaton, which, on input «, nondeter-
ministically guesses the g-expansion 3 of o and, while running, simultaneously checks that
this guess is correct.
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Consequently, a guess of § is correct, if the automaton accepts and the automaton will
also ensure that the input « satisfies the corresponding LTL-formula by checking the entry
at position (¢,0) of 5. Recall that a = ¢ iff B(p,0) = 1.

Therefore the automaton states are the bit vectors which are the “letters” (€ B"*) of 3.

To simplify the inductive structure of formulas, we only consider the temporal operators
X and U. Eliminate F and G by the rules:

Fy is equivalent to ttUp

. . ith tt = p1 V —p1.
Gy is equivalent to —F-p Wi Py Th

Theorem 2.17. For a LTL-formula @ overpi,...,pn let ©1,..., 0ntm be the list of all subfor-
mulas of ¢ in order of increasing complexity (such that o1 =Dpi,...,Pn = DPny- -, Pntm = @)-
Then there is a generalized Biichi automaton A, with state-set {qo} UB" ™™, which is equiv-
alent to ¢ (in the sense that o = ¢ iff A, accepts o).

In order to check the consistency (i.e. the correctness) of the p-expansion that the automaton
guesses, we need to come up with certain compatibility conditions. These are to assure that a
state (that is, a letter of 3) is consistent in itself and also consistent with the preceding state.
Consider the following example:

Example 2.18. (Compatibility conditions) Let a € (B™)“, ¢1,. .., ¢, the list of subformulas
of ¢, and let 8 be the p-expansion of «.
Mlustration for ¢ = p; V X(—p2Upy):

pp 001 01 00 1O0O0O0

D2 001 00O0OT1O0O0D0O0

-2 1 1 1 01 110111

-»Up; 1 1 1 01 1 1 1 00O
X(=peUpy) 110111100 00
prVX(=pUpy) 1 11 11 1.1 1.0 0 0

Observe that the third line has to be exactly the inverse of the second line and the fourth
line is equal to the fifth line, shifted to the right. The first and fifth line make up the input
for the V-function which is the sixth line. X

Under the assumptions of the previous example, the following holds:

Pj = "¥5n = (5(2))] =1 iff (ﬂ(z) Jj1 =

;=i Npj, = (B(); =1 if (8(i));, =1 and (8(i));, =1
i =vip Ve = (B();=1 iff (8(i)); =1or (B(i));; =1
vj = Xpj = (B(); =1 iff (B(i+1)); =1
vj=vjUp; = (B(i);=1 iff (B(i));, =1or [(/B(Z))Jl =1

For the last condition note: ¢Uy = ¢ V (¢ A X(¢pUv)). To ensure the satisfaction of a
subformula ¢; = ¢;, Up;, we have to add the condition

(*) there is no k such that for every | > k : (8(1)); = 1 and (8(());, = 0.

The first conditions are local (controllable by comparing successive column vectors of 3). The
last condition () is non-local.
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Proposition 2.19. Assume 3 € B satisfies all compatibility conditions for the given a.
Then (B is uniquely determined and in fact it is the p-expansion of a.

Proof by induction over the subformulas of ¢:

For each subformula ¢;, the entry of the j-th component of 3 at position 7 is the truth
value of ¢; over the sequence a’. The cases of atomic formulas, Boolean connectives, and
X-operator are clear.

For the case of ¢; = ¢;, Upj,: If (B(k))j, = 1 then for all i < k the entries for (3(7)); are
correct. Recall that Uy = ¢V (@ AX(¢Uw)). So if infinitely many k exist with (G(k));, = 1,
the entries (3(7)); are correct for all i. In the remaining case: Consider k with (3());, = 0
for all I > k. Then show that for all [ > k the entry for (8(l)); is 0 (and hence correct).
Otherwise (5(1)); = 1 and (B())j, = 0 for all [ > k, which poses a contradiction to (x).
Recall the definition of (x): there is no k such that for all [ > k: (5(1)); = 1 and (5(1));, = 0.
O

Proof of Theorem [2.17 The desired generalized Biichi automaton A, just has to check
those compatibility conditions. It is defined as follows:

State set Q := {qo} UB""™_ initial state qo.

Transitions (for b= (by,...,b,) and = (c1,...,cm)):

g —2> (b @), where (b @) satisfies the Boolean compatibility conditions, and ¢, = 1
(¢ should be checked to be true).

(b o) s (' @), where b, ¢,V ,& satisfy all compatibility conditions except of (x).

Final state sets For the until-subformula ¢; = ¢;, Up;, the final state-set F; contains all
states with j-component 0 or jo-component 1. If there is no until-subformula, then
every state is a final state.

This definition ensures that A, accepts « iff for some A,-run p € (B")¥, each Fj is visited
infinitely often (i.e. the j-component = 0 or the corresponding jo-component = 1 infinitely
often).

This means it does not happen that from some time k onwards, the j-component stays 1
and the jo-component stays 0.

Therefore (x) is guaranteed. Recall (x): there is no k such that for all I > k: (5(1)); =1
and (B(1));, = 0. Consequence:

A, accepts «

iff the (unique) accepting run 3 of A, on « is the yp-expansion of o, and moreover at time
0 the (n + m)-th component of the state is 1 (signaling ¢,+m = ¢ to be true)

iff a =
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Summary of LTL-Model-Checking Check whether a pointed Kripke structure (M, s)
satisfies the LTL-formula ¢:

1. Transform the given pointed Kripke structure (M, s) into a Biichi automaton A .

2. Transform the formula —p into an equivalent generalized (and then standard) Biichi
automaton A-,.

3. Construct a Biichi automaton B which recognizes L(Ans) N L(A-y), i.e. accepts all
label sequences through (M, s) which violate ¢.

4. Check B for nonemptiness; if L(B) # ) then answer “(M, s) does not satisfy ¢”, other-
wise “(M, s) satisfies ¢”.

Note that items 1., 3., and 4. are all done in polynomial time.

Item 2. needs exponential time in the size of the formula (number of occurring atomic
formulas, connectives, and operators)

Summary: The LTL-model-checking problem “(M,s) = ¢?” is solvable in polynomial
time in the size of M and in exponential time in the size of ¢.

Further questions:

1. Is this exponential complexity avoidable?

2. Given that LTL-formulas are translatable into Biichi automata, what about the con-
verse? (Answer: No)

3. Is there a logic which is equivalent in expressive power to Biichi automata (the logic
S1S over w-sequences)?

Theorem 2.20. The LTL-model-checking problem LTL-MC “(M,s) = ¢?” is NP-hard.
Remark 2.21. One can even show PSPACE-completeness of LTL-MC.

Proof of Theorem For the NP-complete problem SAT(3) we show:
SAT(3) <p LTL-MC

More precisely: A propositional formula 1 in conjunctive normal form with three literals per
clause can be transformed in polynomial time into a pointed Kripke structure (M, s),, and a
LTL-formula ¢y, such that

1 is satisfiable iff not (M, s)y = @y

First, let us consider an example of constructing an equivalent LTL-model-checking problem
for a SAT(3) formula.

Example 2.22. ¢ = (z1 V —xa V 23) A (mx1 V —xe V —xg) (satisfiable with the assignment
x1 — 1,29 — 0,23 — 0)

Model (M, )y
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/???\/33\/33\3
— Y0 Y1 Y2 Y3
B0 O 0 o0 0

-1 T2 —|x3

LTL-formula ¢y (p1,p2) := G—=p1 V G—py X

General construction Given ¢y = Cy A...ANC,, (the C; are clauses), with C; = x;1 V
Xi2 V Xxi3, where x;; is a literal, i.e. either zy or -y, xp € {z1,..., 2}
Define (M, s)y, over pi,...,pp, M = (S, R, \) with

S ={Y0y-- s Ym, L1, T, X1, ... Ty }

and R with the edges (yi, zi+1), (¥i» ~%it1), (%4, %), (—2i, ¥;) and (Ym, ¥m). The labeling func-
tion A : § — B" is given by

Alyi) = 0",
(A(z4)); = 1 iff a; is literal of C;, and
(A(—z;)); = 1 iff —z; is literal of Cj.

The LTL-formula is ¢y, = G=p1 V... G=py,.

We have to show that ¢ is satisfiable iff not (M, s), = ¢yp. Take the example ¢ =
(.7}1 V —xo V $3) A (—|£U1 V —x9 V —|$3).

/?3\/3\/?3\3
— Y0 1 Y2 Y3
B0 O 0 o 0 0

Xy X9 X3
An assignment A : {z1,...,2,} — B defines a path through M. Therefore
1) is satisfiable

iff some assignment makes each C; true

iff some path through M meets a 1 in each component

iff not for all paths there is a component which is constantly 0

iff not (M, s)y E G-p1VGp2 (= ¢y). .
The translation from LTL to Biichi automata showed:

Each LTL-definable w-language is Biichi recognizable.



26 CHAPTER 2. TEMPORAL LOGIC AND MODEL CHECKING

We show that Biichi automata are (strictly) more expressive than LTL-formulas:
Theorem 2.23. There are w-languages which are Biichi recognizable but not LTL-definable.

The general idea for proving this theorem is to show that LTL-formulas cannot describe
“modulo-counting”. As an example language we take L = (00)*1“. L is obviously Biichi
recognizable:

We will proceed as follows:
1. Introduce the language property “non-counting”.
2. Show that L = (00)*1* does not have this property.
3. Show that each LTL-definable w-language has this property.

Definition 2.24. Call L C ¥ non-counting if
Ing Vn > ng Vu,v € VB e X w"Be L < w"Tlse L.

This means for n > ng either all uwv™(3 are in L, or none is. L is not non-counting (short: L
is counting) iff

Vng 3n > ng Ju,v,f: (w"B € L and uv" ™3 ¢ L) or (wv"B ¢ L and w3 € L).
Claim: L = (00)*1“ is counting.

Given ng take n = next even number > ng and u = ¢,v = 0,8 = 1“. Then wv"§ =
0"1¥ (€ L), but uo" ™13 = 0"11v (¢ L). O

Proposition 2.25. Each LTL-definable w-language L is non-counting:

Ing Vn > no Vu,v e DV eXY :w"B el & wtlgel
Proof by induction on LTL-formulas ¢.

p=p; : Take ng = 1. Whether uv™3 € L only depends on first letter. This is the same
letter as in wv™ 3. So wv"B € L iff w13 € L.

¢ = : The claim is trivial. [ w"f ¢ L & wtlp ¢ L |

@ =11 AN+ 1, 1)y define non-counting Ly, Lo (with ny, ng) by induction hypothesis. Take
ng = max(ni,nz). Then the claim is true for L; N Lo, defined by 11 A 1s.

p = Xv¢ : By induction hypothesis assume 1 defines non-counting L with n;.
Take ng :=n1 + 1, at least ng > 2.
For n > ng we have to show: uv"3 | Xt iff wo" ™8 = Xap.
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If u # €, say u = av’, then use the above induction hypothesis:
u'v"B = iff uv" B = .
If u =€ and v = av’ then use (for n > ng)
V"B = X iff o0 TI3 = o iff 006 = o iff 0" T8 = X

© =11Utg ¢ 11,19 defining non-counting Li, Ls (with ni,n9) by induction hypothesis.
Take ng := 2 - max(ny,ny). We have to show: for all n > ny:

w" B = b Uty iff wo™ ' B = 1 Uy

More precisely:

for some j: (uv"B)’ k= 12 and for every i < j: (wv"B3)" =
iff for some j: (uv™t'B) |= 1y and for every i < j: (uv"TB)! = .

Since both sides of the equivalence are symmetric, we only consider the proof from left
to right. Therefore we have to show:

if for some j: (uv™B)’ = 1) and for every i < j: (w"B)! = 9y

then for some j: (uwv"13)7 = 19 and for every i < j: (uv"t13)! &=

Case 1: (uv™B3)’ contains > max{ni,ny} v-segments

> max{ni,na}

~
<« .

~
<~ .

n+1: v |

Then for every i < j (uv"3)" also contains > max{ni,na} v-segments. Hence by the
induction hypothesis we know that

(w"B)" b1 & (w1 B) |
for every i < j and '

(uo"B) | by & (w0 B) = .
Therefore

w"B | Y1Us & w8 = ¢ Uths.

Case 2: (uv"B3)’ contains < max{nj,ns} v-segments

Then by the choice of ng (uv"3)[0...j] has > max{ni,n2} + 1 v-segments.
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> max{ni,n2} +1
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u FTo T vlolo oo | ]
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ntl: m o To T o To T o T o T o] I
J+ vl
| |

Consider now for i < |uv| the words (uv™B)%: Since each of these words contains >
max{ni, ne} v-segments, we know by the induction hypothesis

(wo"B)" b= v & (w1 )" = .
For |uv| <i < j+ |v| (uv™B)* = (uv™tB)" 1l and hence
(uanrlﬁ)i = ¢y and (uvn+lﬂ)j+|v| = .

Therefore we obtain

w"B = 1 Uty < uv™ 1 B = by Us.

O

We have proven that LTL-formulas are less expressive than Biichi automata. Now we are
going to introduce a logic which can define the same class of languages as Biichi automata.

2.6 S1S (Second-Order Theory of One Successor)

The idea is to use the following elements
e variables s, ¢, ... for time-points (positions in w-words),
e variables XY, ... for sets of positions,

e the constant 0 for position 0, the successor function ', equality =, and the less-than
relation <,

e the usual Boolean connectives and the quantifiers 3, V.
For clarification we compare LTL-formulas to S1S-formulas.
Example 2.26. (LTL-formulas and their translation to S1S)

GFp; c Vsdt(s <t A Xi(t))

XX(p2 — Fpl) : XQ(O”) — 315(0” S t A Xl(t))

F(pl VAN X(ﬁpQUpl)) o dy (Xl (tl) AN Htg(tll <ty AN Xy (tz)/\
V(] < EAE < ta) — ~Xa(1)))
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Let us define a counting language using S1S: L = (00)*1¥
AX F(X(0) AVs(X(s) « ~X(s))AX(t) AVs(s <t — —=X1(s)) AVs(t < s — X1(5)))
X

There are three points that we need to address, in order to prove equality in expressiveness
between S1S and Biichi automata.

1. Syntax and semantics of S1S.
2. Expressive power: Biichi recognizable w-languages are S1S-definable.

3. S1S-definable w-languages are Biichi recognizable (Preparation).

Syntax and Semantics of S1S
Definition 2.27. (Syntax of S1S) S1S-formulas are defined over variables:

e first-order variables s,t,...,x,y,... (ranging over natural numbers, i.e. positions in
w-words),
e second-order variables X, X1, X2, Y, Y1,... (ranging over sets of natural numbers).
Terms are

e the constant 0 and first-order variables,

e for any term 7 also 7’ (the successor of 7).

For instance, consider the terms: ¢,¢/,¢7,0,0’,0”. We can now define four classes of S1S-
formulas:

o Atomic formulas: X (1), 0 < 7, 0 = 7 for terms o, 7. Note that the atomic formula
X () is also denoted by T € X.

e First-order formulas (S1Si-formulas) are built up from atomic formulas using Boolean
connectives and quantifiers 3,V over first-order variables.

e S1S5-formulas are built up from atomic formulas using Boolean connectives and quanti-
fiers 34,V over first-order variables and second-order variables.

e FEuxistential S15-formulas are S1S;i-formulas preceded by a block 3Y7 ... 3Y;, of existen-
tial second-order quantifiers.
Example 2.28. First-order formulas:
e1(X) : VsIt(s <tAX(t))
p2(X1,X2) :+ Xa(0") — 3(0" <t A Xa(1))
03(X1,X2) @ Ft(X1(t1) A Ita(t) <ta A Xi(t2) A
VIt <t AL < 1) — ~Xa(1)))
An existential second-order formula:
ea(X71) : 3X I(X(0) AVs(X(s) & =X (s) AX(t)
AYs(s <t — =X1(s)) AVs(t < s — Xi(s)))
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Notation: ¢(X7i,...,X,) indicates that at most the variables Xi,..., X,, occur freely in ¢,
i.e. are not in the scope of a quantifier.

Definition 2.29. (Semantics of S1S) We need a mathematical structure over which S1S-
formulas can be interpreted. We will

e use N as the universe for the first-order variables,
e use 2" (the powerset of N) as the universe for the second-order variables,
e apply the standard semantics for Boolean connectives and quantifiers.

We write (N,0,+1,<,Py,...,P,) E ¢(X1,...,X,) if ¢ is true in this semantics, with P;
N,..., P, Q_N as interpretations of Xl,...LXn. Therefore we need only specify P
Py, ..., P,. P can be coded by the w-word a(P) € ((B™)¥ defined by

1N

1€ P <— ((X(Z))k =1.
Then we simply write: a(P) = ¢(X1,...,X,).
Example 2.30. (Satisfaction of a S1S-formula)

(pg(Xl,XQ) : 3t1<X1(t1) A E|t2(t/1 <ty A Xl(tg) VAN
VE(t) <At < tg) — —Xa(t))))

t1<t<ta

Let P; be the set of even numbers, P» be the set of prime numbers.

t 0 1 2 3 4 5 6
A L 01 0 1 0 1
oPuP): p g 001 1001 0
3] ta
The time t; and t9 instances fulfill p3 for P; and Ps: a = ¢3(X7, X2) X

Definition 2.31. (S1S-definable languages) An w-language L C (B™)% is S1S5-definable if for
some S1S-formula (X7, ..., X,) we have

L={aeB")”|akeXi,...,Xn)}
We similarly define first-order definable, existential second-order definable.
Example 2.32. (Some w-languages defined by S1S)
1. L ={a € B¥ | « has infinitely many 1} is first-order definable by

Vs3t(s <t A Xi(t)).

2. (00)*1* is existential second-order definable by

ea(X1) : 3X F(X(0) AVs(X(s) « =X (s')) A X(1)
AVs(s <t — —=X1(s)) AVs(t < s — X1(9))).
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From Biichi automata to S1S Before showing that Biichi automata can be translated to
S1S-formulas, we prove the latter for LTL.

Theorem 2.33. A LTL-definable w-language is S1S1-definable.

For an illustration of the proof let us recall the example translations from the beginning of
the section:

GFp; c Vsdt(s <t A Xq(t))

XX(p2 — Fpl) : XQ(O”) — EIt(O” S tA Xl(t»

F(pl A X(ﬁngpl)) o dy (Xl (tl) AN Htg(tll <ty AN Xy (tz)/\
VE((t) <t At < ta) — —Xa(t))))

In general, the idea is to describe the semantics of the temporal operators in S1S. Once this
is done, Theorem [2.33 can be proven inductively (Exercise).

Theorem 2.34. A Biichi-recognizable w-language is S15-definable.

Idea: For Biichi automaton A over the input alphabet B™ find a S1S-formula ¢(X7, ..., X,)
such that
A accepts a iff o= ¢(Xq,...,Xp).

We express in (X1, ..., X,): “There is a successful run of A on the input given by X1,..., X,,”.
But how to express the existence of a run? Assume 4 has m states q1,...,¢n (¢ initial)
Then a run p(0)p(1) ... is coded by m sets Y7,...,Y,, with

1 €Y, — p(l) = qk-

Example 2.35. (Transformation of a Biichi automaton to a S1S-formula)

Input (1 1 1 0111
1
o 0 Run Y7 |1x 0 1x
QI\T/(Dl Y2[0 1x 0 =«
Y; |0 0 0 * k%

The stars mark the state at the given point of the input word. Naturally the automaton can
only be in one state for each point of time. Therefore there is just one 1 in every column
of the run. How can we describe a successful run? That is, how do we set constraints to
X1,...,X,?7 Consider the formula

e(X1) = FV1YaYs (Partition(Y,...,Yn) AY1(0) A
VE((Y1(t) A X1 (t) AYa(t) V (Ya(t) A X (t) AYa(E))
V(Ya(t) A X1 () AY3(t)) Vv (Ya(t) A Xq(t) AY3(H)))
AVsTt(s <t AY3(t))).

PN

Partition is an expression for the above mentioned unambiguous of the automaton state.
Since there is just one 1 in every Y-bitvector, Y1, Ys, Y3 have to form a partition of N.

Y1(0) states that the automaton starts in ¢;. The following subformulas in the scope of
the first V-quantifier represent the transition relation. The last subformula demands that the
automaton enters the final state infinitely often. X
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Proof of Theorem [2.34/In order to be able to translate an Biichi automata with m states,
some formulas, which are needed, have to be prepared:
Preparation 1: Partition(Y7,...,Yn) =Vt (Vi Yi(t)) A Vi(- Vi (Yi(t) A Y;(t))).
Preparation 2: For a € B", say a = (b1,...,by), we write X,(¢) as an abbreviation for

(bl)Xl(t) A (bz)Xg(t) VANRAN (bn)Xn(t)

where (b;) = — if b, = 0, and b; is empty if b; = 1. For instance a = (1,0,1) : X,(t) =
Xl(t) VAN —|X2(t) VAN Xg(t).

Now we can translate any Bilichi automaton to an equivalent S1S-formula: Given the
Biichi automaton A4 = (Q,B", 1, A, F) with Q@ = {1,...,m}, define

o(X1,...,X,) = Ii... Y (Partition(Yl,...,Ym)/\Yl(O)

A\ () A Xa() AY(E)))

(i,a,5) €A
AVs3t(s <tn\/ Y;-(t))).
el

Obviously this is just a generalization of Example 2.35] The first line gives the partitioning
of N and the start state 1. Line 2 describes all transitions of A and line 3 the acceptance
condition.

We conclude: A Biichi recognizable w-language is existential second-order definable (within
S1S). 0
In order to prove the reverse direction, we need more automata theory, which we will develop
in the next chapter.

2.7 Exercises

Exercise 2.1. Consider the lift system from the introduction, now with only 4 floors. Present
a set of propositions (10 are enough) needed to describe the following properties as LTL-
formulas, and give the corresponding LTL-formulas:

(a) Every requested floor will be served sometime.
(b) Again and again the lift returns to floor 1.

(¢) When the top floor is requested, the lift serves it immediately and does not stop on the
way there.

(d) While moving in one direction, the lift will stop at every requested floor, unless the top
floor is requested.

Exercise 2.2. Construct a Biichi automaton, which recognizes the set of w-words a €
({0,1}2)« with
a = G(p1 — X(p2Upr)).

Exercise 2.3. Show that there is no Biichi automaton with less than three states that
recognizes the set of w-words a € ({0,1}?)* with a = G(p1 — X Fp2).
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Exercise 2.4. Let ¢, and x be LTL-formulas. Consider the following equivalences:
(a) FGo=GF,

(b) X($AW) = XA X0,

(c) (V) Ux =oUx V Uy, and

(d) (SUW)Ux = GUUY).

Prove or disprove their correctness.

Exercise 2.5. Consider the LTL-formula ¢ = piU(Xp2).

(a) Let a € ({0,1}?)%. Formulate the compatibility conditions for the ¢-expansion of a in
the present case.

(b) Construct, using the procedure from Theorem 3.1, a generalized Biichi automaton A
which is equivalent to ¢. First derive from (a) the set of compatible states, and then the
transition graph of A. What are the final states of A?

(c) Construct directly a Biichi automaton recognizing L := {a € ({0,1}?)* | a | ¢}.
Exercise 2.6.

(a) Show that the w-language L; := (01)“ is non-counting.

(b) Show that the w-language Lo := 01(0101)*0% is counting.

Exercise 2.7. An w-language L C 3¢ is called strictly Biichi recognizable if there is a Biichi
automaton A = (Q, X, qo, A, F') such that

L ={a € 3¥| thereis arun of A on « visiting precisely the states in F' infinitely often}.
Prove, or give a counter-example, for each direction of the following equivalence:
L is Biichi recognizable <= L is strictly Biichi recognizable.
Exercise 2.8. Let ¢, be LTL-formulas. We define new operators for LTL:
(a) “at next” ¢ AX1: At the next time where 1) holds, also ¢ does.
(b) “while” ¢pW1): ¢ holds at least as long as ¢ does.
(c) “before” ¢B: If 1 holds sometime, ¢ does so before.

Show that adding these operators to LTL does not increase the expressive power, i.e. find for
every formula from above an equivalent (ordinary) LTL-formula.

Exercise 2.9. Let A be the following Biichi automaton:

0
= R
(1

0

Construct, using the method from the lecture, a S1S-formula ¢(X) such that o € {0,1}¥
satisfies ¢ iff A accepts a.
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Exercise 2.10. Give S1S-formulas ¢1 (X7, X9) and ¢2(X1, X2) for the following w-languages:
(a) Lro=(1)(§)"(18)"

(b) L= (111)"(9)"

Explain the purpose of the main subformulas of ¢;(X1, X2) and ¢o(X1, Xo).

Exercise 2.11. Consider the following Biichi automaton:
1 N
A W @
0 0

(a) Construct a S1S;-formula equivalent to A.

(b) Construct a LTL-formula equivalent to A.



Chapter 3

Theory of Deterministic
Omega-Automata

3.1 Deterministic Omega-Automata

In this chapter we are going to deal with the theory of deterministic w-automata, as it was
developed in the 1960s by MULLER, MCNAUGHTON, and RABIN. The crucial point of this
chapter is the transformation of nondeterministic Bilichi automata into deterministic Muller
automata. We will follow the construction discovered by SAFRA in 1988.

Definition 3.1. Let Inf(p) = {¢ € @ | ¢ occurs infinitely often in p}. A deterministic w-
automaton 2 = (Q, X, qo, 6, Acc) is called

Muller automaton if Acc is of the form F = {Fy,..., Fi} with F; C @, and a run p is
successful if Inf(p) € F.

Rabin automaton if Acc is of the form Q = ((E, F1), (E2, F2), ..., (Ey, Fy)) with E;, F; C
Q, and a run p is successful if \/*_ (Inf(p) N E; = O A Inf(p) N F; # 0).

F ) Q
Inf(p)

p acc

| —acc

A E>

A Biichi automaton is a special case of a Rabin automaton. That Rabin automaton would
have 2 = ((E4, F1)) with By = () and F; = set of final states.

Lemma 3.2. L C 3% s deterministically Muller recognizable < L is a Boolean combination
of deterministically Biichi recognizable w-languages.

Proof Let the Muller automaton 2 = (Q, ¥, qo, d, F) recognize L. Then the following holds:
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a € L& A accepts o
& ex. F e F 2 on « visits the F-states infinitely often.
< V(A Fi:0(q,a0)...a(i) =gn A —3Yi:5(q0,(0)...a(i)) = q)
FeF qeF qEQ\F
o satisfies this condition iff ditto
the Bilichi automaton

(Q,%,q0,0,{q}) accepts a.

Therefore L is a Boolean combination of deterministically Biichi recognizable w-languages.

The reverse direction can be shown by induction over the composition of Boolean combi-
nations. The beginning of the induction is clear since every deterministic Biichi automaton is
a special case of a deterministic Muller automaton. For the induction step, we need to show
that the class of deterministically Muller recognizable languages is closed under complement,
intersection, and union.

A part of the induction step: L C X* det. Muller recognizable = ¥“\ L det. Muller recog-
nizable. If L is recognized by (Q, 2, qo, 6, F) then ¥\ L will be recognized by (Q, %, qo, 6,29\
F). O

3.2 McNaughton’s Theorem, Safra Construction

We show the equivalence between nondeterministic Biichi and deterministic Muller automata.
This was first shown by MCNAUGHTON in 1966. One direction is easy:

Theorem 3.3. L Muller recognizable = L nondeterministically Biichi recognizable.

Proof Let A = (Q,X, qo,9, F) recognize L with F = {F,..., Fx}. The structure of an
accepting run looks like the following:

L 1

States that are ‘
visited only finitely

often

Idea for the Biichi automaton B: B guesses the position on the input from which onwards 2
only enters states in Inf(p). B also guesses the index i of the final set F; und asserts whether
F; is entered again and again.

b Q‘B:QU(QXQQX{L-“?k})
°* 4 =

Fa={(p0,))lpecQ,je{l,....k}}

Ag contains (for all j € {1,...,k})

(p,a,q) and (p,a,(q,0,5)) if d(p,a) =q,
((p, P,j),a,(q, PU{q},5)) ifd(p,a) =qand PU{q} & Fy,
((p, P, 4),a,(q,0,7)) if 0(p,a) = g and P U {q} = Fj. O
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ac olo]
=
a,b,c
O a,C Branch final Power set iC
—0 sae” 0033 | [0[034
C
Ny @
b
b Branch final Power set delete
Qe »» O ™) 2% |
] ]
2 ] e
Dower s [0[ 0134
ib
" Power set Delet Delet
S 5Tl - [0]03 | e [0]03 ] 2% o os ke [o]os]
2] BE]

Figure 3.1: The column on the right, read top down, is the sequence of Safra trees for the
given automaton on ccbeb. The intermediate steps are shown on the left. Within a node, the
name of the node is on the left and the label on the right.

Theorem 3.4. (McNaughton’s Theorem) L nondeterministically Biichi recognizable = L is
deterministically Muller recognizable.

Before proving the theorem, let us consider an example which shows that the powerset con-
struction, as known from finite automata theory, does not work.

A “macro state” is a set of states of the given Biichi automaton 2 = (@, 3, qo, A, F). If
we apply the powerset construction on the following Biichi automaton, the new automaton
will also accept the word (ab), since some macro state which contains a final state is entered

infinitely often.

a,e\ Ob
1 b @ Input ’ a b a b a b

macro state | 1 1 1,2 1 12 1 12...

To show McNaughton’s Theorem we use a generalized powerset construction that is based on
a construction by SAFRA (1988). In this construction, the macro states are not sets of states
but rather trees, whose nodes are labeled with sets of states of the Biichi automaton. The
powerset construction is performed on each node and new child nodes are branched off for
final states. A state that is contained in several childs of a node, will remain in the oldest
child only. Nodes with empty labels are removed (except the root node). If the union of the
labels of the childs of a node is equal to the label of that node, then all children and their
descendants are deleted und that node will be marked with “!”. An example can be seen in

Figure (3.1l

Definition 3.5. A Safra tree over ) is an ordered finite tree with node names in {1, ...,2|Q|},
whose nodes are each labeled with a nonempty subset R of Q (R = () is only allowed in the
root node) or with a pair (R,!). The state sets of brother nodes are disjoint and the union of
the labels of child nodes is a proper subset of the label of the parent node.
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Remark 3.6. Since Q is finite, the set of Safra trees over Q is also finite.
Notation: P~ R (P,R C Q) denotes: Vr € R:Ipc P A:p > r.

Remark 3.7. Let

Ry “ P % R! 2 P B Ry ... P % R
Ul [ ul [ ul [
% @ F, B3 Q Fi % Q

where F; = set of final states of P;.
Then Vr € R; 3p € Ry : A reaches from p via input uiviugvs . .. u;v; state v with > i visits
in final states.

This is made clear by retracing a run from R;! over the stages Q;, F;, P;, Ri—1!,Qi—1, - - ..
Lemma 3.8. (Konig’s Lemma) A finitely branching, infinite tree contains an infinite path.

Proof Let t be a finitely branching, infinite tree. Define a path 7 that ensures the following
property for every node v of w: there are infinitely many children of v in t.

The root node fulfills this by definition. This property can be transferred to a child node
v" of v, because the tree is finitely branching (at v). O

Lemma 3.9. Let Ry %" Ry! "2 Ryl ... R "5 . as defined in Remark|3.7. Then there
s a successful run of the nondeterministic Bichi automaton 2 on ujviugvs . . ., beginning with
a state in Ry.

Proof Consider the tree of states that is formed by runs from Ry to r via ujvy ... u;v;, for
each state r € R;. These runs form an infinite and finitely branching tree. Then by Koénig’s
Lemma there is an infinite path in this tree. This path describes an infinite (successful) run
of 2 during which 2l enters a final state after each prefix ujvy ... u;v;. ]

Proof of Theorem [3.4: Definition of the desired Muller automaton B for a given Biichi
automaton 2A:

e (Do := Set of Safra trees over Q).
e o := Safra tree consisting of just the root with label {qgo}.
e For the definition of dg: Compute ds(s, a) for the Safra tree s,a € A in four stages:

1. For every node with a label that contains final states, introduce a new child node
with a label that only consists of these final states. Take a free number from 2|Q)|
as the name for that node. We will show in the next section that a Safra tree has
got at most |@Q] nodes. Since at most one child node is introduced for every node,
2|@| node names suffice.

2. Apply the powerset construction to each node label for the input letter a: R —
{r" | 3(r,a,r") € A, with r € R}.
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3. Cancel the state ¢ from a node and from all nodes in its subtree if it also occurs
in an older brother node. Cancel a node and its descendants if it carries the label
() (unless it is the root).

4. Cancel all sons and their descendants if the union of their labels is the parent label.
In this case mark the parent node with “!”.

e Definition of the system F of final state sets:

A set S of Safra trees is in F < there exists a node name that appears in each s € S,
and if in some tree s € S, the label of this node name carries the marker “!”.

Now we need to show: L() = L(*B).

D Let the constructed Muller automaton 9B accept «. Consider the run of Safra trees of B
on «. Then there is a node k which, by definition of F, occurs in every Safra tree from
some point onwards and is marked with “!” infinitely often. Hence, for a suitable R, R!
occurs again and again as a label of k.

Then we have, according to Remark 3.9, a successful run of 2 on «. Therefore « is
accepted by 2.

C Let the Biichi automaton 2 accept . Trace a successful run of 8 on «, in which a final
state ¢ is visited infinitely often. Observe in which Safra trees (of the unambiguous run
of ) this state ¢ occurs.

If the root is labeled with “!” infinitely often, then o will be accepted by 8.

Otherwise consider the first occurence of a final state in the Biichi run after the root
was marked off with “!” for the last time. From this point onwards the current state
is always in the label of one of the child nodes of the root. That will eventually be a
fixed child node k1, since states can only be transferred to older child nodes. Now we
can apply the same line of reasoning to the node k; as we did for the root: Either k;
will be marked infinitely often, or we will find a child ks of k1 that will from some point
onwards contain the current state of the Biichi run. Thus we obtain a sequence of nodes
ki, ka,. ...

As Safra trees are limited in depth, a node k; must eventually be marked infinitely often
and therefore 9B accepts.

3.3 Complexity Analysis of the Safra Construction
Remark 3.10. Let |Q| = n. Then every Safra tree over Q has got at most n nodes.

Proof by induction over the height of Safra trees.

Height 0: The Safra tree has got one node (< n). Assumption clear.
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2

Height h+1: Safra tree

Qo C Q, and Q1, ... Qy are disjoint and the union of them is a proper subset of Q. The
subtrees are Safra trees over Q1,...Qy (say |Qi| = n;), at each case with < nj,..., < ng
nodes by induction hypothesis. The number of nodes of the Safra tree of height A + 1
is therefore <nj +---+nx +1 < Q).

O

To simplify the description of Safra trees we introduce the notion of the characteristic node
of a state ¢ € Q). This is the node with ¢ in its label and whose children are not labeled with
a set containing q. The labeling of a Safra tree is uniquely determined by the assignment g —
name of the characteristic node of q.

Consequently, a Safra tree s is specified by four functions:

1. Assignment of the characteristic nodes @ — {0,...,2n}, where ¢ — 0 < ¢ is not
contained in the tree.

2. “I"-Marking: {1,...,2n} — {0,1} (value = 1 iff label has “I”).

3. Father function: {1,...,2n} — {0,...,2n}, where Father(i) = 0 < ¢ is not contained
in s.

4. Brother function: {1,...,2n} — {0,...,2n}, where Brother(i) = 0 < i is not contained
in s.

< number of quadrupels of those functions
<@2n+1)"-22". 2n+ 1) (2n+ 1)
< (2n 4+ 1)7n c 2O(nlogn)‘

The number of Safra trees is therefore

We obtain “more states” than by using the powerset construction (with 2™ states).
The Muller acceptance condition, defined in the proof of Theorem[3.4, can be transformed
into an equivalent Rabin acceptance condition ((E1, F1),...,(Em, Fi,)), where

Ey. := Set of all Safra trees without the node &,
F}. := Set of all Safra trees with the node k& marked with “!”.

Then the following holds:

Inf(p) € F < for a node name k:
Inf(p) NEr =0  (k must occur in every s € Inf(p) then)
Inf(p) N Fr #0  (Marker ! occurs with k in a s € In(p))

We can infer Safra’s Theorem:

Theorem 3.11. (SAFRA 1988) A Biichi automaton with n states is transformed by the Safra
construction into a deterministic Rabin automaton with 20"1°8") states and O(n) accepting
pairs (Ex, F) (more precisely: 2n pairs).
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One can show that this construction is optimal:

Theorem 3.12. (M. MICHEL 1988, C. LODING 1998) There is no translation of nondeter-
ministic Biichi automata with O(n) states into deterministic Rabin automata with 20,

The upper bound of the powerset construction is always exceeded. Proof strategy:

1. Specify a family (Ly,),>1 of w-languages L, C {1,...,n,#}*, which is recognized by a
Biichi automaton with O(n) states.

2. Prove that L, cannot be recognized by a deterministic Rabin automaton with 20"
states.

For 1.: Define L,, by the Biichi automaton 9,,, alphabet ¥ = {1,...,n,#}. All states of B,
are initial states.

Remark 3.13. The alphabet depends onn. We can change it into a fized alphabet {a,b, #} by
the correspondence 1 — ab, 2 — a?b, ..., n — a™b, # — #. The following Biichi automaton,
where the states qo, q1,qo, ..., qn are initial, recognizes Ly,.

a

/\ N YL

a1 QIQ GG ) qu@

b b, # b, # b, #
a
a o a

Lemma 3.14. « € L, & (x) there are pairwise distinct letters iy,. .., i € {1,...,n},

such that the segments made up of letter

Pairs 149, 4913, . - . , Ig_11k, ixt1 occur infinitely often in «.
Proof
< Let (*) hold for 4y,...,i,. Find the successful run of 98,, on « in the following way:

Go to ¢;, and stay there until i1i5 occurs for the first time. Then do the following:
i, Sog 3 Qi,- Similarly with igis, i3i4,... in the cycle i1,49,...,ig,%1. Thereby we
obtain infinitely many visits to ¢o and 28, accepts.

= Assume B,, accepts a but (x) fails. Pick a position p in « such that the letter pairs ijio
occuring later will in fact occur infinitely often.

If the state q; # qo is visited after p and ¢o later than that, then no return to g; is
possible, since otherwise we would get a cycle as in (k).

Since ¢; # qo was arbitrary, the run would eventually stay in ¢p. Contradiction. O
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Lemma 3.15. (Permutation Lemma) For every permutation (i1 ...i,) of (1,...,n) the w-
Word (i ...in#)% is not in Ly,

To prove 2. we just need a remark on Rabin automata.

Lemma 3.16. (Union Lemma) Let R = (Q, X, qo,0,2) be a Rabin automaton with Q0 =
{(Er, F),...,(By, Fy)}. Let p1,p2,p € Q¥ be runs of R with Inf(p1) U Inf(ps) = Inf(p). If

p1 and py are not successful, then p is not successful, either.

Proof Assume pj, p2 are not successful and p is successful. Then there exists ani € {1,...,k}
with Inf(p) N E; = 0 and Inf(p) N F; # (. Because of Inf(p1) UInf(p2) = Inf(p), Inf(p1) N E; =
Inf(p2) N E; = 0 holds, and also Inf(p,) N F; # 0 for a = € {1,2}. Thus p, is successful.
Contradiction. I

Proof of Theorem Let the deterministic Rabin automaton €, recognize L,. Claim:
¢, has got > n! states.

Consider two different permutations (i1, ...,4n), (j1-...,Jn) of 1,...,n. Then the w-words
(01 ing)”, (J1-..Jng)” are not accepted by &,. Let po, pg be the non-accepting runs of &,

o 8
on o and . Set R := Inf(p,) and S := Inf(pg).

Claim: RN S = (. From this follows (since there are n! permutations) that €, has got at
least n! states and we are finished.

Assume ¢ € RN S: From p,, pg construct a new run of &, on the new input, that has
the following structure:

On segment of «, according to pa,
R is completely visited at least once and
input segment i1 ..., is processed at least once.

qo \/\/\/\/\/\—>q

On segment of 3, according to pg,
S is completely visited at least once and
input segment ji ... j, is processed at least once.

Repeating these two loops in alternation, we get a new input word v and a new run of &, on
v with Inf(p,) = RUS. According to Lemma|3.16, &, does not accept .

Both 4y ...4, and j; ... j, occur infinitely often in . Since 41 ...4, # j1...Jn choose the
smallest k with ix # ji. Then we have the following situation:

o Tp—1 Uk
I [N
J Jk—1 Jk

There has to be an i;, I > k, with i; = j, as well as a j,., r > k, with j,, = 1. We therefore
obtain a cycle that corresponds to the characterization of L,,.

Ukt 1y - -5 U—100 5 JkJkt1s- > Jr—1Jr > Uklks1s- -
I I
Jk ik
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Thus v € L,, which is a contradiction to our choice of €,. Therefore Theorem [3.12/ has been
proved. O

It is an open question whether there are w-languages L,, that can be recognized by nondeter-
ministic Biichi automata with O(n) states and only by deterministic Muller automata with
> n! states.

Remark 3.17. The example languages L, as defined for the proof of Theorem |3.12 are
recognized by deterministic Muller automata with O(n?) states.

3.4 Logical Application: From S1S to Biichi Automata

In the last chapter we tried to show the equivalence of the logic S1S and Biichi automata.
Now we have the tools ready to prove that every S1S definable language is Biichi recognizable.
As a consequence of McNaughton’s Theorem we see:

Theorem 3.18. The class of Biichi recognizable w-languages is closed under complement.

Proof Given a Biichi automaton B, construct a Biichi automaton for the complement w-
language as follows:

1. From B obtain an equivalent deterministic Muller automaton M by Safra’s construction.

2. In M declare the non-accepting state sets as accepting and vice versa and thus obtain

M.
3. From M’ obtain an equivalent Biichi automaton B’.

0

We showed that a Biichi-recognizable w-language is S1S definable. Now we prove the converse:
Theorem 3.19. An S1S-definable w-language is Biichi recognizable.

There will be two stages in the proof:
1. Reduction of S1S to a simpler formalism S1Sg.

2. Construction of an equivalent Biichi automata by induction on S1Sgp-formulas.

From S1S to S1Sy For simplification we eliminate some constructs from S1S:

e The constant 0 can be eliminated: Instead of X (0) write

(X () A=Ts(s < t)).

e The relation symbol < can be eliminated: Instead of s < t write
VX(X(s) AVy(X(y) = X () — X(1))

(each set which contains s’ and is closed under successors must contain t).
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e The successor function only occurs in formulas of type 2’ = y: Instead of X (s”) write

JyFz(s' =y Ay =2 AN X(2)).

e Eliminate the use of first-order variables by using different atomic formulas:
X CY, Sing(X), Succ(X,Y),

meaning: “X is subset of Y”, “X is a singleton set”, and “X = {z}, Y = {y} are
singleton sets with 4+ 1 = y”. Now one can write X (y) as Sing(Y)AY C X and 2’ =y
as Succ(X,Y).

Example 3.20. Translation example: Va Jy(2’ =y A Z(y)) is written as
VX (Sing(X) — 3Y(Sing(Y') A Succ(X,Y)AY C Z)).
X

Proof of Theorem [3.19 We can assume that S1S-formulas ¢(X7,...,X,) are rewritten as
S1Sp-formulas. We show the claim by induction on S1Sg-formulas. It suffices to treat

e the atomic formulas
X1 g XQ, Sing(Xl) N SuCC(Xl,XQ),

e the connectives V and —, and the existential set quantifier 3.

We can easily specifiy Biichi automata for the atomic formulas (induction basis):

Atomic formula | Corresponding Biichi automaton Recognized example word

©)-()-()

X,=001101...
X1C X ch)} X,=010101...
1
Sing(X;) () X, = 000010000 . . .

Suce(X7, X2) *)8/

Induction step:

g/ X, =0001000...
O | X5=0000100...

1. Or connective: Consider ¢1(X1,...,X,) V o2(X1,..., Xn).
By induction hypothesis we have Biichi automata A1, A5 that are equivalent to ¢1, @a.
Take the Biichi automaton for the union as the one equivalent to 1 V @a.

2. Negation: Consider ~¢(Xq,...,Xp).
By induction hypothesis there is a Biichi automaton equivalent to .

Apply the closure of Biichi recognizable w-languages under complement, to obtain a
Biichi automaton equivalent to —¢.
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3. Existential quantifier: Consider 3X (X, X1,..., X,).
Assume A is a Biichi automaton equivalent to ¢(X, X1,...,X,). In A, change each
transition label (b, by, ...,b,) into (b1,...,b,); thus obtain A’. Then a transition via b
exists in A’ if there is a transition via (0,b) or (1,b) in A.

A’ accepts a € (B")¥

iff there exists a bit sequence cgcy ... such that (cp, @(0)), (c1, (1)) ... is accepted by
A

iff Jegey ... such that A accepts (cg, @(0)), (¢1, (1)) ...
iff o f=3Xo(X,X1,...,X,).

So the Biichi automaton A’ is equivalent to 3X p(X, X1,...,X,,). An example:

3.5 Complexity of Logic-Automata Translations

We have translated LTL- and S1S-formulas into Biichi automata. The complexity bounds are
very different. We define the k-fold exponential function g; by

Theorem 3.21. (Translation complexity of LTL and S1S)

1. An LTL formula of size n (measured in the number of subformulas) can be translated
into a Bichi automaton with 2™ states.

2. There is no k such that each S1S formula of size n (measured in the number of subfor-
mulas) can be translated into a Biichi automaton with gi(n) states.

The case of sentences We will briefly mention a historical application of the translation
from S1S to Biichi automata. Consider sentences, which are formulas without free variables.

The translation of a sentence ¢ into a Biichi automaton A, yields an automaton with
unlabeled transitions.

As we can now see, the sentence ¢ is true in the structure (N, +1, <, 0) iff the automaton
A, has a successful run. The latter condition can be checked with the nonemptiness test.
Consequently, one can decide, for any given S1S-sentence ¢, whether ¢ is true in (N, +1, <, 0)
or not.

The monadic second-order theory of (N,+1,<,0) is the set of S1S-sentences that are true
in (N, +1, <,0). This is written as MTha(N, +1, <, 0).
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Some example sentences:

VX Y (VE(X(t) — Y (1)) true
VX JtVs(X(s) = s <t) false
VX(X(0)AVs(X(s) — X(s')) — VtX(t)) true

By applying the above mentioned translation into Biichi automata and by testing for
nonemptiness, we immediately see :

Theorem 3.22. (BUCHI 1960) The theory MTho(N, +1, <,0) is decidable.

3.6 Classification of Omega-Regular Languages and Sequence
Properties

Up to now we have treated general logical and automata theoretical methods to describe
sequence properties (i.e. system properties). However the last section showed that taking too
broad a view results in computationally infeasible results.

In Section [2.2] we mentioned several interesting sequence properties, e.g. “safety”, “guar-
anty” and so on. We will now narrow our view of w-languages to automata models which
correspond to those properties. Using those models we will prove certain relationships be-
tween those properties, i.e. can some property be expressed by some other property? This
will give us the tools to solve infinite games in the second part of this course.

So what are we going to do in this section?

1. Definition of a natural classification scheme based on deterministic automata.
2. Comparison of the levels of this classification.

3. Decision to which level a given property belongs.

The four basic types of sequence properties We have already seen a wide variety
of sequence properties in Section [2.2. The following four basic properties can be described
intuitively:

e Guaranty condition requires that some finite prefix has a certain property.
e Safety condition requires that all finite prefixes have a certain property.

e Recurrence condition requires that infinitely many finite prefixes have a certain
property.

e Persistence condition requires that almost all (i.e. from a certain point onwards all)
finite prefixes have a certain property.

We shall describe the prefix properties by deterministic automata.
Definition 3.23. Given a deterministic automaton A = (Q, %, qo, 9, F') ,
o A E-accepts a < exists a run p of A on o with 3i : p(i) € F.

o 2 A-accepts a < exists a run p of A on «, so that Vi : p(i) € F.
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e 2 Biichi-accepts o < exists a run, so that Vj3i > j: p(i) € F.

e 2 co-Biichi-accepts a < exists a run p of 2 on «, so that for almost all ¢ (except of
finitely many, written: ¥¥i ) p(i) € F holds, i.e. from some point onwards only final
states will be visited.

The notions A-, E-, and co-Biichi automaton and A-, E-, and co-Biichi recognizable are defined
accordingly.

Example 3.24. Let ¥ = {a, b, c}.
Ly ={a €X¥| nocin a}. L is A-recognizable by

a,b b,
r) C Qa c

Ly = {a € £¥ | ¢ only finitely often in a}. Lo is co-Biichi recognizable by

f)a,b .
isile

NS

a,b

X

By intuition we can summarize some relationships between acceptance conditions on the one
side and sequence properties on the other side, in Table[3.1.
We want to show the following connections for specifications by automata:

o Guaranty and safety properties can be rewritten as recurrence and persistence proper-
ties.

e Guaranty properties cannot be described as safety properties (and vice versa).

e The same holds for recurrence and persistence properties.

These claims can be proven within the precise framework of w-automata.
Theorem 3.25. Let L C ¥¥.

a) L deterministically E-recognizable < L =U - 3% for a regqular U C X*.

b) L deterministically Biichi recognizable < L =1m(U) for a reqular U C X*.

Proof Item (b) was shown earlier in the proof of Theorem b). Proof of (a): Similar to
the proof of Theorem [1.10 b): Let U be recognized by the DFA A = (Q, X, qo,6, F') . Use A
as a deterministic E-automaton, now called ‘B.
B accepts « Ll The unambiguous run of B on « enters F' at least once
<= Ji: Areaches a state in F' after «(0) ... a(7)
<= Ji: «a0)...a(i) € U (according to the def. of 2A)
= aclU- X%
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Biichi acceptance co-Biichi acceptance
grasps “recurrence properties” grasps “persistence properties”
Tlustration: /C> Tlustration: /@

System assumes desired states again and System finally assumes desired
again states only
E-acceptance A-acceptance
grasps “guaranty properties” grasps “safety properties”
Ilustration: —+F Illustration: Bl
N ia© forbidden
Qj area
System assumes desired state System is always in a desired
sometime state

Table 3.1: Overview

Lemma 3.26. (Complement Lemma) Let L C X¥. Then the following holds:

a) L is deterministically E-recognizable < the complement language X% \ L is determinis-
tically A-recognizable.

b) L is deteterministically Biichi recognizable < the complement language ¥ \ L is deter-
manistically co-Biichi recognizable.

Proof Let A = (Q, X, qo, 0, F') recognize L.
a) a€X¥\L <& Fisnever reached during the unambiguous run p of 2 on «
< Only states from @ \ F' are assumed
during the unambiguous run p of 2 on «.
Thus 2" := (Q, %, q0,0,Q \ F) A-accepts ¢\ L. “<” can be shown analogously.

b) ae€X¥\L < F isvisited only finitely often
during the unambiguous run p of 2 on «
< from some point onwards only states in @ \ F' are assumed.
Thus 2" = (Q, %, q0,9,Q \ F) co-Biichi accepts ¥ \ L. “<” can be shown

analogously.
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Theorem 3.27. Let L C ¥¥.
a) L deterministically E-recognizable = L is deterministically Biichi recognizable.
b) The converse does not hold in general.

Proof

a) Given 2 = (@, X, qo,0, F') construct a deterministic Biichi automaton by adding a state
qr. We are going to “divert” all transitions to I to the newly created state qr. We
define a new transition function ¢':

§'(q,a) = 6(q,a)ifqg F
8(q,a) = gqpifqgeF
§(qp,a) = qy

Set B = (Q U {qr},2,q0,0,{qr}). Then the new automaton B Biichi accepts the
w-word « iff /A E-accepts a.

b) <: Consider L = {a € B“ | 1 appears infinitely often in a}. A deterministic Biichi
automaton which recognizes this language could look like this:

0 1
O/l_\
e Ok

Assume: A deterministic E-automaton 2( recognizes L. According to Theorem [3.25
L =U-%" for a regular U C ¥*. Since L is nonempty, U is also nonempty. Let u € U.
Then u0¥ € U - ¥ but u0* ¢ L.

O

Lemma 3.28. There are languages which separate the above mentioned language classes:
1. B*-1-B¥ is E-recognizable, but not A-recognizable.
2. {0%} is A-recognizable but not E-recognizable.
3. (0*1)¥ is Biichi recognizable but not co-Biichi recognizable.
4. B*0% is co-Bichi recognizable but not Biichi recognizable.
Note that {0“} =B¥\ (B*-1-B¥), B*0Y=DB“\ (0*1)~.
Proof

1. E-recognizability is clear.
0 0,1

OO

Assume B* - 1 - B“ is A-recognizable, say by A with n states.

Consider A on 0"10%; all states of the run are final. Before input letter 1 there is a
state repetition (loop of final states). So with this loop A also accepts the input word
0“, contradiction.
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2. {0“} being A-recognizable but not E-recognizable follows from the Complement Lemma,
since {0¥} =B \ (B*-1-B").

0 0,1
M

3. (0*1)“ being Biichi recognizable was shown for Theorem b). It is easy to show that
this language is not co-Biichi recognizable

4. B*0% being co-Biichi recognizable but not Biichi recognizable then follows from the
Complement Lemma and 3.

O

Theorem 3.29. (Hierarchy Theorem) The following diagram of inclusions holds for the
classes of w-languages that can be recognized by deterministic automata with E-, A-, Biichi,
and co-Biichi acceptance conditions:

— regular w—languages

— < det.

det. co—Biichi recognizable

Biichi recognizable

L
et
A-recognizable

det.
E-recognizable

Proof (Inclusions)
L is det. E-recogn.
L is det. A-recogn.
The implication L is det. E-recognizable = L is det. Biichi recognizable was already
shown (Theorem [3.27). Show: L is deterministically A-recognizable = L is deterministically
Biichi recognizable. Consider the automaton 2 = (@, X, qo, 0, F'), which A-recognizes L and
modify it as follows:

} = L is det. Biichi recogn. = L is nondet. Biichi recogn.

A A’

p/—\‘q e \’\\O

I I q

e
e5|

We replace every 6(p,a) = q, where p € F,q ¢ F, by §(p,a) =q~, and add 6(¢—,a) = g~ for
every a € . Then the 2l-run p only assumes final states on «

< the corresponding 2'-run p’ on « only assumes final states

& (%) the corresponding 2'-run p’ on « infinitely often assumes final states.
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For (x): < If 2’ infinitely often assumes a final state, then 2’ follows no transition leading
out of F. Therefore 2’ only enters final states, i.e. 2’ Biichi recognizes L.
The claims

L is det. E-recognizable =
L is det. A-recognizable =
L is det. co-Biichi-recognizable = L is nondet. Biichi recognizable

} L is det. co-Biichi recognizable,

will be proved in the exercises.
In order to show that these inclusions are proper, we need to consider seven different cases.
These are depicted in Figure 4,5, 6, and 7 have already been proved to be nonempty by

£ O
fa=—0)

Figure 3.2: Seven inclusions

the languages B* - 1 - B, {0}, (0*1)¥, and B*0“ respectively in Remark [3.28]

(1) Ly :={1(0+ 1)¥} is det. E-recognizable and det. A-recognizable:

0/"0 o o e )0t

l\‘®o 0,1 1\‘® Q 0,1
E-recognizes Ly A-recognizes Ly
(2) Ly := {a € B¥ | 11 never occurs in o but 101 at least once}. This language is recog-

nized by the following det. Biichi automaton:

0

Q ! ® ! .O o

N

This det. Biichi automaton for Lo is at the same time the co-Biichi automaton for L.

1 0

1
1 e

0

Assume 1: Lq is E-recognizable, say by 2.

Consider 2 on the word 1010¥. This w-word is accepted by the automaton. A final
state is visited not later than after the prefix 1010". Therefore the w-word 1010"110%
is accepted. Contradiction.
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Assume 2: Lo is A-recognizable, say by 2 with n states.

Consider 2 on 0™"1010“. The automaton accepts, i.e. it visits final states only. Because
of the repetition of states on 0" only final states are assumed on 0. Thus 0¥ is accepted
but 0¥ & Lo. Contradiction.

(3) Lz :={a € B¥| 00 occurs only finitely often in a, but 11 only finitely often}.
We will show in the exercises that Ls is nondeterministically Biichi recognizable but

neither deterministically Biichi nor deterministically co-Biichi recognizable.

O

3.7 Deciding the Level of Languages

For a given regular w-language L (defined by, say, a Muller automaton) one can decide whether
L is det. Biichi recognizable or det. E-recognizable.

Let 2 = (Q, %, qo, 9, F) be a Muller automaton that has (w.l.o.g.) only reachable states.
A set S C Q is named loop if S # () and Vs,s' € S Jw € T §(s,w) = s’. Thus loops are the
sets of states which can occur as Inf(p) of a run p. Let (w.l.o.g.) F consist of loops only.

Definition 3.30. Call F closed under reachable loops iff each loop S’ reachable from a loop
S € F also belongs to F. Call F closed under superloops iff each loop S’ O S for a loop
S € F also belongs to F.

Fi1:={5C Q]S isaloop, S is reachable from a loop in F}
Fr:=FU{FUE | FUE is aloop with at least one state more than in F' € F}
= “proper superloop of F-loops”

Remark 3.31.
1. F is closed under reachable loops iff F = F1.
2. F is closed under superloops iff F = Fs.

3. Each superloop of an F-loop is also reachable from an F-loop; so if F is closed under
reachable loops then it is also closed under superloops. So obviously F C Fo C Fi1 holds.

Theorem 3.32. (Landweber’s Theorem)

a) F =F1 < L) is deterministically E-recognizable.

b) F =Fa < L) is deterministically Biichi recognizable.
Proof of a)

= Let F = F;. Define the E-automaton 2’ = (@, %, qo, 6, J F).

A accepts @ <= 2 eventually stays in a loop S € F; on «

DefF; .
<= at some point U reaches a loop from Fj on «

<= A E-accepts a.

Thus 2 and 2" are equivalent.
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< Let the deterministic E-automaton 9B recognize L(2), w.l.o.g. let L(2) # (.
Show: F1 C F
Consider ¢ € S € F. Show that all loops reachable from ¢ are already in F.

Choose u € ¥* with dg(qo,u) = ¢. Choose 7 € ¥“, so that 2 on u7y assumes the loop
S. Since S € F, uy € L(2) holds. The automaton B at some time reaches a final state
on uvy, say after uv. In 2 extend uv with w so that dg(qo, uvw) = q.

Let S’ be a loop, reachable from ¢, say via the input word uvw~’. Since this w-word
has got the prefix uv, B accepts uvwy’. Therefore 2 also accepts uvw~’. Thus the loop
S’ is also in F. 0

Proof of b)

= Let F = Fo.
2 accepts a et o eventually assumes a superloop of an F-loop on «.

Construct a Biichi automaton A’ with the state set Q x 29 and start state (qo,0).
The automaton accumulates the visited states in (g, R) until a F-loop is reached or
outnumbered. Then we reset R := (). The final states are all (¢, ). So

A" accepts «

iff of input «, A infinitely often passes through loops S’ O S where S € F

iff (since only finitely many such S’ exist) for some S’ O S with S € F, precisely the
states of S’ are visited infinitely often

iff (since F is closed under superloops) for some S € F, precisely the states of S are
visited infinitely often

iff A accepts a.

< Let the det. Biichi automaton B with final state set F' recognize L(%).
Show: The system of accepting loops of 2 is closed under superloops (F2 C F).

So we have to find a € L(2() which finally lets 2 cycle through S’. For that matter pick
q € S, reached by 2 via w. Continue w by v such that 2 loops through S and hence
accepts. So B on wy infinitely often visits F', say first after wu;. Continuation via vy
through S leads 2 back to ¢, then a travel through the superloop S’ via x7 again back
to gq.

Repetition yields wujviziugvezs . .. such that B8 assumes a final state after each u;; so
2A accepts, and due to the z;, 2 visits the S’-states again and again. ]

3.8 Staiger-Wagner Automata

For a run p € Q¥ let Occ(p) :== {q € Q | Fi : p(i) = q}. Guaranty and safety conditions can
be described with Occ(p).
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Guaranty condition: Jip(i) € F' < Occ(p) N F # ()
Safety condition: Vip(i) € F' < Occ(p) C F

Definition 3.33. A Staiger- Wagner automaton (SW-automaton) is of the form 2 = (Q, 3, qo, 6, Acc)
with @, %, qo,0 as defined earlier and Acc is a family F of sets of states (Notation: F =

{Fla"'aFk})E g Q)
2 accepts & Occ(p) € F (i.e. Oce(p) = Fy or ... or Occ(p) = Fy,)
holds for the unambiguous run p of 2 on «.

Idea: The Staiger-Wagner condition grasps options for state sets in accepting runs.
Remark 3.34. The accepting component F of a Staiger-Wagner automaton only needs to
include sets F' which consist of

e a strongly connected component (SCC) P,

e a path from qg to P.

Remark 3.35. Deterministic E- and A-automata are special cases of SW-automata.
Proof

a) Let A= (Q, %, qo,0, F) be an E-automaton. Then the SW-automaton 2’ = (Q, X, qo, 0, F)
with F ={P C Q| PNF # 0} is equivalent to .

b) Let 2 be an A-automaton as above. Then the SW-automaton 2" = (Q, X, qo, §, F') with
F' ={P CQ|PCF}is equivalent to 2.
]

Question: Why is it not sufficient to define the SW-automaton as A" = (Q, 3, qo, 0, { F'})?
That would not be correct, because then a visit to every state in F' would be mandatory,
which is not always necessary.

Theorem 3.36. The acceptance conditions, made up of Boolean combinations of guaranty
conditions (or safety conditions), are exactly those which can be described by SW-conditions.

Proof Consider the state space Q.

< Consider the condition Occ(p) € F, say for F = {Fi,..., Fi}, i.e. Occ(p) = FL V---V
Occ(p) = F.
Occ(p) = Fj is equivalent to A\ Jip(i) =gA A — Jip(i) =¢q
qEF; N—— qEQ\F; N——
Fip(i) € {q} Jip(i) € {q}

We obtain a Boolean combination of guaranty conditions of the form Jip(i) € {¢}.
= Consider a Boolean combination of guaranty conditions 3p(i) € Py, (or Occ(p) N Py, # 0)

for suitable sets P, C ). The DNF yields disjunction of conditions of the following kind
(we denote the jth element of the disjunction with (x);):

Occ(p)NPj1 # DA---ANOcc(p) N Pjm; # OAOcc(p) VPjp, .y = OA---AOcc(p) N Py, =0

Call F C @ good for the index j, if F', substituted for Occ(p), fulfills the condition (x);.
Set F :={F C Q| F is good for an index j}. The SW-automaton with this F accepts
iff the given Boolean combination is fulfilled.
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0

Example 3.37. Let L) = {o € B | 11 never occurs in «, or 101 occurs > one time}. We
want to define the acceptance condition of 2, so that L) is recognized.

(a)l b ! c@l

0 0
& / 0,1
d——— e
1

e If 101 occurs, then e is reached.

2 has got the following properties:

e If 101 does not occur, then the occurence of 11 is signaled by reaching c.

So we need to require that either e is visited or that ¢ is never visited. Thus the system F of
accepting sets precisely contains {a}, {a,b,d}, {a,b,d,e},{a,b,c,d,e}. X
Remark 3.38. There are SW-recognizable languages which cannot be recognized by a SW-
automaton with only one set in its accepting component.

Before proving the remark we give an example for which the reduction to an accepting com-
ponent {F'} succeeds. Let ¥ = {a,b, c}, L={aeX¥|bor coccur in a}.

i‘&i >b f:{{172}7{1’3}7{17273}}
siﬁo ¢

In this case there are more than just one set F. But another SW-automaton only requires an
simpler F:

YO e O r ey

1 ———2
Proof of Remark [3.38 Consider L = {0¥, 1“}.

()0
/0/'2\K 0,1 B
—1 43 f_{{172}7{1¢3}}
1\‘6/07
1

Assume: The SW-automaton 2 = (Q, B, qo, d, { F'}) recognizes L, say with n states. Consider
the run pg on 0%, which visits exactly the F-states. After 07, p € F is reached, and every
state that is visited on 0 has already been visited. 1% is also accepted. Therefore exactly
the F-states are visited, i.e. also p. From the state p := §(qo,0™) on the word 1“ a subset of
F' is visited. Consider 0™"1“. For this word precisely F' is visited and therefore the word is
accepted. Contradiction. O

Theorem 3.39. (STAIGER, WAGNER 1977) An w-language L C 3¢ is SW-recognizable iff it
1s deterministically Biichi recognizable and deterministically co-Biichi recognizable.
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From Staiger-Wagner to Biichi Proof idea: Given a Staiger-Wagner automaton with
state-set @ and acceptance component F = {Fj,..., F;}, we introduce an automaton A’
with state space @ x 2€.

In the first component, A’ simulates A. In the second component, A" accumulates the
visited states. If this set coincides with some F;, the state is declared final. Formally, a state
(g, R) is declared final in A’ if for some ¢ we have R = F;. We show

A accepts « iff A’ Biichi-accepts «a iff A’ co-Biichi-accepts a.
A" accepts «
iff A’ on « visits infinitely often a final state

iff in the run of A’ on «, infinitely often there is some ¢ such that the visited states form
the set F;

iff for some 4, infinitely often the visited states form the set Fj

iff A accepts a.

Note: Infinitely often the visited states form the set F; iff from some point onwards the
visited states form the set F;. So for A’ one may as well use the co-Biichi condition without
changing the recognized w-language.

For the converse we need some preparation:

Recall: A strongly connected component (SCC) of (the transition graph of ) A is a maximal
strongly connected set, in other words a maximal loop of A.

Remark 3.40. The SCC’s and the singletons which do not belong to a SCC form a partial
order under the reachability relation.

Example 3.41. The numbers indicate SCCs.

9-1/2¥/12\‘\\(5y5
\3*>4/ \5

The partial order can be illustrated as follows:

2
1/ \5
N /
3—=>14
X

Remark 3.42. If F is closed under superloops and under subloops, then all loops of a SCC
are accepting (in F) or all rejecting (not in F).

Given a loop of F in the SCC S, S itself belongs to F (since F is closed under superloops)
and hence all loops within S belong to F (since F is closed under subloops).
Call an SCC S accepting if all its loops are accepting.
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From Biichi and co-Biichi to Staiger-Wagner Assume L is deterministically Biichi
recognizable and deterministically co-Biichi recognizable.

Let A be a Muller automaton recognizing L, say with acceptance component F. By
Landweber’s Theorem, F is closed under superloops and under subloops.

Any run p will finally remain within a certain SCC S.

For any SCC S, let S; be the set of states outside S and reachable from S by a single
transition.

The run p will eventually stay in S if some state of S is visited in p but no state of S+
is visited in p. So the Muller automaton A accepts « iff the run p of A on « satisfies the
following;:

p reaches an accepting SCC S but does not visit one of the states in 5.

So we may change the acceptance condition to the Staiger-Wagner condition with the following
system F':

R e F' :& for some accepting SCC S, RNS # 0
but RNSy =0

3.9 Parity Conditions

In a Muller automaton the accepting loops are enumerated (in an acceptance component
F). In a Rabin automaton the accepting loops are fixed by “bounds” (S is accepting iff S
intersects some F; but is disjoint from the corresponding F;). Can one fix the accepting loops
by a condition on their individual states? We use a “coloring” of states by numbers:

Definition 3.43. A coloring of @ is a function ¢ : ) — {0,...,k}. For a run p let ¢(p) be
the sequence of associated colors:

() = c(p(0))e(p(1))....

Definition 3.44. (Weak and Strong Parity Automata) A (deterministic) parity automaton
is an w-automaton of the form A = (Q, %, qo,d, c), where the acceptance component is a
coloring ¢ : Q — {0, ..., k} for some natural number k.

A weak parity automaton is a parity automaton where a

run p is successful if the maximal color occurring in p is even
(formally: max(Occ(c(p))) is even).

A strong parity automaton (sometimes just “parity automaton”) is a parity automaton
where a

run p is successful if the maximal color occurring infinitely often in p is even
(formally: max(Inf(c(p))) is even).



58 CHAPTER 3. THEORY OF DETERMINISTIC OMEGA-AUTOMATA

Example 3.45. (Special cases)
An E-automaton with state set @ and final state set F' amounts to a weak parity automa-
ton with a coloring ¢ : @ — {1,2}:

1 forqgg F
c(q) =
2 forqge F

A Biichi automaton can be presented similarly as a strong parity automaton with the same
coloring.
An A-automaton (Q and F' as before) amounts to a weak parity automaton with coloring

c:@Q —{0,1}:
0 forgeF
c(q) =
1 forggF
X

Lemma 3.46. FEvery deterministic parity automaton is equivalent to a deterministic Rabin
automaton.

Proof Given the parity automaton A = (Q, X, go,0,¢) with ¢: @ — {0,...,k}, w.lo.g. let k
be odd. We write C; = {q | c(q) = i}.
We define the sets Fy, Ey, ..., F}, B} according to the following scheme:

4 N
Co C 1 02 03 04 CS
‘\ J
| | | | | |
| | | | | |
| | | [ | \
| | | | |
: Fo | | | 1 |
| EO | | | |
T T + t +
I
T
[ N I !
r T t
I By 1
r 5,
—

thus Fj={q€ Q|c(q) >2j} } j=0...k
Ej={q€Q|clq) >2j+1}

The maximal infinitely often visited color is then = 0, if Inf(p) N Fy # 0, Inf(p) N Ey = 0,
=1, if Inf(p) N F; = 0,Inf(p) N Ey # 0,

Therefore Fy O Ey O Fy O E1 D --- D F, O Ej, holds and

max(Inf(c(p))) even < \/ (Inf(p) N Fj # 0 AN1Inf(p) N E; = 0).
j=0
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We obtain an equivalent Rabin automaton 8 = (Q, X, g0, 0, Q) (Q = {(Eo, Fo), ..., (Ek, Fx)}).
Because of the inclusion chain Fj, F; also called Rabin chain automaton with accepting com-
ponent = ((Eo, Fo), ..., (Er, F})). O

Aim:
o Weak parity automata have the same expressive power as Staiger-Wagner automata.

e Strong parity automata have the same expressive power as Muller automata.

From Parity to Staiger-Wagner and Muller Consider an automaton with coloring
c:Q —H{0,...,k}. Let C; = {qg € Q| cq) =i}.

The weak parity condition is a Boolean combination of E-acceptance conditions for a run
p:

\/ Fi(pi) € C; A —Fip(i) € CjraU...UCy)
j even

Similarly the strong parity condition is a Boolean combination of Biichi acceptance conditions.

Consequences:

e A weak parity automaton can be simulated by a Staiger-Wagner automaton.

e A strong parity automaton can be simulated by a Muller automaton.

Theorem 3.47. (From Staiger-Wagner to weak parity) For a Staiger-Wagner automaton
one can construct an equivalent weak parity automaton.

Proof Let A = (Q,%,qo,d,F) be a Staiger-Wagner automaton. We define an equivalent
weak parity automaton A’ = (Q’, %, ¢}, 8, ¢). Set Q' = Q x 29, ¢} = (g0, {q0})-
Idea: Collect the visited states in the second component. Define ¢'((p, R), a) = (d(p, a), RU

{0(p.a)}).
The coloring ¢ is defined by

e(p. R) 2-|R| ifReF
7 \2¢|R -1 ifREF

Colors of a run increase monotonically, and from some point onwards stay constant (when
all visited states have been seen at least once).
The maximal color is even iff the set of visited states belongs to F. So A’ is equivalent to

A. 0

Theorem 3.48. (From Muller automata to parity automata) For a Muller automaton one
can construct an equivalent strong parity automaton.

Proof Idea: Extend the idea of “recording past states”. Remember not only the set of visited
states, but also the order of their last occurrence. The data structure for this information
is called “Order vector” (MCNAUGHTON 1965), “Latest appearance record”, short “LAR”
(GUREVICH, HARRINGTON 1982).

The vector has the current state on position 1, the next previous state on position 2, etc.
The position where the current state was taken from is marked as “hit position”.

The complete proof will be given later on.
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Example 3.49. Q = {1,2,3,4}

run p:  LAR-run p’: underlined: hit
1234
3124
4312
2431
3241
1324
3124
3124
1324

— W W WN R W

3.10 Exercises

Exercise 3.1. Consider the Biichi automaton A = ({0, 1,2}, {a,b},0,A,{1}) with A given
by the following transition table:

a b
0/01 0
1 2
21 2 1

Construct, using the Safra construction, an equivalent deterministic Muller automaton.

Exercise 3.2. Let L C ¥* be an w-language. We define the right congruence ~yC 3* x X*
by
u~pviff Vo eX¥: uae L & va € L.

(a) Show that every deterministic Muller automaton recognizing L needs at least as many
states as there are ~p, equivalence classes.

(b) Show that there is a non-regular w-language L such that ~ has finite index. (So the
Nerode characterization of regular languages does not generalize to w-languages.)
Hint: Let 8 be an w-word which is not ultimately periodic and consider

L(B) :={a € ¥¥ | a and § have a common suffix}.
Exercise 3.3. Starting from Exercise 3.2| define a family of w-languages (Ly,),>2 with the
following properties.

1. L, is recognized by a nondetermistic Biichi automaton with O(n) states.

2. Every deterministic Muller automaton that recognizes L, has got at least 2™ states.

Exercise 3.4. Let UP be the set of all w-words over {0,1} that are ultimately periodic.
Show that UP is not regular.

Exercise 3.5. Show that there is a regular w-language L C {a, b}, which cannot be recog-
nized by a deterministic Muller automaton A = (Q, {a, b}, qo, 9, F) with |F| = 1.
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Exercise 3.6. Let A; = (Q1,%,¢},01, F1) and Ay = (Q2,%, 3, d2, F») be deterministic co-
Biichi automata.

(a) Show that the product automaton A of A; and Ay with final states (F1 x Q2) U (Q1 X F3)
does in general not recognize the language L(A;) U L(A2).

(b) Correct the construction from (a) such that the new automaton A" recognizes L(A;) U

L(A3).
Exercise 3.7. Let L C 3“ be an w-language. Show:

(a) If L is deterministically A-recognizable, then L is deterministically co-Biichi recogniz-
able.

(b) If L is deterministically E-recognizable, then L is deterministically co-Biichi recogniz-
able.

(¢) If L is deterministically co-B”uchi recognizable, then L is nondeterministically Biichi
recognizable.

Exercise 3.8. Consider the w-language
Ly :={a € {0,1}* | o contains 00 infinitely often, but 11 only finitely often}.
(a) Show that Ls is Biichi recognizable.

(b) Show that Lj is neither recognizable by a deterministic Biichi automaton nor by a deter-
ministic co-Biichi automaton.

Exercise 3.9. Let U C ¥* be a finite language, and L := U - X*.
(a) Show that L is both E- and A-recognizable.

(b) Show the converse: If an w-language L C ¥¢ is both E- and A-recognizable then there is
finite language U C ¥* such that L =U - .

This shows that bounded specifications are captured by w-languages which are both E- and
A-recognizable.

Hint: For (b) it is useful to show that the complement of L is also E-recognizable. Then
consider, for a proof by contradiction, ¥* as a |X|-branching tree and apply Konig’s Lemma.

Exercise 3.10. The inclusion diagram shows the LTL-definable languages inside the hierar-
chy of w-languages.

regular

det. Biichi| “ldet. co-Biichi
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(a) Show that the languages Ly := B*1B%, L; := {0¥}, Lg := (0*1)¥, and L7 := B*0“ are
LTL-definable, i.e. these languages are located in the inner part of the diagram.

(b) Partly verify the inclusion diagram by providing w-languages for the two language classes
marked by dots.
Hint: Find counting versions of the appropiate LTL-definable w-languages mentioned in

(a).
Exercise 3.11.

(a) Construct Staiger-Wagner automata accepting the w-languages
Ly :={a €{a,b,c}* | if a occurs in a then b occurs later on}
and

Ly :={a € {a,b,c}* | a contains aa and before that

b only occurs in blocks of length < 2}.

(b) Let Ay = (Q1,%, 48,61, F1) and Ay = (Q2,%, 43,52, F2) be Staiger-Wagner automata.
Construct the Staiger-Wagner product automaton Ag recognizing L(A;) U L(.A3z). Verify
your construction.

Exercise 3.12. Show that for every n > 1 there is an w-language L,, which can be recognized
by a Staiger-Wagner automaton with n state sets as its accepting component. Also show that
the language cannot be recognized by a Staiger-Wagner automaton with less than n state sets
in its accepting component.

(a) For that matter use the alphabet 3,, = {ay,...,a,} and the language L,, = a{+---+a¥.
(b) Extend the result of (a) to languages over an alphabet with two elements.

Exercise 3.13. Show that the language, which is defined by the w-regular expression (0*1)%,
is not Staiger-Wagner recognizable. (Consider, assuming that such an SW-automaton with n
states exists, the w-word (0"1)“ in order to derive a contradiction.)

Exercise 3.14. Directly construct an equivalent deterministic Biichi automaton B for a
Staiger-Wagner automaton A = (Q, X, qo,d,F). Hint: In order to simulate A, B needs to
memorize the visited states.

Exercise 3.15. A set F C 29 is closed under subloops if every subloop S’ C S of a loop
S € F also belongs to F. Let A= (Q,%,qo,9, F) be a Muller automaton. Show that

L(A) is co-Biichi recognizable <= F is closed under subloops.

Exercise 3.16. Decide whether the language recognized by the following Muller automaton
is E-recognizable or Biichi recognizable. Let F = {{2},{1,2,3}}.

If your answer is positive specify suitable automata with E- and Biichi acceptance conditions.
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Exercise 3.17.

(a) Find an w-language that is recognized by a parity automaton with colorset {1,2,3} but
not by a parity automaton with a colorset {1,2}. (Hint: Landweber’s Theorem [3.32 for
(deterministic) Biichi automata).

(b) Propose a family L,, of w-languages, such that L,, is recognized by a parity automaton
with colorset {1,...,n} but not by parity a automaton with color set {1,...,n — 1}.

Exercise 3.18.

(a) Present (by direct construction) weak parity automata recognizing the w-languages L1, Lo
from Exercise [3.111

(b) Show that L; cannot be recognized by a weak parity automaton with only two colors.
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Chapter 4

Games and Winning Strategies

4.1 Basic Terminology

Definition 4.1. A game graph is a tuple G = (Q, E) with vertex set Q = QoUQ1, and edge
relation £ C @ x @, which is complete in the following sense: for all ¢ € @ Jp : (¢,p) € E
(i.e. every ¢ has got an outgoing edge).

We define a play as a sequence p = rorire ... with (r;,ri41) € E.

A game is a tuple (G, ¢) consisting of a game graph G and a winning condition ¢ for
Player 0. A game p € Q¥ is won by Player 0, if p fulfills ¢. ¢ is usually specified by some
requirement on Occ(p), Inf(p) or, after specifying a coloring ¢ : Q@ — C (C a finite color set)
of the vertices, some requirement on Occ(c(p)) or Inf(c(p)). The set Win C Q¥ denotes the
set of the plays won by Player 0.

We will consider the following problem: Given a game graph G = (@, E) and a set Win C Q¥
of the plays won by Player 0, specify the set of vertices of G from which Player 0 can guaranty
winning the game, and compute a winning strategy for Player O .

Definition 4.2. A strategy for Player 0 starting at vertex qq is a function f : QT — Q that
assigns to each play prefix qq . .. qx, with gx € Qo, a vertex r € Q with (g, r) € E.

A play p = qoq1 ... started in qg is played according to f if for every ¢; € Qo, ¢i+1 =
f(qO e Qi) holds.

A strategy f is a winning strategy from qg for Player 0 if every play played according to
f is in Win. Winning strategies for Player 1 are defined analogously.

Strategies f for Player 0 and g for Player 1 define exactly one play from a vertex ¢q. Both
players cannot have a winning strategy from ¢ € @ at the same time. Proof: Choose a
winning strategy f for Player 0 and g for Player 1 respectively (starting from ¢). Consider
the resulting play p. Since f is a winning strategy for Player 0 , p € Win holds and, since g
is a winning strategy for Player 1 |, p € Win also holds. Contradiction.

Example 4.3. We will usually denote vertices of the game graph, which belong to Player
0, by circles and vertices, which belong to Player 1, by boxes. Consider the following game
graph:
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¢
“ @ N @ . ‘
N T
—()—[f]
Winning condition 1 (for Player 0): Occ(p) O {2,6}. This condition is fulfilled by the
following strategy: Player 0 moves from 1 to 2 first, to 7 later, from 3 always to 4, and from

5 always to 6. If we want to describe this strategy as a function fy we obtain the following
definition:

2 if 1 does not occur in w
Jo(wl) = { . :
7 if 1 occurs in w.
fo(w3d) =4
fo(w5) =6
As one can see, fj is a winning strategy starting from every vertex.
Winning condition 2: Occ(p) = {1,...,7}.
Player 1 obtains a winning strategy f; starting from 1,2,4,5,6,7, by choosing the follow-
ing: from 2 move to 5, from 4 move to 1, 6 move to 4, and from 7 move to 5. Starting from
vertex 3 Player 0 has got a winning strategy: fo defined as above. X

Definition 4.4. For a game graph G and a winning set Win let
Wy :={q € Q| Player 0 has got a winning strategy starting from ¢}

be the winning region of Player 0 . The winning region W7 of Player 1 is defined accordingly.

Example 4.5. The winning regions of Example[4.3:
Winning condition 1: Wy = Q, W, =0
Winning condition 2: Wy = {3}, W1 = Q \ {3} X

Remark 4.6. For any game Wy N W1 = 0 holds, since we already showed there can be no q
such that both players have winning strategies from q.

Question: Does Wy U W7 = @ always hold?

Definition 4.7. A game is determined if every vertex of the game graph is either in W or
in Wl.

We will see later on that there are games that are not determined. So the answer to the above

question is ‘No’.

4.2 Special Strategies, Strategy Automata

We initially consider the case where no “memory of the past” is needed.

Definition 4.8. A strategy f for Player 0 is called positional (or local, memoryless) if the
value of f(qo...qxr) depends on g € Qo only, i.e. the strategy can be described by a function
F : Qo — Q. Conversely, a strategy for Player 1 is called positional if the value of f(qo...qx)
depends on ¢ € ()1 only.
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Remark 4.9. A positional strategy for Player 0 can be described by a subset of the set of
edges E, where exactly one vertex of the edges is in Qq:

{(¢;p) € E|q€ Qo f(q) =p} CE.

Analogously for Player 1.

Some strategies need a finite memory in order to be implemented. Such strategies can be
specified by finite automata which generate output. The output corresponds to the choice of
the next vertex by the player.

Definition 4.10. A strategy automaton (Mealy automaton) for Player 0 for the game graph
G = (Q, F) is a of the form 2 = (S, Q, so, 0, T) with

S: finite memory

@: input alphabet

sp € S: initial state

o : 5 x @ — S memory update function
T:5 X Qo — @ transition choice function

2 delivers a strategy fo : QT — Q for every vertex q € Q as follows:

Extend o from S x Q — S to S x Q* — S with o(s,€) = s and o(s,wq) = o(o(s,w),q).
Therefore o(s,w) is the content of the memory obtained from s by by reading input w. The
strategy computed by 2 is: fu(qo...qx) = 7(0(50,9041 - - - qe—-1),qr). A strategy f is called
automaton strategy if f = fo holds for a suitable strategy automaton 2.

An automaton strategy (for Player 0) can be displayed by a transition graph S - G. The
transition graph S - G consists of the set of vertices S x @ and the set of edges (s,q) — (s',¢)
which satisfy: if ¢ € Qo, then o(s,q) = ¢, 7(s,q) = ¢’ (in particular we have (¢,¢') € E), and
if g € Q1, then o(s,q) = ¢, (¢,¢') € E.

Notice that in the transition graph for Player 0 over S x () an automaton strategy is given
by the set of edges. In this graph only one edge leads out of every S x Qg vertex.

Example 4.11. The automaton strategy of fy in Example |4.3| can be displayed as follows.
The edges leading from (), vertices are dotted whilst the edges leading from )y vertices
(strategy edges) are solid.

7] X —1e]

Memory content: O Memory content: 1
Therefore A is defined by S = {0,1}, @ = {1,...,7}, sp = 0. The output function is given by

4if g =3

7(0,1) =2, 7(1,1) =7 and 7(0,9) = 7(1,q) = { 6if g — 6

A memory update is performed only if Player 0 is at vertex 1 for the first time: then o(0,1) =
1. Otherwise o(s,q) = s. X
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4.3 Guaranty and Safety Games

Theorem 4.12. Let G = (Q, E) be a game graph, F C Q with the winning condition
p € Win:& Ji: p(i) € F (guaranty game).

Then the winning regions Wy, W1 of players 0 and 1 can be computed in polynomial time as
well as corresponding positional winning strategies.

Proof For i =0,1,2,... construct the sets Attr{(F) where
Attrl (F) = {qg € Q| starting from ¢ Player 0 can force a visit to F in < i moves}.

Inductive construction over i:
g€ Attr)(F) & qeF
q € At (F) & q € Attr)(F) .
or q € Qo, and there exist (¢,r) € E, such that r € Attry(F)
or ¢ € @1, and all (¢,7) € E lead to r € Attry(F)

Obviously Attr)(F) C Attry(F) C Attr(F) C ... holds. Hence for an | < |Q| Attr)(F) =
Attrht (F) holds, i.e. the sequence of inclusions becomes static.

Q
Set Attro(F) := | J Attr)(F)
=0

The set Attro(F') is called 0-attractor of F. Claim: Wy = Attro(F), W1 = Q \ Attro(F), and
there are positional winning strategies for Player 0 on Wy, and Player 1 on Wj. The proof is
derived from the following two remarks. Define

min{i | ¢ € Attr)(F)} if ¢ € Attro(F)

dist(q, F) = {OO if ¢ & Attro(F)

Reachability remark:
a) q € Attro(F) \ F,q € Qo = 3(q,r) € E with dist(r, F) < dist(q, F)
b) q € Attro(F) \ F,q € Q1 = V(q,7) € E : dist(r, F) < dist(q, F') holds

According to part a, Player 0 can choose edges from the set Attro(F')\ F such that with every
move the distance to F' is reduced. According to part b, the distance to F' is also reduced by
every move of Player 1. Therefore F' is eventually reached.

Avoidance remark:
a) q & Attro(F),q € Qo = V(q,7) € E: r & Attro(F) holds
b) q & Attro(F),q € Q1 = I(q,r) € E with r & Attro(F)

According to part b, Player 1 can choose an edge that in turn leads back to @ \ Attro(F).
According to part a, every move of Player 0 also leads back to @ \ Attro(F'), so that the set
F is avoided (distance to F' remains 00). The game is won by a player on his winning region
following the attractor strategy defined below. O
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Definition 4.13. The attractor strategy of Player 0 is defined as follows: from a vertex in
Attrﬁrl \ Attr) go to a vertex in Attr). Define the strategy function f such that for every
¢ € Qo N (Attrst\ Attr)) f(q) € Attr} holds.

The attractor strategy for Player 1 is exactly the opposite: from a vertex in @ \ Attrg
return to a point in @ \ Attro.

Example 4.14. The vertices in the following game graph marked with / are in the 0-
attractor of the gray vertices.

O0—0O0~—0~—m’

NIy DX

O O

T

0=0,

X

We give an algorithm for determining the sets Wy, W1 and the sets of edges Ey, F'1 by backward
breadth-first search.
Given G = (Q,Qo, F) and F C Q.

1. Preprocessing: Compute outdegree out(q) of each vertex q € Q1.
2. Set n(q) := out(q) for each q € Q1.
3. Perform breadth-first search backwards from F' with the following conventions:

e Mark all ¢ € F.

e Mark g € Qg if reached backwards from marked vertex.

e At visit of ¢ € @1 from marked vertex: set n(q) :=n(q) — 1.
e Mark ¢ € Q1 when n(q) = 0.

The marked vertices are the ones in Attrg(F).

Lemma 4.15. The given algorithm on (Q, Qo, E) computes the winning regions and strategies
in time O(|Q| + |E|).

For safety games we obtain the same result: Given the safety game over G = (Q, E) with
winning condition p € Win < Vip(i) € F, consider the guaranty game over G with the new
winning condition p € Win’ < Jip(i) € Q \ F. The winning region W] for Player 1 is the
winning region Wy for Player 0 in the given safety game.
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4.4 Weak Parity and Staiger-Wagner Games

Definition 4.16. Let G = (Q, E) be a game graph and ¢ a function ¢ : @ — {0,...k},
also called coloring. A play p = p(0)p(1)p(2)... delivers a sequence of colors c(p) =
c(p(0))c(p(1))e(p(2)) . ... The weak parity condition defines the set of plays won by Player 0
by

p € Win < max(Occ(c(p))) is even.

Thus it is demanded that the maximal color occurring in p is even. These games are also
called weak parity games.

First we classify guaranty and safety games within this framework.

Remark 4.17. A guaranty game over G with p € Win < Jip(i) € F can be described as a
special weak parity game over G with coloring

2 forqeF
c(q) =
1 forqg F
A safety game with p € Win < Vip(i) € F can be specified analogously by the coloring

(q) = 0 forqeF
av= 1 forqé F

Example 4.18. Player 0 has got a winning strategy starting from the vertices marked with
+. Starting from the vertices marked with —, Player 1 has got a winning strategy.

Color: 0 1 2 3

X

Definition 4.19. (Staiger-Wagner Game) A game is called Staiger-Wagner game or obli-
gation game if for F = {Fy,...,F;}, with F; C @ its winning condition is of the form
p € Win < Occ(p) € F.

Remark 4.20. Weak parity games are a special case of the SW-games. For G = (Q, E)
with ¢ : Q — C (and p € Win < max(Occ(c(p))) even) one can specify F C 2% (and
p € Win & Occ(p) € F) by setting F := {P C Q | max(c(P)) is even}.

Theorem 4.21. For weak parity games the winning regions Wy, W1 can be computed and
corresponding positional winning strategies can be specified.

Proof Let G = (Q,E),c: Q@ — {0,...,k} with k¥ w.lo.g. even (else swap players). Set
Ci:={q € Q| c(q) =i}. We calculate the sets Ay, Ax_1,..., Ap:
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Ap = Attro(Ck)

A = Attro(Ci \ (Ajp1 U -+ U Ag)) 1fz even . < k-1
Attry (Cl \ (Ai—i-l U---u Ak)) if 7 odd
Visualization (for k = 4):
( B A, — Aa — N
Ao = rest Attri(Cg\ AttT1:ZC3 \ Ay)
(A3 ] A4))
Al =
SN 4l
Ay = AttTo(C4)
Y,
Co Ch Cy Cs Cy
Every vertex is in one of the sets Ay, ..., Ag.
Claim:
wo=J A4 wm={]JA
i even i odd

and the union of the associated attractor strategies are positional winning strategies for
Player 0 on Wy and Player 1 on W respectively.
We prove this by induction over j, i.e. we show for j < k

k k
U A; CWy and U A; CW
i=k—j

= i=k—j
i even i odd

with the attractor strategies defined as above. We assume k to be even. The case “k odd” is
dual.

Induction base: j = 0: Ay = Attro(Cy) C Wy is clear.

Induction step: Consider A,_(;j11), w.l.o.g. k — (j + 1) even. Let i = k — (j + 1). Show:
From ¢ € A; Player 0 wins by attractor strategy (and hence we verify the claim ¢ € Wy).

Case 1: The attractor strategy for A; either produces a visit to A;10 or A;1q ... Ap
(from a @Qq-vertex); then Player 0 wins by induction hypothesis.

Case 2: C; (color i) is visited. Ensure that then only colors < ¢ are visited. Consider a
vertex ¢ after color i is visited. If ¢ € Qq, then not all edges lead to higher colors;
otherwise g € A; for a higher j, contradiction.

If ¢ € @)1 then all edges lead to vertices of color < i, because otherwise
(a) Any edge to higher colors must lead to A; with even j (this is Case 1).

b) If there were edges to colors > i in A; with odd j, then ¢ would already be in
J
this Aj. O
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Considering an example, we will see that in order to win Staiger-Wagner games we need
more than just positional winning strategies.

Example 4.22.

G [T @[] @ ler)

p € Win < Occ(p) = {q,p,r}

There are exactly two positional strategies for Player 0 (choose edge from p to r or ¢ respec-
tively). None of them is a winning strategy on Wy = {¢,p,r}. An automaton strategy with
an additional bit as memory (which will guaranty alternating transitions to ¢ and r) will give
us a winning strategy.

The appropriate strategy automaton is 2 = ({0,1},Q,0,0,7) with o : (b,q) — 1, (b, 1) —
0, (b,p) — band 7 : (0,p) — ¢q, (1,p) — r. From that we can derive the following transition
graph:

‘E ® 17

N N

~—®—1l

Color 1 R Color 2

4.5 Game Reductions
In order to solve SW-games we introduce the notion of a game reduction.

Definition 4.23. (Game Reduction) Let G = (Q,E) and G’ = (Q', E') be game graphs
with winning conditions ¢ and ¢'. The game (G, ¢) is reducible to (G',¢"), written (G, ) <
(G', ), iff the following conditions are satisfied.

1. Q' =Q x S for a finite set S.
2. Every play p over G is translated into a play p’ over G’ by

(a) a function f: @Q — @ X S (the beginning of p’)
(b) Y(¢,s) € @ x SVp : (q,p) € E = exists exactly one s’ with ((q,s), (p,s’)) € E’
(©) V((g9),(p,s") € E': (¢,;p) € E

3. For p and p/, according to 2, p € Win < p’ € Win’ holds.

Theorem 4.24. Let (G, ) < (G',¢') as above. If Player 0 wins the game (G',¢') starting
from f(q) with a positional strategy then Player 0 wins the game (G, ) from q using an
automaton strategy.
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Proof For Player 0 construct an automaton winning strategy in (G, ¢). This is accomplished
by the strategy automaton 2 = (5, @, so, o, 7) where sy = second component of f(q) and
0:5xQp—Q o(s,q) := lst component p of target vertex reached from (q,s) by
applying the positional strategy.
T:SxQ—S  7(s,q) := 2nd component s’ (unique by part 1 of the definition) of
the vertex (p, s’) which is reached from (g, s) as above.

G Vel

2 implements a winning strategy: The constructed play p (starting from ¢) is equivalent to a
play p’ starting from (g, sg) in G'. Player 0 wins p’ because of the positional winning strategy.
That satisfies part 3 of the definition and we are done. O

Theorem 4.25. Let (G,¢) < (G',¢'), and let Player 0 and Player 1 win on the winning
regions W and W{ of G’ by positional strategies. Then from W, W| one can determine the
winning regions Wo, W1 for (G, ) and construct for ¢ € Wy (or respectively Wy ) correspond-
g automata strategies.

Proof For g € Q determine f(q) € Q" and verify whether f(q) € W{. If so then ¢ € Wy holds
and there is an automaton strategy according to Theorem [4.24. Analogously for Player 1 . (0

This theorem allows us to migrate from positional to automaton winning strategies. We will
now apply this theorem to solve SW-games.

Theorem 4.26. Staiger-Wagner games can be reduced to weak parity games and thus the
winning regions and corresponding automata strategies for SW-games can be computed.

Proof Let (G, ) be a SW-game, defined by the family F C 29 with p € Win < Occ(p) € F.
One can specify a weak parity game (G', ¢’) with (G, ) < (G, ¢).

Idea: G’-vertices are of the form (p, R) with R C @Q. This is to express that RU{p} is the
set of “vertices visited so far” in ). Therefore begin with a vertex of the form (p, ). For the
weak parity condition fix an even color for (p, R) if RU {p} € F.

Thus define G’ = (Q’, E’) and the coloring ¢ : Q" — {0,...,k} as follows:

e Q' =Qx2¢9
e E'={((p,R), (¢, RU{p})) | (.q) € E,R C Q}

o o ):{Q-uzu{p} if RU{p} € F
b 2 |RU{p} —1 fRU{p}¢F

Now check parts 1, 2, and 3 of Definition [4.23. For 1 and 2 use S = 29 and f : ¢ — (q,0).
For 3 consider a play p over G and the corresponding induced play p’ over G'.
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At some time in p, a prefix is reached that contains all states in Occ(p). From that point
onwards in p/, the second component is constant (= Occ(p)). Thus the maximal visited color
is even iff Occ(p) € F, i.e. p € Win & p' € Win'. O

Example 4.27. Consider the game with the first winning condition from Example 4.3

(page [65).

A positional winning strategy over Q x 29: Example colors:
from (1,R) :to2if 1 ¢ R Color
to7ifle R (1,0) 1
(3,R) : to 4 (1,{2,3,4}) | 7
(5,R) : to 6 (L,{1...,7}) | 14

X

Result: In order to win SW-games over graphs with n vertices, automata with < 2" states
suffice. We show that this upper bound cannot be improved.

Theorem 4.28. There is a family G1,Go,Gs, ... of game graphs with SW-winning condition,
such that the number of vertices of G, in Occ(p) increases linearly in n, and there is an
automaton winning strategy (from suitable vertices) but only for an automaton with at least
2™ states.

Proof We consider the following game graph G, with the winning condition

p€Win& (fori=1,...,ni€ Occ(p) & i’ € Occ(p) holds)

JONPENPEN A
E{ D pun@ofiiegijel Q O
o o0 oo T

There is an automaton winning strategy starting from ¢y which is specified by an automaton
with 2" states (“memorize the set of visited vertices of {1,...,n}”).

Assume there is an automaton with < 2" states that implements a winning strategy from
qo- Then there are two play prefixes w; # wo which lead to the same state at vertex *. The
rest of the play is unambiguous. Thus w;p and wsep are played according to the automaton
strategy, but only one of them is winning. Contradiction. ]

Problem 1 The state set 29 of the strategy automaton is too big in general. It would be
more sensible to introduce states only when needed. One approach derives the attractor
set decomposition for weak parity games directly from the specification of the SW-game.
Minimization can be done in time O(nlog(n)).

Problem 2 The SW-condition is disjunctive: F = {F1,..., Fy} “Occ(p) = F1V---VOcc(p) =
Fy”. A conjunctive winning condition requires preprocessing. Question: Is there a direct
construction of a conjunctive winning condition from a strategy automaton?
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The goal of the rest of this chapter is to find the winning regions Wy, Wy of the players for
a given game graph G = (@, E) with Biichi, parity, Muller, and Rabin winning conditions.
Furthermore we want to construct winning strategies (positional, if possible) for both players
on their respective winning regions.

4.6 Buchi Games

Let G = (Q,E) be a graph with Q@ = QoUQ; and F C Q. In addition let the winning
condition ¢ of Player 0 for the play p be

p:p€ Win:& Inf(p) N F # (.

Such a game (G, p) is called a Biichi game. The approach to determine the winning region
of Player 0 is to determine, for ¢ > 1, those ¢ € F from which Player 0 can force at least i
revisits to F'. Thus

F D Recur}(F) D Recur3(F) D ...

one revisit two revisits
holds. Define Recurg(F) := [ Recur)(F) and then Wy = Attro(Recurg(F)).
i>1
Preparation for the definition of Recur)(F): We define
AP =0,
ASHY =AiU{q€Qo|Ig,r) € E:r € Ay UF},

UWgeQi|V(gr)eE:re AyUF}
Attrg (F) = |J Al
i>0

With this definition we set

Recurg(F) =F,

Recur,™ (F) := F N Attrbf (Recur)(F)),

Recurg(F) := ) Recury(F).

i>0

Remark 4.29. Recur™ (F) C Recur)(F).

Proof 7i=0: OK , '
1+ 1: Recur6+2(F) =N Attrg(Recuraﬂ(F))

I.H. .
C Fn Attrg(Recuré(F))
= Recur, ! (F)

Remark 4.30. On Recurg(F') Player 0 has a positional winning strategy.

Proof On Recurg(F) N Qo it is possible to choose an edge back to Recurg(F') and on
Recurg(F) N Q1 there are only edges back to Recurg(F'). Thus Attro(Recurg(F)) € Wy
holds.

Let i be such that Recur)(F) = Recurj ! (F) = F N Attrg (Recur)(F)) holds. Therefore
choosing the edges according to the attractor strategy gives a positional winning strategy for
Player O . g
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Lemma 4.31. Let G = (Q, E) be a game graph with a Biichi winning condition F. Player 1
has got a positional winning strategy on @ \ Attro(Recurg(F)). Thus Wy = Attro(Recurg(F))
and W1 = Q \ Attro(Recurg(F)).

Proof It suffices to show that Player 1, on Q\ Attro(Recur)(F)), can (by following a positional
strategy) force F' to be visited < i times. Prove that by induction on i:

i =0 Consider @ \ Attro(F). Player 1 can avoid a visit to Attro(F") (and thus to F').

i+ 1 Consider @ \ Attro(Recur™ (F)).

If the play is already within @ \ Attro(Recur}(F)), then Player 1 can, by induction
hypothesis, force F' to be visited < i < i+ 1 times.

Otherwise the play is within @ \ Attrg (Recuréﬂ(F)) and not in @ \ Attro(Recur)(F)).
Thus it is within Attro(Recurg(£7)) \ Attro(Recurjt! (F)). Consequently, Player 1 can
avoid Attro(Recurf™ (F)).

Case 1 This play is never in F'. Then we are finished.

Case 2 If this play visits F, then it will visit F'\ Recurjt(F). F \ Recurj ™ (F) =
F\ Attr{ (Recur)(F)) holds. According to the induction hypothesis Player 1 can,
while being in @\ Attrg(Recur}(F)), force F to be visited at most 4 times. In total
there are <4+ 1 visits to F.

O

Corollary 4.32. The winning regions Wy, W1 are computable in Biichi games (and form a
partition of the vertices of the game graph) and Player 0 as well as Player 1 have positional
winning strategies.

4.7 Parity Games

Given game graph G = (Q, E), a coloring ¢ : Q — {1,...,k} with k even and C; := {q |
¢(q) = i} define the winning condition

¢ : p € Win < max(Inf(c(p))) even

Such a game is called a parity game.

Co C1 02 03 04 C5 CG

The following approach to solve parity games exploits the fact that if the play p visits Cj,
then Player 0 wins. Idea:
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Cs

Attro(q)

Theorem 4.33. Let G = (Q, E) be a game graph with coloring ¢ : Q@ — {0, ..., k} and parity
winning condition. Then

1. every vertex in Q belongs to either Wy or Wi, i.e. parity games are determined (see

Definition 4.7).

2. If G is finite one can determine the winning regions Wy, Wy (with Wo U W1 = Q) and
corresponding positional winning strategies for Player 0 and Player 1.

Proof (1. Determinacy of Parity Games) Given G = (Q,Qo, F) with coloring ¢ :
{0,...,k}, we prove the result by induction over the number of colors. For k = 0 clearly
Wo = @ holds with any strategy.

In the induction step assume that the maximal color k is even (otherwise switch the roles
of Players 0 and 1 below). Let P; be the set of vertices from which Player 1 has a positional
winning strategy, and let f be a uniform positional winning strategy for Player 1 on P;.

Show that from each vertex in @\ P;, Player 0 has a positional winning strategy. For that
matter consider the subgame with vertex set Q \ P
Case 1: @\ P; does not reach the maximal color k.

Q\ P k

Q@ \ P; defines a subgame. The induction hypothesis applies on this region, since it does not
reach color k. @\ P; can therefore be partitioned into winning regions W and W7 in which
positional winning strategies exist for both Players by induction hypothesis.

Now the winning region of Player 1 is W7 = Py UW/ and the winning region of Player 0 is
Wy = W{. Therefore the whole game graph is partitioned into winning regions with respective
positional strategies.

Case 2: )\ P; contains vertices of maximal (even) color. We claim that Player 0 can guaranty
that, starting from a vertex in @ \ Pp, the play remains there.
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Py

Cr
s %@
% 0 =

=0 Att?‘o(ck \ P1)
k

Either the play stays in (Q \ P1) \ Attro(Ck \ P1) or it visits Attro(Cy \ Pr) infinitely often.
In the first case Player 0 wins by induction hypothesis with a positional strategy. In the
second case Player 0 wins by infinitely many visits to the highest (even) color, also with a
positional strategy.
Altogether: Player 0 wins from each vertex in @) \ P; with a positional strategy. O

Proof (2. Algorithmic Solution) The algorithm is defined inductively over n := |Q|:

n = 1: The game graph is of the form OO or DQ . Then the color of the vertex
determines whether () = Wy or @ = W7.

n + 1: We assume that the maximal color which occurs in the game graph is even. In the
other case the induction step is analogous, if the Players are swapped.

Choose ¢ with (even) maximal color. Notice that @ \ Attro({q}) gives a game graph
with < n vertices.

The induction hypothesis gives a partition of @\ Attro({q}) into winning regions Uy, U;
of Player 0 / Player 1 and corresponding positional winning strategies.

k

Uy

L

V- =

([ ]
L Attry{a) ¢

Case 1: Player 0 can guaranty transitions from ¢ to Uy U Attrg({q}). That means

a) ¢ € Qo and ex. (¢,r) € E with r € Uy U Attro({q})
or b) ¢ € Q1 and all (¢,r) € E fulfill » € Uy U Attro({q}).

Claim

(i) Uy U Attro({q}) C Wy

(i) U3 € W,

(Since UyuU; U Attro({q}) = Q, then Wy = Uy U Attro({q}) and Wy = U; hOldS.)
Thus the positional strategy for Player 0 on Uy U Attrg({q}) is:
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1. On Uy play according to the positional strategy given by the induction hy-
pothesis.
2. On Attrg({¢}) play according to the attractor strategy. Then eventually reach
q.
3. From ¢ “move back” to Uy U Attro({g}).
For Player 1 use the positional strategy on U;j given by the induction hypothesis.
Proof of the claim: (ii) is clear, since starting in U; Player 1 can guaranty that the
play remains U;. That is because from 1-vertices one edge leads to U;, and from
0-vertices every edge leads to Uj.
For (i): The play p remains in Uy U Attro({q}) C Wp, if the rule of vertex p €
Uy U Attrg({q}) is followed. If p eventually remains in Uy, then Player 0 will win
by induction hypothesis. If p passes through ¢ again and again, then Player 0 will
win, as ¢ has the maximal even color.
Case 2: Player 1 can guaranty transitions to U; from g, i.e.
a’) ¢ € Qo and all (¢,r) € E fulfill r € U;
orb’) g € @ and ex. (¢q,r) € E with r € U;.
Thus ¢ € Attr1(U1). Q \ Attry(U;) forms a game graph with < n vertices. The
induction hypothesis gives winning regions Vj, V7 and corresponding positional
strategies in the game (Q \ Attr;(Uy), E1), where Ej is the restriction of the set of
edges to @ \ Attry(Uy).

-

Uy \] \()/v

Vi
Attry (U1)

PA A4 P
L o~ A

[\,

Claim:

(i) Vo € W) for the given positional winning strategy.

(i) VA U Attry (U7) € WA

(1) is clear, since Player 0 can guaranty the play to stay within Vj.

For (ii): Player 1 can move to U; from p € Attr;(U;) and there he can guaranty
the play to remain in U;. From p; € Vi Player 0 can choose to move either to V;
or Attr(Up). In both cases the play is won by Player 1 .

From (i) and (ii) we can derive Wy = Vj and Wy = Vi U Attry (Uy). O

Remark 4.34. The inductive proof leads to a recursive procedure which needs to be called
2" times for a game graph with n vertices if case 1 persists. The running time is therefore
estimated to be exponential in the number of vertices of the game graph.

Result: The synthesis problem for winning strategies in parity games can be solved in
exponential time.
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Lemma 4.35. (Merging Lemma) Given a parity game over G = (Q, Qo, E), there is a single
positional strategy f such that from each q € Wy the strategy f is a winning strategy for
Player 0 from q.

Proof Number the states by natural numbers (if G is finite) or more generally by ordinal
numbers (if G is infinite). Denote by ¢; the state with number i. For ¢; € Wy choose a
corresponding positional winning strategy f;.

Let F; be the set of vertices reachable by plays from ¢; according to f; (Note: F; C W)
and ¢; € F;). Define f on W as follows:

f(q) = fi(q) for the smallest ¢ such that g € F;.

Show that f is a winning strategy from any ¢ € Wj.
Applying f during a play means to apply strategies f; where i is weakly decreasing.
From some point k onwards, index ¢ stays constant, i.e. the f-values coincide with the
fi-values. The highest color occurring infinitely often in the play is thus determined by the
fixed strategy f;. Since f; is a winning strategy, Player 0 wins the play. g

Definition 4.36. A strategy f of Player 0 is called a uniform strategy for Player 0 if f is a
winning strategy for all plays started in vertices which belong to the winning region of Player
0.

Remark 4.37. The problem

Given: graph (Q,E), coloring ¢: Q — {0,...,k}, vertex ¢ € Q.
Question: Is g € Wy ?

is in NP N co-NP. Whether this problem is in P, is an open question.

Proof To show that the problem is in NP, nondeterministically guess a uniform strategy for
Player 0 (which is a subset of vertices such that every 0-vertex has an unique outgoing edge).
With the chosen strategy it can be verified in polynomial time whether ¢ is in the winning
region as follows: g € Wy < in the strategy transition graph (one edge from 0-vertices and
all edges from 1-vertices) Player 0 cannot enter a loop from ¢ such that the maximal color is
odd.

odd
“odd.

\ )
k even

For that matter verify for the graphs over (CoU---UCk_1), (CoU---UCk_3), ..., (CouUCh),
whether they contain a SCQ! reachable from q which intersects the colors k—1, k—3, ..., 1
(k — 1 is the maximal odd color).

1SCC = strongly connected component
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The complementary problem “q € @ \ Wy” can be formalized as “q € W;” and is in NP
due to the same argument when the players are swapped. O

4.8 Muller Games and LAR-Construction

In this section we will consider Muller games:

Definition 4.38. A game consisting of a game graph G = (Q, E) and F = {F},..., Fy},
F; C @ with the winning condition

p € Win < Inf(p) € F

is called a Muller game.

The solutions (winning regions for Player 0 / Player 1 and corresponding winning strategies)
can be computed as follows:

To solve Muller games we will reduce them to parity games. We begin with an introductory
example:

Example 4.39. (DzZIEMBOWSKI, JURDZINSKI, WALUKIEWICZ)
Let the game graph G" = (Qy U QF, Ey,) be defined by

@

Qg = { ’ *n}’ 2
Qi = {+1....+n}
En= {(=i,§) irj € {1,...,n}}U @
{(i, =) 4,5 €{1,...,n}}.
with the winning condition ¢™ : p € Win" & |Inf(p) N {—1,...,—n}| = max(Inf(p) N
{1,...,n}), i.e. “The maximal vertex i that is visited mﬁmtely often gives the number of

minus-vertices that are visited infinitely often.”
Examples for accepting runs:

e Exactly -1, -3, -4 are visited infinitely often: 3 infinitely often, 4 only finitely often.
e Eventually only -4 is visited: infinitely often through 1, only finitely often through 2,3.4.

The winning condition can be reformulated as a Muller condition:

FeF:<|Fn{-1,...,—n}|=max(FN{l,...,n}).

To reduce Muller games to parity game we introduce the following datastructure:

Definition 4.40. For @ = {1,...,n} let LAR(Q) be the set of pairs ((i1...7x),h) with
nonempty records of i; ... i pairwise different states, and h € {0,...,n} (=hitvalue or hit).

Notation: (i1...ip...9). We call {i1,...,i,} the hit-segment of of (i1...ix,h) and
(ihy1 .- -ig) the share of the past of (i1 ...i).
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We consider the transformation of a play of Example [4.39/into an LAR-play. We apply this
transformation to the sequence of visited minus-vertices.

LAR

-1-1-2-3-4

3]-3-1-24 e .

a2l 3194 The .underhmng indicates th.e hlt'valu?. If exactl}f ‘—3, —4‘ occur

4l 3.1 -9 infinitely often then the maximal infinitely often visited hitvalue
— is 2. In this case Player 0 has to pass through 2 infinitely often

21-2-4-3-1 .

4| 4231 and only finitely often through 3 and 4.

3|-3-4-2-1

-41-4-3-2-1

We can generally say that, if exactly k minus-vertices are visited infinitely often, then the
maximal infinitely often assumed hitvalue is k.

We exploit this observation to find an automaton strategy of Player 0. Use the LAR
of the minus-states as states of the strategy automaton and in each case go to the vertex
whose name is equal to the current hit. We define the strategy automaton 2 as follows.

A= (S5,Q,s0,0,7), with:

S =LAR(-1,...,—n)

so=(-1,...,—n)

Q={-1,...,—n,1,...,n}

o(s,—i) = the LAR obtained by prepending —i to s.

o(s,i) =s

7(s,1) = hitvalue(s)
Result: In this game over G", the winning region of Player 0 is the set @) and 2 is the
corresponding automaton strategy.

In order to solve Muller games in general, we need to know more about the transformation
of Muller automata to parity automata. We first formally define the notion of an LAR-run.

Definition 4.41. For p € Q¥ the LAR-run p' € (LAR(Q))¥ is defined by: p'(0) = ((1...n,1),1).
If p/(i) = ((¢1...4k),h), p(i + 1) = I, then p/(i + 1) is defined as follows: if I = ij then
p/(l + 1) = ((ih’il RPN ih’—lih’—&-l “e Zk), h/)

Lemma 4.42. (LAR-Lemma) Inf(p) = F' with |F| = m iff
1. in p' the hit is > m only finitely often,
2. in p' the hit-segment is = F infinitely often.

Proof

= Let Inf(p) = F, |F| = m. Choose k and k¥’ > k, such that p(j) € F holds for all j > k
and {p(k),...,p(k' —1)} = F holds.

By the construction of p/, the F-elements {i1, ... 4, } = F are at the beginning of p'(k’)
(corresponding to the hit-segment) and for every k > k¢ (for some ko big enough) the
hit is always < m (x). For the hit equal to m the hit-segment must be the set F'. Thus
part 1 is proven. For part 2 it suffices to show (because of (x)) that the hit is equal
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to m infinitely often. If the hit was equal to m only finitely often, then eventually the
LAR-entries iy, im+1, - - -, i, would not be changed anymore. Then [Inf(p)| < m would
hold, which would be a contradiction to Inf(p) = F and |F| = m.

< Let 1 and 2 hold.

Because of part 1, the LAR-entries 4,,11 . . . 7% in p’ are fixed from some point j, onwards.
The states i,,41, - - -, i are not visited again after jo. Thus, because of part 2, the LAR-
entries are not in F' from position m + 1 onwards.

Now, show that Inf(p) = F.

1. Inf(p) C F is clear, since states, which are not in F', are not visited again after jo.

2. F C Inf(p): Assume ¢ € F, but g ¢ Inf(p). Then from some point onwards
g can only stay in the same position in the LAR or go to the right. The final
position is a position £ < m. That contradicts part 2, since then the hit-segment

is {21,,Zk}7éF
U]

The datastructure LAR will now be used for the transformation of Muller automata into
parity automata.

Theorem 4.43. For every deterministic Muller automaton one can construct an equivalent
deterministic parity automaton.

Proof Given the Muller automaton A = (Q,%,qo,0,F). We set A =
(LAR(Q),%,((1...n),1),¢,¢) and still need to define ¢’ and ¢. The approach for ¢ is to
let the colors denote the length of the hit-segments. The length is even if the hit-segment is
in F (2-h), and it is odd, iff the hit-segment is not in F (2 - h — 1). Therefore the maximal
color occurring in the run p is 2 - |Inf(p)| or 2 - |Inf(p)| — 1 respectively.

Formal definition of ¢": &' (((é1...ix),h),a) = (J1-..Jn ---Jx’, '), where the right side of
the equation is obtained as follows: d(i1,a) € {i1,...,it}: Then A is equal to the position
of 6(i1,a) in iy ...9 and ji...j; is created from 4;...4, by bringing forward d(i1,a) as in
Definition [4.41l We define ¢: LAR(Q) — {1,...,2n} by

2h —1  hit-segment {iy,...,ip} & F
2h hit-segment {i1,...,ip} € F

(i1 . .. ig, b)) = {

O

Example 4.44. Let ¥ = {a,b,c}, L = {a € ¥¥ | if @ infinitely often in «, then also b}. The
corresponding Muller automaton has got the states qq, qp, gc, each of them having z-transitions

to qo. F = {{a}, {ac}, {aw: 4c} {9a> B}, {qas @, e} }-

Input: c b ¢ ¢ a a ¢ b a a a b a b

Mullerrun = ga ¢c @ Gc 9 9o 9a 9c B Ga 9o 9a B da D
9a 4c G Gc 9c Ga YGa 4 9 YGa Y9a Ga G Ga @
LAR-run ® Ga 9 B Db 9 G Ga e Db B B Ga B Ga
9c 9 Y9a Ga da P G 49 Ga 4c 4c 4c 4c 4dc  Ge
Hit: o 0 0 2 1 3 1 2 3 3 1 1 2 2 2
Color: 1 1 1 4 2 6 1 3 6 6 1 1 4 4 4
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X

Theorem 4.45. (BUCHI, LANDWEBER 1969) In a Muller game over a finite graph G = (Q, E)
one can efficiently determine the winning regions Wy, Wi and for every g € W; construct an
automaton winning strategy for Player i from q.

Proof We use the same approach as for Staiger-Wagner games: a game reduction to parity
games.

e Specify a parity game (G', ¢') with (G, ) < (G', ¢’) according to Definition [4.23.

e Use Theorem 4.33 for parity games (positional winning strategy).

e Theorem for game reductions gives an automaton winning strategy.
Construction of G’ = (Q', E’) and ¢':

e« Q' = LAR(Q)

e f:qg— ((¢,1,...,g—1,q+1,...,|Q|),1) the initiailization function.

e ((g,8),(r,s')) € E' :& LAR ¢ is obtained from LAR s by shifting r to the front.

e Definition of the coloring ¢ : LAR(Q) — {0,...,2|Q|} by

(¢,5) 2h hitsection € F
c(q,s) =
1 2h — 1 hitsection & F

According to Theorem [4.43 on the transformation of Muller into parity automata, the follow-
ing holds: (%) Inf(p) € F < max(Inf(c(p))) is even.

For G’ define the parity winning condition ¢’ by p € Win :& max(Inf(c(p'))) even.

Therefore p € Win < Inf(p) € F & max(Inf(c(p’))) even < p’ € Win' holds.

The positional winning strategy for Player 0 / Player 1 from f(gq) gives an automaton
winning strategy for Player 0 / Player 1 from ¢. Therefore:

Fl) €W = q Wy

Thus ¢ € Wy & f(q) € W{.

According to the theorem on parity games, the regions Wy, W7 (consisting of the vertices
f(q@),q € Q) in G’ can be determined. Set Wy = {q | f(q) € W}, Wi = {q | f(q) € W{}.
With the theorem on game reductions we can derive an automaton winning strategy (from
q) for Player 0 / Player 1 from the positional winning strategy of Player 0 / Player 1 (from

f(2)). O

Example 4.46. G :

H@.:’

| <
©
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Winning condition:

¢ :p € Win < Inf(p) D {2,4}, thus F = {{2,4},{1,2,4},{3,2,4},{1,2,3,4}}.

Example play | LAR-play

p: 1 P 1234
2 2134
1 1234
3 3124
4 4312
1 1432
2 2143

Approach for the automaton strategy:

from 1, alternately go to 2 and 3,
from 3, always go to 4.

Another strategy according to the proof using LAR gives:

from 1, coming from 4, go to 2,
coming from 2, go to 3,
from 3, always go to 4.

The graph G’ where only the first two entries of the LARs, reachable from 12, are considered:

32 / :

The automaton winning strategy starting from 12 uses % = (S, Qo , S0, 0, 7). In our example
~—

{1,3}
S =Q, sy =12 suffices, e.g. 7( 14 12 ) =2, 0(14,12) = 21. X
memory current
Qo—state

4.9 Optimality of the LAR-Construction

Theorem 4.47. (DZIEMBOWSKI, JURDZINSKI, WALUKIEWICZ) In the game (G", ¢") of Ex-
ample 4.39, with the winning condition ¢™ : p € Win" < |Inf(p) N Qf| = max(Inf(p) N QY),
Wo = Q holds and every automaton winning strategy for Player 0 has got > n! memory states.

Proof Show by induction over n > 1: Let A" = (S, Qo, S0, 0,7) be a strategy automaton
which implements a winning strategy for Player 0 from —1 in the game (G™, Win"). Then
there is a state s and an input word w € @) such that the following holds.
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1. In A" the state s is reached again from s by w.
2. Every state —i in Q¢ occurs in w.

3. The number of states in the cycle as in 1 is > n!.

n=1 G L@ | Claim is clear.

n > 1: We assume that w.l.o.g. the transition graph of 2" is strongly connected. If not
partition the graph into strongly connected components, which constitutes an acyclic
graph. Choose a last SCC Z and a state s; € Z. The restriction of & to a last SCC Z
with initial state s; is in turn a winning strategy automaton, now strongly connected.

e

Let now H' be the subgame obtained from G™ by deleting —i. Let 2 have the input
alphabet Q \ {—i}. A" implements a winning strategy in H]'. A" does not output n. Hence
we can delete the vertex n and obtain a graph H;* which is isomorphic to G"~!. By induction
hypothesis 1, 2, and 3 hold for A, i =1,...,n.

Choose s; € 21" and w; according to the induction hypothesis. Let S; be the set of states
that are visited by A" during the cycle s; 2 5. We show: i # j = S; N S; = 0.

Assume 5 € §; N S;. Then

w;
’—/A
ul uy — Vi
A sg— 8 —35 —5;
n . C U2 o V2
Qlj. 8j——= 5 —— 5
wj

for suitable w1, vy, us, vo.
Then form a path in 2™ with the input ugui(vougviug)®. All states —i (i = 1,...,n) are

occurring infinitely often in this play. QUL,Q[? do not output n, thus n — 1 is the maximal

7
output value given infinitely often by A" on ugui (vaugviug)”. This shows i # j = S;NS; = 0.
Now use the fact that A™ is strongly connected for the induction hypothesis. Choose s as
the initial state and an input word w that leads 21" back to the initial state, uses every input

letter, and passes through every state.

I.H.
Then obtain that the number of states of 2™ is [A"| > [Si| +---+ |S,| >n! O

4.10 Minimization of Strategy Automata

Example 4.48. Consider the game in Example[4.46. The improved LAR-construction gives
seven states. But two states already suffice:
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B

« : ” .
1 coming from 2 “1 coming from 4”

s .
®/4]

Theorem 4.49. A strategy automaton of the form A = (S, Q, so, 0, T) with

€Q ifqge
7(s,9) )
=% ifqeh
can be transformed (in polynomial time) into a minimal automaton, which is unique up to

isomorphism.

Proof For a given strategy automaton 2( define the function fy : Q* — (QU{*})* inductively
by

fa(ug) = fa(u) 7(o(s0,u), q).
N —
€QU{x}

1. Minimization step: Elimination of the unreachable states.

2. Minimization step: Merging of equivalent states.
s ~vg 8" for A, Ay (A with s or s’ as initial states) fo, = fa, holds

Obviously, ~g is an equivalence relation. For s € S let [s] denote the equivalence class of
s and let [S] denote the set of all these equivalence classes, thus [S] = {[s] | s € S}. The
reduced automaton is built with state set [S] and initial state [sp]. The memory update
function [o] : [S] x @ — [S] is defined by
[0]([s], @) := lo(s,¢)], and

the output function [7]: [S] X @ — Q U {x} is defined by

[7]([s],q) := [7(s,q)] (independent of the representative).
We define 2A,..q = ([5], @, [s0], [@], [7]) which obviously computes fq.

Let now f be computable by an automaton 2). We can derive a canonical automaton
s that computes f. We show that 2y has got the minimal number of states among those
automata that compute f, and also show that every automaton 2..; that computes f is
isomorphic to .

Let f: Q" — (QU {*})* be computable by an automaton. For u,v € Q* define

u~pvieSYw e Q" ¢ f(uw) and f(vw) share the same suffix
after the prefixes f(u) and f(v) respectively.
Obviously ~ is an equivalence relation. The equivalence class of u € @Q* is denoted by <u>.

Thus 2 computes f = ~g has got at least as many states as ~.
Define the automaton 2y with
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States := ~-classes

Initial state = <e>

Memory update function o¢(<u>,q) :=<ug>

Output function Tr(<u>, q) := suffix (i.e. letter) of f(uq) after prefix f(u).

It is easy to show that 20y computes the function f and that it has the minimal number of
states.
Define an isomorphism from the reduced automaton 2,4, which computes f, to 2. Since
all states of .4 are reachable (say qo,. .., qx) there is in each case a u; with ¢; = o(qo, u;).
Consider the states <ug>, ..., <up> of 2. The mapping I : ¢; —<u;> is an isomorphism.
O

Thus we can always find an optimal implementation of a given automaton strategy. A
transformation of such a strategy into another strategy with an even smaller automaton is
outlined in the following section.

4.11 Strategy Improvement

Preparation If Players 0 and 1 fix positional strategies f and g, then from each vertex q a
play p,(f,g) is fixed, ending in a certain loop whose maximal color decides the winner. From
pq(f,g) a value v(q) is determined. Here v is a valuation function v : Q — D into some value
domain D, which is ordered by a preference order <.

Algorithm for Strategy Improvement Given: Colored game graph G, valuation func-
tion v.

1. Pick two strategies f, g for Players 0 and 1.

2. Determine the values v(q) for all ¢ € @, referring to the plays p,(f, 9).

3. Change strategy f of Player 0 by local improvement: For each Qg-vertex, choose the
out-edge leading to the neighbor vertex with highest value (by preference order).

4. Given the new f find the optimal response strategy of Player 1 and use it as new strategy
g.

5. If the new strategies coincide with the previous strategies, then stop; otherwise go back
to step 2.

Assume: The vertices are numbered, and the numbers are the colors. For our example we
define a preference order < for vertices 1,...,8 (from the viewpoint of Player 0):

7 <5 <3 <1<2<4<6 < 8

Naturally, the odd numbers, especially the high ones, are unfavorable for Player 0, whereas
the high even numbers are the most favorable.

Definition 4.50. Let f,g be strategies for Player 0 and 1 for the game graph G = (Q, E),
and ¢ € Q. The most relevant vertex of py(f,g) is the vertex with the highest color in the
loop of py(f,g). The play profile of py(f,g) is the triple (r, P, d), where
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e 1 is the most relevant vertex of p,(f,g),
e P is the set of higher valued vertices on the path from ¢ to (and excluding) 7,
e d is the distance between ¢ and r on this path.

Example 4.51. Consider the following game graph, where the solid edges form the initial
strategies of the Players. Notice the play profiles for the states.

(5,0,3) (5,0,2) (5,0,1) (5,0,0)

6.{71,4)  (5:{6,8},3)  (5{6},2)  (5,0,1)
X

Definition 4.52. (Comparison of Play Profiles) The preference order, defined above, is ex-
tended from vertices to play profiles:

(r, P,d) < (v', P, d') iff
1. r <71/ or

2. r = r’ and the highest vertex in the symmetric difference of P, P’ is even and belongs
to P’, or is odd and belongs to P, or

3.r=r"and P=P and d < d if ris odd, or d < d if r is even.

Example 4.53. (Example continued) Local improvement by Player 0: The strategy of
Player 0 can be improved at two states. In state 4 Player 0 should choose the edge leading
to state 2 instead of state 5, since (5,0,0) < (5,0,2). The same applies for state 1; Player 0’s
new choice is the edge leading to state 6 (((5,0,0) < (5,{6},2)).

(5,0,3) (5,0,2) (5,0,1) (5,0,0)

|

G, {754 (6,{6,8}43)  (5,{6},2)  (5,0,1)
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The optimal response by Player 1 and its corresponding valuation:

(3,0,0) (3,0,1) (3,{4},2) (3,{4,5,6},5)

(3,{7},1) (3,{4,6,8},4) (3,{4,6},3) (3,{4,6},4)

Player 0 can in turn improve his strategy by redirecting the outgoing edge at state 4 to state
5((3,0,1) < (3,{4,5,6},5)). A response by Player 1 will not change the strategy. No further
local improvement by Player 0 is possible. We obtain a game graph, which is partitioned into
winning regions Wy = {2,3,7} and W; = {1,4,5,6,8}:

(3,0,0) (3,0,1) (6,0,3) (6,0,2)

(3} 2]

G471 (6,{8},1)  (6,0,0)  (6,0,1)

X

Theorem 4.54. (VOGE, JURDZINSKI) With the valuation by play profiles, the strategy algo-
rithm terminates producing strategies f and g for Players 0 and 1 such that

e g€ Wy (g € Wh) iff the play py(f, g) ends in a loop with even (respectively, odd) highest
vertex,

o f and g are winning strategies for Player 0, respectively 1, from the vertices in Wy,
respectively Wy.

Thus the algorithm produces valid output. But at what cost? The time complexity of this
algorithm has got an exponential upper bound. Further complexity properties:

e Each improvement round costs polynomial time.
e The number of improvement steps is bounded by the number of possible strategies.

e In experiments, only linearly many improvement steps have been observed.
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4.12 Rabin and Streett Games

Goal: We want to show that Rabin games allow Player 0 to construct positional winning
strategies on his winning region.

Definition 4.55. (Rabin Game) Let Q = ((E1, F1), (E2, F3),. .., (Eg, Fx)) with E;, F; C Q.
Then a game (G, 2) with the winning condition

k
p € Win < \/(Inf(p) N E; = 0 ATnf(p) N F; # 0)
=1

for Player 0 is called Rabin game.

Theorem 4.56. Player 0 wins in a Rabin game in his winning region by using a positional
winning strateqgy.

Proof Let G = (Q, E) be the game graph and let ¢ € . Show: if Player 0 has got no
positional winning strategy from ¢, then he has got none at all, i.e. ¢ € Wj.
Proof by induction over the number n = |E'N (Qo x Q)| of edges available to Player 0.
Then n > |Qo|, i.e. we choose the induction basis at n = |Qq].

n = |Qol|: Every strategy of Player 0 is positional. Thus the claim holds.

n > |Qo|: Choose a vertex p with two exiting edges ej,es. Instead of the original graph

G = (Q, E) consider the graphs G; = (Q, E \ {e1}) and G2 = (Q, E'\ {e2}).

Consider ¢ € @, such that Player 0 does not have a positional winning strategy from q.
Then in G; and G2 Player 0 does not have a positional winning strategy from g, either
(fewer edges).

The induction hypothesis for G1,Go therefore gives ¢ € Wi for G1,Gs. Let fi be a
winning strategy for Player 1 from ¢ in G; and let fo be a winning strategy for Player 1
from g in Ga.

The remaining task is to construct, from f1, f2, a winning strategy f for Player 1 from
q in G (then ¢ € Wy, and we are finished).

Case 1: No play played according to fi (or fo resp.) starting from ¢ reaches vertex p.
Then choose f = fi (or f = fa resp.) and obtain a winning strategy for Player 1
from ¢ in G.

Else: Player 1 wins, starting from p, with f; in G; and with fo in G». Fix f: Play
according to fi till the first visit to p.
From p, after choosing an edge # e; (in G1), play according to f; till the next visit
to p. From p, after choosing an edge e; (in G3), play according to fy till the next
visit to p.
Show that every play played according to f is won by Player 1 .

Case A: The play p visits p only finitely often. Then the play will eventually be
in G (or Go resp.) according to f1 (or fo resp.) and will be won by Player 1
according to the choice of fi (or fa resp.).

Case B: The play p visits p infinitely often.
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e Player 0 eventually chooses only the edge e; in p. Then, as above, he will
eventually be in G2 and Player 1 wins the play.

e Player 0 eventually chooses only edges # e; in p. Analogously, we are
finished.
e Player 0 chooses the edge e; and edges # e; again and again in p.
q —>p61 —>p61 —>p;éel — pP...
Extract two plays p1, p2 in which the p — p-segments are gathered according
to the edge with which they are entered is equal to e; or not equal to e;.
p1 is played in G according to f; hence Player 1 wins.
p2 is played in G2 according to fs hence Player 1 wins.

According to Lemma p will not be successful either. Thus Player 1 wins
the play p.

We will now consider Streett games. This is mainly motivated by a weakness of Staiger-Wagner
conditions and of Muller conditions; both of them are disjunctive. For F = {Fi,..., Fj}, the
Muller condition reads

Inf(p) = Fy or Inf(p) = Fy or ... or Inf(p) = Fy.

In practical situations, conjunctions of conditions arise more naturally. An important example
is the “Streett condition”. It is called a strong fairness condition and is derived from the
negation of the Rabin condition.

Definition 4.57. (Rabin and Streett Condition) Given a state set @) and a family € of pairs
(E1, F1),...,(Eg, Fy) with E;, F; C @, a sequence p € Q¥ satisfies the Rabin condition for
if
' k

\/ (Inf(p) N E; = 0 Anf(p) N F; # )

i=1
and a sequence p € Q¥ satisfies the Streett condition for € if it satisfies the negation of the

Rabin condition:
k

/\(nf(p) N E; # OV Inf(p) N F; = 0).
=1

This condition is equivalent (BV A =-A — B) to

k

/\ (Inf(p) N F; # 0 — Inf(p) N E; # 0).

=1

In other words: For all i =1,...,k: if F; is visited infinitely often then F; is visited infinitely
often.

The necessary datastructures for solving Street games by a reduction to parity games are
“index appearance records” (IAR).
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Definition 4.58. An index appearance record IAR over r is a triple (m, e, f) where 7 is a
permutation of (1...r), e, f € {1,...,r}. IAR(r) := set of IARs over r.

Lemma 4.59. For a Streett game (G, @) over G = (Q, E) with pairs (E1, F1),...,(Er, Fy),
one can construct a parity game (G', ") with (G, ) < (G',¢').

Corollary 4.60. For Streett games with Q = ((E1, F1),...,(Ey, F,)) over finite graphs one
can compute the winning regions and determine automata winning strategies for both Players
with memory size r! - r2.

Proof of Lemma/4.59 Given: the game graph G = (Q, ) and the Streett pairs (E1, F1),. . .,
(E, F,) (with E, = F, = Q). Define G’ over the set of vertices @ x IAR(r). The trans-
formation p (over G) — p' (over G') according to Definition [4.23 is given by f : ¢ —
(q,((1...7),7r)) and the following edge relation: For an IAR (g, (7,e, f)) and (¢,¢') € E we
introduce the edge ((q, (7, ¢, f)), (¢, (7', €, f'))) € E'. 7’ is obtained from 7 by shifting all j
with ¢’ € E; to the left (thus the j with ¢’ ¢ E; stand on the right), and for 7 = (ji ... Jj,)
and 7' = (j] ...j,) setting €’ := the last k with ¢’ € Ej, (Notice that the position k refers to
the previous permutation 7) and f’ := the last k with ¢’ € Fy (in this instance k refers to
the current permutation 7).
The coloring ¢ : Q x IAR(r) — {1,...,2r} is defined by

2e ife> f

C((Q7((j1---jr)7evf))) = {Qf—l if€< f

The winning condition for p is: p’ € Win{, :& max(Inf(c(p'))) even.
Claim: p € Wing < p' € Winyg,.
—— ——
Streett parity
This claim will be shown by the following observations. Subsequent to the proof we will
consider an example for the transformation of a play into the corresponding TAR-play.

(i) In the play p’ a suffix 4,11 ...%, of the IAR-component eventually remains fixed. It
consists of the j, such that E;-vertices are visited only finitely often (“suffix part of the
IAR’S”). Let m be the maximal position in front of this suffix part. Therefore from
some point onwards: e-value < m.

(ii) Player 1 wins the play p in G (Streett condition violated).
<= exists j with E; visited only finitely often, F; visited infinitely often (in
p)-
)

&) exists 7, which eventually stands in the suffix part of the TAR’s of p/,
such that F} is visited infinitely often.

<= Infinitely often in p’ the f-value is > m (= maximal position k with the
current state € Fj, ).

<= Infinitely often f > m holds.

In Example[4.61: m = 3. At vertex 5 f =4 > 3 = m holds.

(iii) Player 1 wins the play p.
<(1——1)> Infinitely often in p': f > m.
<= Infinitely often in p’: f > m > e-value (Choice of m in (i)).
<= in p/ an odd color 2f — 1 > 2m is reached infinitely often.
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(iv) Player 0 wins the play p.
ii
<(——)> f < m eventually holds in p’ and infinitely often e = m.
<= In p' the maximal odd color eventually is < 2m — 1 and maximal even
color is = 2m.

Altogether the following holds

Player 0 wins p < max(Inf(c(p’))) even < Player 0 wins p'.

Example 4.61. Consider the following schematically represented game graph, with edges
(i,(i4+ 1) mod 7).

E3
/
4 v A
2 1 "N
F29 3 0
.—/
6
4 5
N Fy L
W \
E1 E2

Let E4 = Fy = Q. Consider the play p = (0...6)“. In the IAR’s, always those j with
q ¢ E; are underlined. In this example m = 3 (from (i) of the proof) and at the vertex 5
f =4>3=m holds. The values for the IAR, e, and f in the first line are initial values and
do not have a special meaning.

P q IAR e f
0 1234 4 4
1 4123 4 3
2 4123 2 3
3 4123 2 3
4 4123 2 1
5 4123 1 4
6 4213 3 1
0 4213 1 1
1 4213 1 3



4.13. SOLVING GAMES WITH LOGICAL WINNING CONDITIONS 95

4.13 Solving Games with Logical Winning Conditions

We now extend the results of the previous sections to games where we have more freedom in
defining the acceptance condition.

Theorem 4.62. Given a finite game graph G and a winning condition ¢ expressed in the
logic S1S or the logic LTL, the corresponding game can be solved effectively, i.e. one can
compute the winning regions of the two players, as well as corresponding finite-state winning
strategies.

The formulas may either refer to the names of the vertices or to a coloring of a game graph.
Example 4.63. We use vertex names 1,...,n. Consider the winning condition:
“Between any two visits of vertex 2, at least one visit of state 1 occurs.”

An equivalent S1S-formula:
Vt1Vita(t; < ta A Xo(t1) A Xa(ta) — Ts(ty < sAs <ta AXi(s))
An equivalent LTL-formula:
G(p2 A XFpy — X(=p2U(p1 A —p2))
X

The game can be solved by reduction. Recall that LTL-formulas can be written as S1S-
formulas. Now consider a game graph G and a S1S-winning condition ¢. Transform ¢ into a
Biichi automaton and after that into a Muller automaton.

This yields a game reduction (G, p) < (G',¢') where ¢ is a Muller condition. Another
game reduction (G', ") < (G”,¢") yields a parity game.

The solution of the parity game gives a solution of (G, ) by finite-state strategies. But
there is one essential problem: The blow-up of the size of the game graph.

Let us consider the algorithm in more detail:

Given: Game graph G = (Q, Qo, F) with @ = {1,...,n} and an S1S formula (X, ... X,,)
expressing the winning condition for Player 0. (Here the X; are assumed to define a partition:
Each position in an w-word belongs precisely to one X;.) Consider the Muller automaton
A= (S,{1,...,n},s0,9,F) equivalent to p. We define a game reduction (G, ) < (G',¢'),
with transformation of plays p over G into a play p’ over G', such that p satisfies ¢ iff p/
satisfies ¢':

Given A = (S, {1,...,n},so,0,F) equivalent to ¢, establish a game reduction (G, ) <
(G', ') as follows:

« G'=(S%Q,8xQuE)
e F’ with edges ((s,p), (6(s,p),q)) for (p,q) € E
e the initialization function f : g — (s, q)

e ' as the Muller condition on sequences p’ € (S x Q)“ using F and the first components
in .S
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Then p = (X1, ..., X,) iff p/ defined by 2 and 3 satisfies the Muller condition ¢'.
S1S formulas can be transformed into nondeterministic Biichi automata. Why not use
them instead of Muller automata? Player 0 could be asked

e to make his moves,

e to simultaneously build up a successful run of the Biichi automaton equivalent to the
S1S-formula,

and thus play a Biichi game. Later on we shall see that (and why) this cannot work.

4.14 Exercises

Consider the following game graph for Exercise and [4.2:

Exercise 4.1. Let the winning conditions for Player 0 be
(a) [Oce(p))] < 2, and
(b) [Oce(p))] < 3.

Find for each winning condition the winning region for Player 0 and describe (informally) a
winning strategy. Hint: positional strategies suffice.

Exercise 4.2. Let the winning condition for Player 0 be Occ(p) = {1,2,3,4,5,6,7}.
(a) Find the winning region for Player 0 and describe a winning strategy.
(b) Show that there is no positional winning strategy for Player 0 in this game.

Exercise 4.3. Consider the following weak parity game, where vertex ¢ with color j is denoted
by i/j.

Compute the winning regions, and the corresponding positional winning strategies, for Player
0 and 1.



4.14. EXERCISES 97

Exercise 4.4. Let G be a game graph for a weak parity game and let Wy be the winning
region of Player 0 . For all ¢ € Wy let Player 0 have a positional winning strategy f, starting
from ¢. From these winning strategies construct a “uniform” positional strategy f which is a
winning strategy from ¢ for every ¢ € Wy (up to now only such uniform strategies have been
used). The strategy f, constructed from the strategies f;, means that for every p € @ there

is a ¢ € Q with f(p) = f4(p).

Exercise 4.5. (a) Specify an w-language L, such that L can be recognized by a weak parity
automaton with 3 colors but not by a weak parity automaton with 2 colors.

(b) Generalize the result of (a) in the following sense. Specify a family (L;)n>1 of w-
languages, such that L, C ¥¥ can be recognized by a weak parity automaton with n
colors but not with n — 1 colors. The alphabets ¥, may grow with n.

Exercise 4.6. Give a SW-game in which Player 0 has got a positional winning strategy f,
from ¢ for every vertex ¢ but no uniform positional winning strategy f.

Exercise 4.7. For n > 1 specify game graphs G,, with O(n) vertices, a marked vertex qo,
and a SW-winning condition, so that the following holds:

(1) Player 0 wins over G, starting from ¢p using a strategy automaton .4,, that has got n
states. (Specify this automaton.)

(2) No strategy automaton with < n states implements a winning strategy over G, for
Player 0 starting from vertex go.

Exercise 4.8. A conjunctive guaranty condition is given by sets Gi,...,Gr C @, and the
winning condition for Player 0 in a conjunctive guaranty game is

Occ(p) N G; # 0 for every i € {1,...k}.

(a) Construct a game graph and a conjunctive guaranty condition such that the winning
region for Player 0 in the conjunctive guaranty game is not ﬂle Attro(Gy).

(b) Show that if a winning strategy for Player 0 exists then a memory of size 20 suffices
to implement an automaton winning strategy for Player 0.

Exercise 4.9. Find a family of game graphs (Gr)n>1 with designated sets (Fn)n>1 (and
Biichi winning condition) such that Recurs™ (F},) S Recury(Fy,) fori=1,...,n.

Exercise 4.10. Show: For a game over the graph G = (Q, F) with a subset F' C @ and co-
Biichi winning condition (p € Win < Inf(p) N F = () one can compute the winning regions
Wy, W1 and specify positional winning strategies for Player 0 / Player 1 .

Exercise 4.11. Let G = (Q = Qo U Q1, F) be a game graph with F' C Q. Let Wy and W}
be the winning regions of Player 0 and Player 1 in the Biichi game for G and F'. Prove or
disprove:

(a) The winning set of Player 0 in the safety game for G and Wy is W.

(b) If fy is a winning strategy for Player 0 in the safety game for G and Wy, then f is also
a winning strategy for Player 0 in the Biichi game for G and F.
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(¢) The winning set of Player 1 in the guaranty game for G and W is Wj.

(d) If f; is a winning strategy for Player 1 in the guaranty game for G and Wy, then f; is
also a winning strategy for Player 1 in the Biichi game for G and F.

Exercise 4.12.

Consider the game graph G on the right, and the Muller condition
F=1{{2,4,5,7},{1,2,3,4,5,6,7}}.

Find an automaton winning strategy for Player 0 in the Muller
game with as few states as possible, and show that any other
automaton strategy with less states is not winning for Player 0.

Exercise 4.13.

(a) Find a family (G, Fn)nen such that for every n € N Player 0 has a winning strategy in
the Muller game (G, F,,) which can be realized by a strategy automaton with n states,
but there is no winning strategy which can be realized by a strategy automaton with less
than n states.

(b) Modify your family from (a) such that Player 0 has two winning strategies f1, fo and the
minimal automaton implementing fo needs n more states than the minimal automaton
implementing the strategy fi.

Exercise 4.14. Consider the DJW game over the graph with vertices {A, B,C, D, 1,2,3,4}
as given in Example We propose the following latest appearance queue (LAQ) strategy
for Player 0, initializing the queue with ABCD.

e Add the current vertex at the front of the LAQ), delete the last vertex.

e Move to the vertex whose number is the number of different vertices in the current
LAQ.

The following table shows the evolution of the LAQ for an example sequence of visited letter
states:

| A | ¢ | ¢ | p | B | D | Cc | D | D |.

ABCD | AABC | CAAB | CCAA | DCCA | BDCC | DBDC | CDBD | DCDB | DDCD | ...

Decide whether the new LAQ strategy is a winning strategy for Player 0. Prove this or
give a counter-example.

Exercise 4.15. Let G = (Q, E) with Q = QoUQ; a be game graph. A nondeterministic
positional strategy (NPS) for Player 0 in G is a relation R C (Qo x Q)N E. A play qo,q1, ... is
played according to R if for all ¢; € Qo we have (¢;, ¢i+1) € R. Let ¢ be a winning condition.
An NPS R is a nondeterministic winning strategy for player 0 from ¢ if all plays from ¢ played
according to R satisfy ¢.

Decide whether the union of two winning NPS from ¢ is again a winning NPS from ¢ for
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(a) Biichi conditions (¢ = Vidj > i p(i) € F).
(b) Reachability conditions (¢ = Ji p(i) € F).

Exercise 4.16. Let A = (Q, X, qo, 6, F) be a deterministic Muller automaton. A set W C @
is called a set of relevant states if for every loop F' € F and every loop I’ € 2%\ F we have
that W N (F A F') # 0, i.e. whether a loop belongs to F can be decided by just looking at
the states of W. (Here F' A F' := (F\ F')U (F'\ F) denotes the symmetric difference of the
sets F' and F".)

(a) Show that a run p of A is accepting iff Inf(p) "W = FNW for an F € F.

(b) Show that one can construct a parity automaton B equivalent to .4 that uses as set of
states () x LAR(W) (instead of the set of LARs over Q).

Exercise 4.17. Let G = (Q, Qo, E') be a game graph and F a Muller condition such that
VPl,PQ - Q Pl,PQ ¢f:>P1 U Py %f

Find a Rabin condition equivalent to F.

Hint: Use for every accepting loop P in (G,F) a Rabin pair. To find this pair consider the
union of all non-accepting loops contained in P.

Comment: In the lecture the Union Lemma was shown for the Rabin condition. Here we
show a converse statement.

Exercise 4.18. Let G = (Q, E) be a game graph. A liveliness condition is given by a set
Q= {(E1, F1),...,(E, F.)} of pairs of state sets (like a Rabin condition). Player 0 wins a
play p in the liveliness game (G, Q) iff

A\ ¥z (p(x) € F; = 3y > x (p(y) € E)).
=1

Specify a reduction of liveliness games to parity or Biichi games.
Exercise 4.19. Let A be a strategy automaton. Solve either (a) or (b).
(a) Specify an algorithm, which gives the divides the states of A into ~ 4-classes.

(b) Show (using the properties of A;q and Ay as in Section [4.10) that the function I :
Q(Ared) — Q(Ay), defined in Section [4.10, is a bijection.

Exercise 4.20. Let A = (Q, X%, qo,0,c) with ¢: Q@ — {1,...,k} be a parity automaton. Con-
struct a Streett automaton B = (Q, 3, qo, J, 2) equivalent to A which has the same transition
structure as A.
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Chapter 5

Tree Automata and the Logic S2S

5.1 Trees and Tree Automata

In Chapter 2] we specified sequence properties in a linear way. We developed a linear-time
specification of infinite behavior by setting the same conditions on every infinite path through
a system which was modeled by a pointed Kripke structure.

Now we want to be able to set global conditions on the structure of all possible paths of
a system. Namely, we are going to specify properties of the computation trees of a system.
This will entail the branching-time specifications, which are conditions on the structure of the
tree formed by all paths through a Kripke structure.

Definition 5.1. If (M, s¢) is a pointed Kripke structure, ¢ x4, is the tree of runs from so.
This tree will also be called unraveling of M from sg

Example 5.2. Consider the Kripke structure M and its labeled tree of runs ¢(pqg)-

M (1) t(M s0) -

AT / \
N A

X

In order to achieve the above mentioned goals, we are going to do the following: We will specify
properties of infinite trees instead of properties of infinite words. For these specifications we
will use automata accepting trees, and logic formulas which will be evaluated over trees.

We will introduce

e trees and tree languages

e automata accepting tree languages



102 CHAPTER 5. TREE AUTOMATA AND THE LOGIC S2S

and study the expressive power of tree automata.
The application of these new concepts will yield very strong decidability results in logic
and verification.

Definition 5.3. Let the words u € {0,1}* denote the nodes of the unlabeled infinite binary
tree, where € is the root of the tree and v0 denotes the left child of the node v € {0,1}* and
vice versa. A X-valued binary tree is a function ¢ : {0,1}* — X, i.e. at node u € {0,1}* the
value of ¢ is t(u).

Some additional tree terminology will be needed later on:
Definition 5.4. (Tree Terminology)
o T¥ is the set of all X-valued binary trees.
o Aset T'C Ty is called tree language (of ¥-valued binary infinite trees).

e A path through a tree t is a sequence ™ = ugujusz ... of tree nodes with ug = € (root of
the tree) and w;+1 = 4;0 or w11 = ;1 for i > 0.

e The w-word determined by 7 is t| = t(ug) t(u1) t(uz)....
Now we will define automata that can accept binary trees.

Definition 5.5. (Tree Automaton) A tree automaton (over Y-valued binary trees) is of the
form A = (Q, X, qo, A, Acc), where

e () is the finite set of states, go the initial state,
e AC @ XX xQ x(Q is the transition relation,
e Acc is the acceptance component.

A transition (q,a,q1,q2) allows the automaton in state ¢ at an a-labeled node u to proceed
to states q1, g2 at the successor nodes u0, ul.

The automaton is deterministic if for any (g,a) € @ x ¥ at most one transition exists in
A whose first two components are ¢ and a.

Definition 5.6. A run of A on t is an assignment of states to tree nodes, i.e. a tree p :
{0,1}* — @ with
* ple) =q

e (p(u),t(u), p(u0), p(ul)) € A for all u € {0,1}*

Example 5.7. We assume that the following transitions are allowed in a tree automaton:

(QO, a, qo, QO), (QL a,qi, ql)a (q07 b7 qi1, (IO), ((Ih b) q1, Q1) The fOHOWiI’lg picture shows a run P (On
the right) on the tree ¢ on the left.
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/\ /q°\
/\ /\ /\ /\

q1 qo 4o

X

Definition 5.8. (Acceptance of Trees) Let A be an acceptance condition for w-automata.
The tree automaton run p is successful for condition A if each path of p is successful with
respect to A.

This is applied to any acceptance condition A known from w-automata theory. Thus we get
Biichi tree automata, Muller tree automata, Rabin tree automata etc. For instance a Biichi
tree automaton A = (Q, %, qo, A, F') accepts the tree t if there exists a run p of A on ¢ such
that on each path of p a state from F' occurs infinitely often.

Definition 5.9. The tree language recognized by the tree automaton A, denoted T'(A), is
the set of all trees accepted by A with the acceptance condition A under consideration.

Example 5.10. Let T3 = {t € T“(’z (o) | exists path through ¢ with infinitely many b}, in
short: Tl—{tGTfJ | Ir3i t|. (i) = b}.
We define the followmg Biichi tree automaton Aj;:

e State set Q = {qa, 9, g+ }, initial state gqq,
e Final state set F' = {qp, q+},

e Transition relation A :

a

da v analogous for input b

/\ /\ /\ with state ¢, at the bottom

qa 9+ g+ qa Ga 9+ g+ Ga

q+ a/b

9+ q+

A run of A; will necessarily “guess” a path by assuming states ¢,, g, there. All other paths
will finally have state g4 only (accepting). State g, signals input label a, g, signals input
label b.

Acceptance on the path with states qq, g, requires infinitely many visits to gy, i.e infinitely
many b on the path have to be assumed. So the Biichi tree automaton A; recognizes 77 X

Example 5.11. Let T, = {t € T {“; b}’ each path through ¢ has only finitely many b}. Define

a Muller tree automaton Ay = (Q,{a, b}, qq, A, F) with state set @ = {qa,®}, F = {{¢a}}
and transition relation A :
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a
9a/b Ga/b

qa Ga qb Qv

Then for the unique run p on ¢ and for all paths 7: t|; has infinitely many b iff p|, has
infinitely many gp. The acceptance condition requires Inf(p|,) = {qq} for all 7. So Ay accepts
precisely the trees in T5. X

In contrast to the ordinary w-automata, deterministic Muller tree automata and nondeter-
ministic Biichi tree automata are not equivalent.

Theorem 5.12. The tree language Ty = {t € Tsz b}| each path through t has only finitely

many b} is recognized by a Muller tree automaton, but not by a (nondeterministic) Biichi tree
automaton.

Proof We verified that Tb is recognized by an (even deterministic) Muller tree automaton.
Assume: the Biichi automaton A = (Q, {a, b}, qo, A, F') recognizes Ty
Let n = |F| 4+ 1. Consider the following input tree ¢:

w +0)? for i Lon
t(w):{b € (1T0) fori € {1,...,n}

a else
/\a

N,

\ /\

AT
W O
WA

a
.
\

\

\Z Level 1

Leve

We have t € Tb, so there is a successful run p of A on ¢. On the path 1¢ a final state is visited,
say at vy = 10,

On the path 1™001%, final states are visited infinitely often. After 0 say for the first
time at vy = 1™001™. We therefore obtain visits to final states at the nodes vy = 1™,
vy = 17001™, ..., vy, = 1700...01™". For certain ¢ < j the same final state appears at v;
and vj. Between v;,v; at least one label b occurs (at v;0).

Construct a new tree t' by iterated copying of the part between v; and v; and a corre-
sponding run p’. Then A also accepts t. Thus ' € Ty, but in ¢’ infinitely many b occur on
the new path 7. Contradiction. g

We have shown: nondeterministic Biichi tree automata are strictly weaker than Muller tree
automata. On the other hand, we will show:

e Nondeterministic Muller tree automata and parity tree automata have the same expres-
sive power.
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e Parity tree automata have good logical closure properties.

e The emptiness problem is decidable for parity tree automata.

5.2 Parity tree automata

Definition 5.13. A parity tree automaton is of the form A = (Q, X, qo, A, ¢) with coloring
c:Q —{0,...,k}. It accepts a tree t if there is a run p of A on ¢ such that on each path of
p, the maximal color assumed infinitely often is even.

Example 5.14. A parity automaton that recognizes
To={teT {ap) | €ach path through ¢ has only finitely many b}.

Use qq, ¢ to signal input letters a, b respectively. Define ¢(q,) =0, ¢(qp) = 1.
The maximal color occurring infinitely often on a path of the run is even (i.e., equal to 0)
iff the letter b occurs only finitely often on the path. X

Theorem 5.15. (Muller versus Parity Tree Automata)

1. For any parity tree automaton one can construct an equivalent Muller tree automaton.

2. For any Muller tree automaton one can construct an equivalent parity tree automaton.

Proof 1 = 2: Given a parity tree automaton with coloring ¢, keep states and transitions and
define the system F as follows:

R e F & max{c(q) | g € R} is even

Proof 2. = 1: Copy the simulation of Muller games by parity games. Given a Muller tree
automaton with state set ), use for the parity tree automaton the state set LAR(Q) and
define the transitions according to the LAR update rule.

Allow the transition

(((pl . 'pn)ai)’av ((ql .- ‘qn)aj)’ ((Tl . 'Tn)vk))

for a transition (p1, a, q1,71) of the Muller automaton, where ((q1 .. .qn),7) is the LAR update
for a visit of ¢1, and ((r1...7y), k) is the LAR update for a visit of r;.
Define coloring as in the simulation of Muller games by parity games. U

We will now prove some closure properties of parity tree automata.

Lemma 5.16. (Closure under Union) Given parity tree automata Ay, Aa, one can construct
a parity tree automaton recognizing T(A1) UT(As).

Proof Assume the state sets QQ1, Q2 of A;, Ay are disjoint, with initial states ¢1, go. Define
the new automaton over {go} U @1 U Q2 with new initial state gy (say of color 0).

Take all transitions of Ay, As. Add, for any transition (qi,a,71,7r2) or (g2,a,r1,r2) the
new transition (qo, a,71,72). O
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Definition 5.17. Given trees s € Tf,t € T¢, define the tree s"t € TF, v by s"t(u) =
(s(u),t(u)). The X-projection of s™t is the tree t.
Given a tree language T over I' x 3 define

projs(T) == {t € T¥ | Is:s"t € T}.

Lemma 5.18. (Closure under Projection) Given a parity tree automaton recognizing T' over
the alphabet T’ x ¥ one can construct a parity tree automaton recognizing projs,(T)).

Proof Given a parity tree automaton A over I' x ¥, define a parity tree automaton B over
>, which does in any step the following: For input letter b € 3 guess the I'-component a and
proceed by an A-transition for the input letter (a,b). The state set is not changed. U
The complementation of parity tree automata remains to be investigated. This is the most
difficult logical closure property. M. O. RABIN succeeded 1969 in showing it for Muller tree
automata, which was a breakthrough for the analysis of logical theories.

Today a simpler proof is available that uses the parity acceptance condition. One use-
ful idea for the complementation of parity tree automata is to formulate acceptance in the
terminology of games.

5.3 Tree Automata and Games, Complementation

With any parity tree automaton A = (Q, X, qo, A, ¢) and any input tree ¢ associate a parity
game over a graph G 4, played by two players “Automaton” and “Pathfinder” on the tree ¢.
Described intuitively, the game proceeds as follows:

e First Automaton picks a transition from A, which can serve to start a run at the root
of the input tree.

e Then Pathfinder decides on a direction (left or right) to proceed to a son of the root.

e Then Automaton chooses again a transition for this node (compatible with the first
transition and the input tree).

e Then Pathfinder reacts again by branching left or right from the momentary node, ...

Such a play gives a sequence of transitions (and hence a state sequence from @), built up
along a path chosen by Pathfinder. The Automaton wins the play iff the constructed state
sequence satisfies the parity condition.

The game graph G 4, for a parity tree automaton A and an input tree ¢ is defined as
follows:

The vertices of Automaton are the triples

(tree node w, tree label t(w), state ¢ at w).

By choice of a transition 7 of the form (¢, t(w),q’,q"), a vertex of Pathfinder is reached.
The vertices of Pathfinder are the triples

(tree node w, tree label t(w), transition 7 at w).

Notice that the game graph is infinite and depends on ¢t. A small part of a game graph is
shown in the following figure:
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| (wt(w), (g, t(w)),qq"))

>
Definition 5.19. Let A = (Q, X, qo, A, ¢) be a parity tree automaton and ¢ be an input tree.
Then the associated game graph G+ = (Qo U Q1, E) is defined by

/

To give a formal definition:

Qo = set of triples (w,t(w),q) € {0,1}* x ¥ x @,

Q1 = set of triples (w,t(w),7) € {0,1}" x ¥ x A,

and the edge relation E such that succeeding game positions match and are also compatible
with ¢.

The color of a triple (w, t(w), q), resp. (w,t(w),(q,a,q’,q")), is the color ¢(q). The stan-
dard initial position of the play is Automaton’s position (e, t(€), qo).

A successful run of A on t yields a winning strategy for Automaton in the parity game over
G 4+: Along each path the suitable choice of transitions is fixed by the run.

Conversely, a winning strategy for Automaton over G 4. clearly provides a method to
build up a successful run of A on ¢. Just apply the winning strategy along arbitrary paths.

Lemma 5.20. (Run Lemma) The tree automaton A accepts the input tree t iff in the parity
game over G 4 there is a winning strategy for player Automaton from the initial position

(€, 1(€); 0)-

We will also consider an easier case of the Run Lemma, which is concerned with parity
automata with no input. Applying the Run Lemma this way, we can determine whether
there is a successful run of the tree automaton at all.

Definition 5.21. Given an input-free parity tree automaton A = (Q,qo, A, c) with A C
Q x Q X @, define a simpler game graph G 4, in which the tree ¢ and the parameter w in the
game positions are suppressed: Let Qo = Q, @1 = A. Let FE contain the edges (q, (q,4¢,q")),
((¢,4',4"),q") and ((q,q',q"),q") for (¢,q',q") € A. The coloring coincides with ¢ on Qg (= Q)
and maps a transition (¢,q’,¢"”) € Q1 to ¢(q).

Lemma 5.22. (Run Lemma, input-free case) Player 0 (Automaton) has a winning strategy
in G4 from position qq iff the automaton A admits at least one successful run.

We will now briefly outline the path towards a proof of the complementation of tree
automata. To complement a tree automaton means to express that a given automaton A
does not accept t by the acceptance of ¢ of another automaton.

In view of the Run Lemma this means to conclude from non-existence of a winning strategy
for Automaton over G 4, the existence of a winning strategy for Automaton in a different
game G (such that B depends only on .4 but not on t).
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e First step: Use determinacy of parity games to show: If Automaton has no winning
strategy over G 4., then Pathfinder has a winning strategy (from the standard initial
position) over G 4.

e Second step: Pathfinder’s strategy is converted to an Automaton strategy.

Theorem 5.23. (Determinacy of Parity Tree Automata Games) Let A be a parity tree au-
tomaton and t be an input tree for A. Then in the parity game over G 44, from any game
position either Automaton or Pathfinder has a positional winning strategy.

This is just a special case of the determinacy of parity games.

Theorem 5.24. (Complementation Theorem) For any parity tree automaton A over the
alphabet X2 one can effectively construct a Muller tree automaton (and hence also a parity tree
automaton) B, which recognizes Ty \ T(A).

Proof Let A = (Q, %, qo, A, ¢) be a parity tree automaton. We find a Muller tree automaton
B accepting precisely the trees ¢ € Ty, which are not accepted by A.
Step 1 (Applying determinacy) : Start with the following equivalences: For any tree ¢,

A does not accept t

iff (by Run Lemma)
Automaton has no winning strategy from the initial position (e, ¢(€),qo) in the parity
game over G 4

iff (by Determinacy Theorem)
(%) over G 4, Pathfinder has a positional winning strategy from (e, t(€), qo).

Step 2 (Conversion to automaton strategy): Reformulate () in the form “B accepts t”
for some tree automaton B. Pathfinder’s strategy is a function f from the set {0,1}* x ¥ x A
of his vertices into the set {0, 1} of directions.

Decompose this function into a family

fw: ¥ xA—{0,1}

of “local instructions”, parameterized by w € {0, 1}*.

The set I of possible local instructions i : ¥ x A — {0,1} is finite. Thus Pathfinder’s
winning strategy can be coded by the I-labeled tree s with s(w) = fi,.

Let st be the corresponding (I x ¥)-labeled tree with

s"t(w) = (s(w), t(w)) for w € {0,1}*.
Now (%) is equivalent to the following:

There is an I-labeled tree s such that for all sequences 1971 ... of transitions
chosen by Automaton and for all (in fact for the unique) 7 € {0,1}* determined
by 1971 ... via the strategy coded by s, the generated state sequence violates the
parity condition.
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A reformulation of this yields:

(1) There is an I-labeled tree s such that st satisfies:
(2) for all w € {0,1}¥
(3) for all o7y ... € A¥
(4) if the sequence s|m of local instructions applied to the sequence
of tree labels t|m and to the transition sequence 797y . .. indeed pro-
duces the path 7, then the state sequence determined by 777 ...
violates the parity condition.

e Condition 4 describes a property of w-words over I x 3 x A x {0, 1}, which obviously
can be checked by a sequential Muller automaton My, independently of t.

e Condition 3 describes a property of w-words over I x ¥ x {0,1}, which results from
4 by a universal quantification (equivalently, by a negation, a projection, and another
negation). Condition 3 is checked by a sequential and deterministic Muller automaton

Ms.

e Condition 2 defines a property of (I x X)-labeled trees, which can be checked by a
deterministic Muller tree automaton Ms, simulating M3 along each path. (Note that,
by determinism of M3, the Ms-runs on different paths of an (I x X)-labeled tree agree
on the respective common prefix and hence can be merged into one run of My)

e Applying nondeterminism, a Muller tree automaton B can be built, which checks Con-
dition 1, by guessing a tree s on the input tree t and working on st like M.

B does not depend on the tree ¢ under consideration. Thus B accepts precisely those trees,
which A does not accept, as was to be shown. O

5.4 Towards the Nonemptiness Problem

Recall: A nonempty regular w-language contains an ultimately periodic w-word. We show
a corresponding result for nonempty tree languages, which are recognized by parity tree
automata.

Definition 5.25. A tree t € Ty is called regular if it is “finitely generated” in the following
sense: There is a deterministic finite automaton equipped with output, which tells for any
given input w € {0,1}* the label at node w (i.e. the value t(w)).

The automaton is of the form B = (@Qg,{0,1}, qoB, 05, f3) with fz : @ — X (output
function).

Example 5.26. Consider the deterministic output automaton B. The computation tree of
its runs forms an input-free deterministic tree automaton.
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1 @
—— tree transition
@)y 0
— Qo 010
k
1 q2
(b)
Therefore we can characterize regular trees by tree automata. X

Theorem 5.27. A treet € Ty is reqular iff there is a deterministic input-free tree automaton
C with state set @@ x X such that the X-projection of the unique run of C is the tree t.

Proof “=": Given a DFA B = (@5, B, qoB, 5, f3) with output function as above. As seen
in Example [5.26, the construction of the corresponding tree automaton is straightforward.
Define C = (Qp x £, (qos, ), A) by

ao := fB(08(q, €))-
Introduce the transition ((¢1,a1), (g2, a2), (¢3,a3)) to Aiff fp(q;) = a; fori =1,2,3, 65(q1,0) =
q2, and 58((]17 1) =(q3.

“«<": For the converse we start with C = (Q %3, (¢o, o), A) and define B =
In order to construct 6((¢q, a),0/1), inspect the unique C-transition ((¢, a), (¢,
first state (¢, a) and set

0((q:a),0) := (¢',d), o((qa),1):=(¢",a").
Finally define: f(q,a) := a. O

The last construction is illustrated in the following example:

(@ (QO7GO) 5, f)
! ) ( a”)) with

Example 5.28. The tree transition
(q07 a)

/\

(q1,0) (g2,0)

is transformed into a part of the DFA’s transition function: 6((qo,a),0) — (q1,a), 6((go,a),1) —
(g2,b). The output function uses the node label of the parent state: f(go,a) — a. D

Theorem 5.29. (Rabin Basis Theorem) For every parity tree automaton A, the emptiness
problem “T,(A) = 09”7 is decidable, and any nonempty set T,(A) contains a regular tree
(whose generating automaton B is obtained from A).

Proof Assume A = (Q,%,qo,A,c) is a parity tree automaton. Proceed to an “input-
guessing” (and input-free) tree automaton A’, which nondeterministically generates an input
tree ¢ and on t works like A. Note that A" = (Q x X,{qo} x X, A’, ') has possibly several
initial states. We know that T'(A) # 0 iff A’ has some successful run.

We now consider the finite game graph G 4 associated to A’. An example of such a game
graph is shown in Figure[5.4. By the Run Lemma (Lemma [5.22, input-free case) we have:
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A’ has some successful run iff in the parity game over G 4 the player Automaton
wins from some initial position (g, a).

Whether this holds can be checked effectively.

(0] (o}

Figure 5.1: The finite game graph G 4 induces a regular tree when a positional strategy of
Automaton is fixed. Such a positional strategy is sufficient, since this game is a parity game.

We now show the second statement of the theorem: Assume T,(A) # 0, i.e., that A’
admits a successful run. So in the parity game over G 4 the player Automaton wins from
some initial position (go, a), by means of a positional strategy.

This strategy induces a deterministic tree automaton as “subautomaton” of A’, where for
each state (¢,a) (as game position for Automaton) only one transition exists (as a move of
Automaton) for the continuation of a run. This deterministic tree automaton generates a
regular tree. By construction of A’, this regular tree belongs to the tree language recognized

by A. O

5.5 S2S and Rabin’s Tree Theorem

In this section we will apply the automata theoretic results of the previous section to problems
in logic. First, we will define a logic in which we can specify exactly all the tree languages
which can be recognized by parity tree automata.

Recall the logical system S1S (Section 2.6): It has variables x,y, ... for natural numbers
X,Y,... for sets of natural numbers. Terms are built from variables z,y,..., and 0 by
application of . Atomic formulas are X(7), 0 < 7, 0 = 7 for terms o,7 from which
all S1S-formulas are built using Boolean connectives and quantifiers 3,V over both first- and
second-order variables. Recall that < and =, as well as first order variables can be eliminated,
using the logic S1Sg with atomic formulas X CY, Sing(X), Succ(X,Y), which is equivalent
to S1S.
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Definition 5.30. (S2S) The logical system S25 (the “second-order system of 2 successors”)

is defined over variables x,y, ... of words over B (single nodes in the binary tree) and over
second order variables X,Y... of sets of words over B (sets of nodes of the binary tree).
Terms are built from variables x, ¥, ..., and € by concatenating with 0 or 1. Examples: ¢, x0,

2001, 001. Let 0,7 be terms. Atomic formulas are:
X(7) (“risin X7), o =71 (“ois aprefix of 7), o =171 (“o is equal to 77)

We use Boolean connectives and quantifiers 3,V over both first- and second-order variables
to obtain all formulas in S2S.

Definition 5.31. (Model T5) The structure of the infinite binary tree is Th = (B*, €, Sp, S1),
where S; is the i-th successor function: Sp(u) = u0, S1(u) = ul.
The theory S2S is the set of S2S-sentences that are true in 75. It is also called the

monadic second-order theory (short: the monadic theory) of the z'nf%ite binary tree, denoted
by MThy(15).

Example 5.32. We give some examples of the expressiveness of S2S-formulas:
x <y (“node x is prefix of node y”): This can be restated as “all sets X that contain y and
are closed under predecessor, contain x”:

VX (X (y) AV2(X(20) — X (2)) AV2(X(21) — X(2))) — X(x)).
Chain(X) (“X is linearly ordered by <”):
Vavy(X(z) A X(y)) = (z 2y Vy = x)).
Path(X) (“X is a path, i.e. a maximal chain”):

Chain(X) A-3Y(X CY A X # Y A Chain(Y)).

Vz2(X(2) — Y(2)).

X=Y:
Vz2(X(2) < Y (2)).

x <y (“x lexicographically preceeds y”):
(20 2 Azl <y) V(z2yAz#y).
Finite(X) (“each subset Y of X has a minimal and a maximal element w.r.t. <”):
VY(Y CXAY #0) — (Fy “y is <-minimal in Y”? A Jy “y is <-maximal in Y )).
X

Definition 5.33. S2S-formulas ¢(X7,...,X,) with free set variables Xi,...X,, are inter-
preted in expanded structures t = (Ty, Py, ..., P,). We write

t':SO(Xla--an)
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if ¢ satisfies ¢. t is identified with the corresponding infinite tree ¢t € Ty,.: for each node
w € B* we have
t(w) = (c1,...,c,) where ¢; = 1 iff w € P,.

Given a S2S-formula ¢(X7,..., X)) the tree language defined by ¢ is the set

T(p) ={t € Tgn | L =}
A tree language T' C T, is called S25-definable if T' = T'(p) for some S2S-formula ¢ (X7, ..., X,).
Lemma 5.34. A tree language is S25-definable if it is recognizable by a parity tree automaton.

Proof (From Tree Automata to S2S-Formulas) We copy the proof, which shows that Biichi
recognizable w-languages are S1S-definable. Preparations:

e Use the formula Partition(Y7,...,Y,,) for expressing that Y7,...,Y,, define a partition
of the set of all tree nodes.

e For a € B", say a = (b1,...,by,) we write X,(t) as an abbreviation for
(01)X1(2) A (b2) X2(E) A - .. (b)) Xn(2),
where (b;) = — for b; = 0, and b; is empty for b; = 1.

How can one describe the existence of a successful run in S257 Given the parity tree automaton
A=(Q,B",1,A,c), with @ ={1,...,m} and coloring ¢: Q@ — {0, ..., k}, define
o(Xy,...,X,) = ... Y, (Partition(Yl, oY) AYi(e)
AVz(\ (Yi(2) A Xa(2) AYG(20) A Y (21)))
(170”]’-7,)6A

AN VZ(Path(Z) — \/ (m is the maximal color occurring
meEC

infinitely often on Z)))

(EC denotes the set of even colors contained in {0, ..., k}.)
The parity acceptance condition “m is maximal color occurring infinitely often on Z” can
be formalized as follows:

VelZ(z) — 3yle £y rz 2y A Z) A\ V()]
(j)=m

Na[Z(@) AVy(z 2y Zy)— \ Yiw)
m/<m ¢(j)=m'
We conclude: A tree language recognizable by a parity tree automaton is S2S-definable. [

Now we prove the converse:

Lemma 5.35. For any S25-formula ¢(X1,...,X,) one can effectively construct a parity tree
automaton A which is equivalent to ¢, that is:

A accepts a tree t iff t = .
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Before proving the above lemma we note an important consequence (for the case n = 0).
Theorem 5.36. (Rabin’s Tree Theorem) The theory S2S is decidable.

Proof Consider an S2S-sentence ¢. By Lemma|[5.35 it can be transformed into an input-free
parity tree automaton A such that the unlabelled infinite binary tree 75 satisfies ¢ iff A has
some successful run. Whether there exists a successful run can effectively be checked (see
Rabin’s Basis Theorem (5.29)). O

For the proof of Lemma [5.35, we will use the same idea as in the second half of Section[2.6;
we proceed from S2S to S2Sy by eliminating first order variables, and then to parity tree
automata.

Definition 5.37. The logic S2Sg is built up from the atomic formulas X C Y, Sing(X) (X
is a singleton set), Succo(X,Y') (both sets are singleton sets and the the element in Y is the
0-successor of the element in X), Succy(X,Y) (1-successor). S2Sj uses the same Boolean
connectives as S2S, but only second-order quantifiers.

Remark 5.38. (as for S1S): S2S; is expressively equivalent to S2S.

Proof Lemma [5.35 Show the claim by induction on S2Sg-formulas: For any S2Sg-formula
©(Xq,...,X,) one can effectively construct a parity tree automaton .4, which is equivalent
to .

Induction basis: Atomic formulas X C Y, Sing(X), Succo(X,Y), Succi(X,Y).

Induction step: Disjunction, negation, existential quantification suffice.

Atomic Formulas: We use tree labels with two components. The first component indicates
an element of X, while the second component indicates an element of Y.

For the formula X C Y, consider the tree automaton with the following transitions:

o ()/G)/0)

qo qo

Each of the three transitions ensures that a member of X is also a member of Y.

A tree automaton equivalent to Sing(X') has already been developed in the exercises. That
automaton ensures that there is only one 1-labeled node in the whole tree.

Succo(X,Y) and Succ; (X,Y) are handled in a similar way; as above, look for the singleton
node with the X-element. Then ensure that the 0/1-successor of this node contains the only
Y-element.

Induction Step: Given parity tree automata .4; and A9, which are equivalent (by induction
hypothesis) to p1(X1,...,X,) and ¢a(X,..., X, ), respectively, one can construct a parity
tree automaton equivalent to

L. ng(Xl, s 7Xn) \% 802(X17 s 7Xn)
2. —Kpl(Xl, PN ,Xn)

3. E|X1g01(X1, ey Xn)
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Item 1 is clear by the Union Lemma, item 2 by the Complementation Theorem, item 3 by
the Projection Lemma. O

The concept of equivalence between binary trees and S2S can be expanded to n-branching
trees and SnS.

Definition 5.39. The structure

T,=({0,...,n—1}",¢,50,...,5,-1)

is called the infinite n-branching tree. The logical system SnS is defined accordingly.
Theorem 5.40. The monadic second-order theory of T), is decidable.

Proof method: Introduce parity automata over n-branching trees and copy the proofs from
case n = 2.

Sometimes one may wish to consider quantifiers over finite sets only. For this case there is
another modification of the S2S theory.

Definition 5.41. The system WS2S (weak S25) has the same syntax as S2S, but set quan-
tifications range over finite sets only.

The set of sentences true in T3 under this weak interpretation is called the weak monadic
second-order theory of T, denoted WMThy(75).

Theorem 5.42. The weak monadic second-order theory of I is decidable.

Proof Rewrite a WS2S-sentence ¢ as a S2S-sentence ¢’ by replacing

“IX...7 with “3X(Finite(X)A...”
“YX...7  with “YX(Finite(X) — ...".
Then ¢ is in WMThy (1) iff ¢ is in MThy(73). O

So far, the results of our treatment have been:
1. S2S and parity tree automata have the same expressive power.
2. The emptiness problem for parity automata is decidable.

3. The monadic second-order theory of the binary tree is decidable.

5.6 Exercises
Exercise 5.1. Let G = (Q, Qo, E) be a game graph and F a Muller condition such that
VP,Po CQ P, P ¢f=>P1 U Py ¢f

Find a Rabin condition equivalent to F.

Hint: Use for every accepting loop P in (G,F) a Rabin pair. To find this pair consider the
union of all non-accepting loops contained in P.

Comment: In the lecture the Union Lemma was shown for the Rabin condition. Here we
show a converse statement.
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Exercise 5.2. Consider the following tree languages:
(a) Ty :={t € T¢, 1y | t contains exactly one node labeled b}
(b) Ty :=A{t e T¢ oy | on every path in ¢ there is at most one node labeled b}.

Construct Biichi and Muller tree automata recognizing 71, and deterministic Biichi and Muller
tree automata recognizing T%.

Exercise 5.3. (a) Prove Lemma 16.3 of the lecture: Given a parity tree automaton recog-
nizing a tree language 1" over I' X 3 one can construct a parity tree automaton recognizing

projx(T).

(b) Given a parity tree automaton A construct an input-free tree automaton A’ such that
T(A) # 0 < A’ has some successful run.

Exercise 5.4. Show in detail that a tree is regular iff it contains only finitely many non
isomorphic subtrees.
Notation: The subtree of ¢ rooted a node w is the tree t [, (u) = t(wu).

Exercise 5.5. Let T be the set of trees over 3 = {a, b} such that for every b-labeled node u
there is another b-labeled node v # u with prefix u (so v is located in the subtree rooted at

(a) Show that T is recognized by a parity tree automaton (perhaps using the facts on parity
tree automata shown in the lecture).

(b) Show that T is recognized by a Biichi tree automaton.

Exercise 5.6. Consider the lexicographic order < over the nodes of 75, i.e. over words from

{0,1)*.

(a) Show that the order < contains a dense subset X without first and last element, i.e.

Vee X yeXz<y
Vee X yeXy<z
VeeXVyeX(z<y—3IzeX(z<z<y))

(b) Present a set of nodes ordered by < in the following way:

Exercise 5.7. (a) Construct a parity tree automaton which checks for input trees over
{0,1}? whether the S2Sg-formula Succy(z1,x2) is satisfied.

(b) Find a sentence ¢ which is true in 75 under the S2S-interpretation, but false under the
WS2S-interpretation. Find also a sentence ¢ for which the converse is true. (It is not
allowed to choose 9 equivalent to —¢.)
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Decidability of Monadic Theories

In this section we will consider decidability properties of theories over structures other than
the binary tree.

Plan:
1. Preparation: An undecidable monadic theory.
2. The monadic theory of a pushdown transition graph.
3. Prefix-recognizable and automatic graphs (survey).
4. Branching-time logics over Kripke structures.

Definition 6.1. The infinite grid is the structure
G2 = (N X N, (0,0), S1, 52),

where s1(i,7) = (i +1,7), s2(i,5) = (4,7 + 1).

00 01 02
10 11 12
20 21 22

Theorem 6.2. The monadic second-order theory of the infinite grid is undecidable.
Preparation for the proof: We can express
S (x,y) & séi) (x) =y for some ¢ > 0

by saying “each set containing sa(z) and closed under right successors contains y”.
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Proof of Theorem 6.2 The proof is a reduction of the halting problem for Turing machines
to the decidability problem for the infinite grid: For any Turing machine M construct a
sentence @js of the monadic second-order language of Gs, such that

M halts when started on the empty tape iff G2 = vas.

We first need to describe Turing machine states in terms of the infinite grid. Without loss of
generality we assume that M works on a left-bounded tape.

A halting computation of M can be coded by a finite sequence of configuration words
Co,C1,...,Cnp.

We can arrange the configurations row by row in a right-infinite rectangular array:

qQ ap ap ap ap ap Qg
a q ap ap ap ag ao
qgo a1 a2 ap Gap ap ag
as g2 a2 ag ag ag ap

where ag, ..., a, are the tape symbols (ag is the blank) qo, ..., g are the states of M, and g
is a special halting state. Now we need to describe the properties of an M-run in Go-formulas.
The sentence s will express over Gy the existence of an array of configurations that
corresponds to a terminating M-run.
We use set variables Xg, ..., X, Yy,..., Y. X; collects the grid positions where a; occurs,
Y; collects the grid positions where state ¢; occurs.

YoM HXQ,...,Xn,ifo,...,Yk(Pal"titiOn(Xo,...Yk)
A “the first row is the initial M-configuration”
A “a successor row is the successor configuration of the preceding one”

A “at some position the halting state is reached”)
In detail, the subformulas are expressed as follows:
e “the first row is the initial M-configuration”:

Yo((0,0)) AV (S5 ((0,0), 2) — Xo(x))-

e “at some position the halting state is reached”:

JxYs(x).

e “a successor row is the successor configuration of the preceding one”: Use a formula
1 (x) that states “the letters on positions = and three next to the right and on the four
positions below are compatible with M”. Write a disjunction over all 8-tuples of letters,
which are compatible with M. ]
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6.1 Towards More General Graphs

Are there interesting infinite graphs other than 75 which have a decidable monadic second-
order theory? We present such a class of graphs: the transition graphs of pushdown automata.

Definition 6.3. A pushdown system is an automaton P = (P, X, T, pg, 70, A) where
e P is a finite set of states, pg the initial state,
e 3 the input alphabet, I' the stack alphabet, vy the initial stack symbol,

e A a finite set of transition rules py —, p'u
withyel,uel* a€X and p,p' € P

A configuration is a word pw € PT'". These are transformed by transition rules as usual.
We define the pushdown graph generated by P as the structure G = (V, vy, (Eq)qcx) where

e g is the configuration pgyo,
o (pw,p'w') € E, iff w=~ywy,w = uwy for a transition rule py —, p'u € A,
e 1/ is the set of configurations reachable from vy by applying F,-transitions for a € 3.

Example 6.4. Consider the context free language L = {a"bc™ | n > 0}. The stack alphabet
for the corresponding pushdown automaton is I' = {~p,v}. We obtain the pushdown graph:

QY% —2—— QY0 ———= QoYY -

] lb )

GV ~———— AV ~————— YV~ -

X

Example 6.5. Consider the language generated by the productions S — () | [] | (S) | [S] |
SS. In this case, the pushdown graph has the structure of a tree:

=
—~
—
o

Q
=)
[«

a7

7N

Ay iy

=
i)
()
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Definition 6.6. The monadic second-order language over pushdown graphs has variables
x,, ... for vertices, X,Y, ... for sets of vertices.

Atomic formulas are: Ey(z,y), =1y, Vp(z) (Vp(zr) means that the configuration = has
state p). Write E(z,y) for \/ o5, Eu(z,y).

Example 6.7. Example sentence: “there is a cycle of three vertices (configurations), where
state p occurs with an outgoing a-labelled edge”:

JeFyTz(x £y Ay # 2Nz #xAVy(x) A Ey(z,y) ANE(y, z) A E(z, 1))
X

Theorem 6.8. (Theorem of Muller and Schupp) The monadic second-order theory of any
pushdown graph G is decidable.

Proof We rewrite a given sentence ¢ as an SnS-sentence ¢’ such that

GEoiff T, = ¢

(We “interpret G in T;,” by monadic formulas). Then the right-hand side can be checked.
Important note: We write the tree nodes w € {0,...,n — 1}* in reverse order: The first
letter of a word is the last from the root.
Translation to SnS-formula:

(x=y) = =y
El(z,y) = \/ J2(x = pyz Ay = puz)
(py—ap'u)€A
Vpy(x) = V(x)A3zx=pz
Ezy) = \/ (Balz,y)
aes
V(z) = YX((X(q070) AVy¥2(X(y) A E'(y,2) = X(2))) — X(2))
(mp) = ¢
(eAY) = ¢ Ny
Bzp) = Fa(V(z) A ) (Vap) = Va(V(z) — ¢)
(AXp) = XX CV'AQ)VXp) =VX(“X CV" = )

Example 6.9. ¢: “there is a cycle of three vertices (configurations) containing state p with
an outgoing a-labelled edge”. Then ¢: JxIyFz(V(2) AV(y)AV(z) Nz #yANy#zANz#x
NV (@) A Eg (2, y) A E'(y,2) A E'(2,2)). >

The result of Muller and Schupp’s Theorem can be generalized to prefiz rewrite rules: The
pushdown graphs have bounded outdegree and bounded indegree. We present a class of
graphs where the degrees of vertices may be infinite.

Liberalize the rewrite rules py —, p'u by

e dropping the distinction between states and stack letters,
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e allowing several left-hand sides and several right-hand sides in one rule.
Use a single stack alphabet I' (and cancel P).

Definition 6.10. A prefix rewrite rule for a is of the form
Uy —q Us,

where Uy, Us C I'* are regular sets of words.
A prefix rewrite system is of the form P = (X,T,A), where A is a finite set of prefix
rewrite rules for letters a € X.

Notice that each prefix rewrite rule Uy —, Us is finitely representable by two finite automata
recognizing Uy, Us.
We obtain an induced rewrite relation EF, over I'*:

Eu(w,w') & w=ujwy Aw = ugwy for some u; € Uy, us € Us.

Definition 6.11. A graph G = (V, (E,)q4cyx) is prefix recognizable if there is a prefix rewrite
system P = (X,T", A) such that

e V C I' is a regular set of words,
e each edge relation F, is induced by the rules for a of the system A.

Example 6.12. T = {0}, Rewrite rules: € —, 0, 0" —, ¢, V = 0*.

e 0 00— o000 —*—
b b b
b b

For prefix recognizable graphs we obtain the following result:

Theorem 6.13. (Caucal’s Theorem) The monadic second-order theory of a prefiz-recognizable
graph is decidable.

Therefore: Given such a graph G one can decide by an algorithm whether a given monadic
second-order sentence ¢ is true in G or not.

6.2 Unravelling Structures

Idea: Given a transition system with designated initial state, unravel it to obtain its compu-
tation tree.

Temporal logics of branching time and certain program logics will serve to express condi-
tions on this computation tree.

Example 6.14. (for a pointed Kripke structure (M, s)):
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M : ) tMoso) :

e

59

@ < /\ I\
; AVANANA

We will follow up on this idea and do the following:
1. Define the computation trees from finite pointed transition graphs.

2. Introduce the Branching-time logic CTL* (EMERSON, SISTLA 1984), and show the
decidability of the CTL*-model-checking problem via Rabin’s Tree Theorem.

3. Compare CTL* with a restricted version CTL and analyze the complexity of CTL-
model-checking.

4. Introduce the propositional dynamic logic PDL and solve its satisfiability problem.
5. Unravel arbitrary relational structures and obtain the Muchnik-Walukiewicz Theorem.

Recall the notion of a Kripke structure: Given state properties pi,...,pn. A Kripke structure
over pi,...,py is of the form M = (S, R, \) with

e a finite set S of “states”,
e a “transition relation” R C S x S,

e a “labelling function” X\ : S — 2{P1Pn}  agsociating with s € S the set of those p;
which are assumed true in s.

Write A\(s) as a bit vector (by,...,b,) with b; = 1 iff p; € A(s). A pointed Kripke structure
(M, s) has s € S as initial state.

Example 6.15. (Computation tree)

./\/l . (1) t(M s0) .

e /<><\><é>
R "\ FANMVAN
; OECEORS
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The first component of the tree-labels indicate whether the respective node is reachable. The
other components represent the atomic values of the vertex of the Kripke structure represented
by the tree node. X

Preparation for the general definition of computation trees: Let (M, so) be a pointed Kripke
structure,

M= (S,R,\), |[S|=m, A\:S— o{p1,pn}
We represent a finite path sg ... s, by a finite path through 75,.

For each s € S we assume the targets of the out-edges (s, s’) € R to be ordered as s, ... s},
with k < m; we speak of the first, second, ..., k-th successor of s.
Each initial path segment (sg, s1, ..., s,) induces a sequence e, (i1), (i172), ..., (i1 ...4,) of

nodes of T}, such that i; =k iff s; is the k-th successor of s;_1.
The computation tree of (M, sg) will be a {0, 1}""!-valued m-branching tree t = t(M, sq).

Definition 6.16. For a pointed Kripke structure (M, sg),
M(S, R, )\), ’S‘ =1m, A S — Q{le-,Pn}

the computation tree of (M, sg) is a {0, 1}"T!-valued m-branching tree t with

o t(e) = (1, A(s0)),

o t(iy...43y) = (0,...,0) if 41 ...4, is not induced by an initial path segment starting in
50,

e t(iy...1) = (1,b1,...,by) if i1...4, is induced by an initial path segment sq,..., S,
starting in sp and ending in s, with A(s;) = (b1,...,by).

Note that we can limit the branching the in the definition of a computation tree above to the
maximal out-degree of a vertex of M. This was done in Example 6.15.

Preparation for the definition of CTL*: CTL*-formulas over py, ..., p, are introduced in two
versions: as state formulas and as path formulas. Path formulas are interpreted in paths
starting in tree nodes u, whereas state formulas are interpreted in subtrees at nodes u.

A state formula is also a path formula (then speaking about the first node u of a path).

Definition 6.17. (Syntax of CTL*)

e FEach atomic formula p; is a state formula.

If ¢ and 9 are state formulas, so are

—p, oA, eV, p—1.

If p is a path formula, then Ep and Ay are state formulas.

A state formula is also a path formula.

If ¢ and 1 are path formulas, then so are

—p, oA, eV, Xo, Gp, Fp, oUp.
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Example 6.18. E G(p; — E XA(GFp2V GFp3)) says: there is a path such that at any point
u of that path, where p; holds, a path starts, which, at the second node v, has the following
property: all paths starting in v have infinitely many points where ps holds or have infinitely
many points where ps holds. X

Definition 6.19. (Semantics of CTL*) We define the semantics of state formulas in subtrees
t|u, the semantics of path formulas in paths ¢|7 for paths 7 starting in some node u:

tlu = pi iff component i of t(u) =1

tu = - iff not t|u = ¢ (similarly for A, vV, —)

tlu = Ep iff exists path 7 starting in u with t|7 = ¢

tlu = Ap iff for all paths 7 starting in u: t|7m = ¢

t|m = pi iff for the first node w of t|m: tlu = p;

tm = e iff not t|7 = ¢ (similarly for A, vV, —)

tr = Xp iff for the path 7!: t|7! |= ¢ (similarly for G, F,U)

Here 7' is  from the i-th node onwards (counting from 0).

The Fragment CTL The Computation Tree Logic CTL allows path quantifiers E, A only
in connection with a single LTL-operator. All CTL-formulas are state formulas.

Definition 6.20. (Syntax and Semantics of CTL)
® p1,...,p, are CTL-formulas.

o if v, 1 are CTL-formulas, then so are

o, AY, VY, =
o if v, are CTL-formulas, then so are

EXy, EFgp, EGy, E(¢Uv), AXep, AFp, AGyp, A(pUy).

Semantics are derived from CTL*.
Example 6.21. (CTL examples)

EFp: exists a path, where at some EGp: exists a path, where p is al-
point p is true. ways true.

ALY

AFp: in all paths, p is true at some AXp: at all successors of the current
point. state, p is true.

o/ p
00gpO
p
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ApUg: in all paths p is true until ¢ is true. The boxed states fulfill AXp, whereas the circled

states fulfill ApUgq:
<:>%‘%@Q
P \ Jpa b

q

X

When comparing the expressive power of the logics, which we have introduced so far, we see
that CTL* is superior to both LTL and CTL, and CTL and LTL are not comparable. For
instance the CTL-formula AG EFp is not expressible in LTL. The LTL-formula FGp (i.e. in
CTL*: AFGp) is not expressible in CTL.

We will now treat the model-checking-problem for CTL and CTL*.

CTL*-Model-Checking Problem The CTL*-model-checking problem is the following
question:

Given a pointed finite Kripke structure (M, sp) and a CTL*-formula ¢, does
t(M, sp) satisfy ¢? (Formally: ¢(M, sg) E ¢7)

The LTL-model-checking problem is a special case:

Given a pointed finite Kripke structure (M, sp) and an LTL-formula v, consider
the CTL*-formula ¢ := Ay and check whether t(M, s¢) = .

Theorem 6.22. The CTL* model-checking problem is decidable

We use a reduction to SmS if M has m states. A more direct proof will show a much better
complexity bound (namely singly exponential).

Proof idea: From (M, sq) find an SmS-formula g 40)(Xo, - - ., Xy) which describes the
{0,1}" 1 valued tree t(M,sg). Translate the CTL*-formula ¢ to a corresponding SmS-
formula ¢'(Xo, X1,... Xp).

Then check whether

T_m ): dXo... X, (w(M,SO)(X()a ce ,Xn) AN (pI(XQ,Xl, .. Xn))

Example 6.23. Reconsider the Kripke structure and its computation tree of Example [6.15.
We will use predicates Yy, Y1, Yo, Ys for the states sg, s1, s2,s3 and the predicate Z for the
newly introduced dummy state e.
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Describing t(M, sg): We use the Kripke structure (M, sg) as an automaton that generates
the regular tree ¢(M, sg) (in this example over the unlabelled binary tree T5).

In our example ¢(M, sg) is described by

M : (1) t(M,s0) :

—~or~

Yim,s0)(Xo, X1, X2) = IV, ..., Y3, Z(Partition(Yp, ..., Y3, Z) A Yo(e)
AVz[(Yo(x) — Xo(z) A Xi(x) A Xa(z) A Yi(so(z)) A Ya(si(x)))
AM(z) — Xo(z) A Xi(z) A =Xa(z) AYa(so(z)) A Ys(si(z)))
A (Ya(z) = XoA=Xi(z) A Xo(x) AYi(so(x)) A Z(s1(x)))
A (Ys(x) — Xo(z) A X1 (x) A = Xa(x) AYs(so(x)) A Z(s1(2)))
AN(Z(x) = ~Xo(x) A= X1(z) A= Xa(x) A Z(so(@)) A Z(s1(x)))]

Translating CTL* to SmS: We have to express a CTL*-formula as an SmS-formula. We need
an auxiliary SmS-formula Path’(X, y) saying “X is a path starting in node 3”. Formally this
can be written as

Path’(X,y) :==Chain(X) A X (y) AVz(x Sy Az #y— —-X(y))
A “X is maximal with these properties”.

Translation Example: ¢ = E GF(p; A E Gps) is translated into

¢'(Xo, X1, X2) = 3X(Path(X)AX C Xo AVa(X(z) — Fy(X(y) Az <y A Xi(y)
ATY (Path!(Y,y) AY C Xog AV2(Y(2) — X2(2))))))-
X
Example 6.24. Example formula ¢ of CTL*: E G(p; — E XA(GFp2 V GFp3)).
Then
o' (X0, X1, X) = 3X[Path(X)A X C XoAVa(X(z) A Xi(z) —
(Y (Path’/(Y,2) AY C Xo ATy(Y (y) A (y = so(x) Vy = s1(x)) A
VZ(Path'(Z,y) AN Z C Xog —
V2(Z(2) — 32 (Z(Z) Nz =22/ A Xa(2) v
V2(Z(2) — 3(Z() Az 22 A X5(2))))))]
X

is the equivalent formula in S28S.
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Comments on CTL-Model-Checking CTL-Model-Checking for a given Kripke structure
(M, sp) can be done by a simple labeling procedure on M, avoiding the reference to t(M, sg).

Model-checking ¢ in the structure M = (S, R, \): For the subformulas 1 of ¢ in increasing
complexity: Label those vertices s € S with ¢ where (M, s) |= 1 holds. Finally check whether
so has label .

Example 6.25. (Examples of CTL Labeling Rules)

o If ¢y =11 A1)y then label s with ¢ if
s has already labels 11 and 15 (similarly for other Boolean connectives).

e If ¢ = EX14; then label s with v if
some edge (s,s’) € R exists where s’ has already label ;.

o If 1) = Etp1Ut)g then label all s with v
from which there is a finite path labeled 1 up to a vertex labeled 1)o.

o If ¢y = AF; then label all s
from which all paths meet a vertex labeled with ;.

Summary
e CTL* and CTL are defined with reference to the computation trees of transition systems.
e Decidability of model-checking CTL* follows from a reduction to SmS.

e CTL-model-checking is possible by a (polynomial-time) labelling procedure over the
given Kripke structure.

6.3 Propositional Dynamic Logic

Aim: Solve the satisfiability problem for a basic program logic. We will use the Propositional
Dynamic Logic PDL (HAREL 1979, FISCHER-LADNER 1979).

Idea: Merge Boolean logic with (nondeterministic) regular programs, interpreted over
Kripke structures (finite or countable). Boolean logic can express properties of states. A
nondeterministic program defines a relation R between states, consisting of the pairs (s,t)
such that some program computation leads from s to t.

Definition 6.26. (Regular Programs) Regular programs are constructed from atomic pro-
grams ag, ..., G, Using

e nondeterministic branching (union),
e composition (concatenation),
e iteration (Kleene star),

e tests.
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PDL-statements may involve two kinds of objects:
e programs «
e formulas 1

Example 6.27. Example of a formula with both components: (a)1. (M, sg) E (a)1) means:
“some a-computation from state sg reaches a state where 1 holds”. X

Definition 6.28. (PDL Syntax) Let ®9 = {p1,...,pm} be a set of atomic formulas, and
Uy = {a1,...,an} be a set of atomic programs. Then the following formula formation rules

apply:
o If v, ¢ are formulas, so are =@, @AY, YV, Y — .
e If a, 3 are programs, so are a U 3, «;f3, o.
e If v is a formula and « a program then (a)p and [a]p are formulas.
e If v is a formula then ¢? is a program.

Example 6.29. Idea for using tests: The program (7 leads from state s to state s if ¢ is
satisfied in s, otherwise terminates. Simulation of “if-then-else” and “while”

o if p then aelse B:  (p?; ) U (—¢?; 5)

e while p do a:  (p?;)*;~p?
Notation: Often one skips the “;”
X

Definition 6.30. (Semantics of PDL) Given a Kripke structure (M, s), the meaning of a
formula ¢ is a set of states s (those where the formula is true). Notation: (M, s) = ¢.

The meaning of a program « is a set of pairs of states (the pairs (s,t) such that a com-
putation of « leads from s to t). Notation: s — t.

We consider Kripke structures M = (S, Ry,... Ry, \) with R € S x S and A : S —
op1-pn} | where (s,t) € R; iff some a;-computation leads from s to ¢.

M) ep i e As)
(Ms)Enp  iff not (M.s) F o
similarly for A,V, —
(M, s) = (a)p iff exists t with s —, t and (M, t) E ¢
(M, s) = [a]e iff for all ¢t with s —, t: (M,t) E ¢

S —rq; t iff (s,t) € R;

5 —aqup t iff s —=qtors—pgt

s —apt iff exists s’ with s —o ¢’ and s’ —g ¢
S —ar t iff exists sg,...,s; with sg = s, sp =1t

and s; —¢ s;41 for 0 < i < k
5=t iff (M,s) =pands=t
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Example 6.31. Define a Kripke structure M: State set S: N (value domain of program
variable x). p is defined true only in state 0, a leads from state i + 1 to ¢ (for ¢ > 0).

Consider o = while —p do a, and ¢ := (a)p (which can also be written as (—p?;a)*;p).
Then for each state i: ¢ —, 0

(M) |= .

Example 6.32. Use atomic propositions p, ¢ and atomic programs a, b.

Formulas: Kripke structure:
p— [aé b]—|p pe _ ﬂgq
p—{a)-p ¢
p=lavayl | I
3 a 4
S
Pq —pq

In this Kripke structure all given formulas are true. Starting on the left side (state 1 or 3)
we can follow the computations given by [a;b], (a), and [(ab*a)*] and verify the respective
formulas. X

Definition 6.33. (Satisfiability Problem) A PDL-formula ¢ is satisfiable if some model
(M, s) exists with (M, s) = . The satisfiability problem for PDL-formulas is then: Given a
PDL-formula ¢, decide whether it is satisfiable.

Approach for the solution:
1. Note that tree models suffice
2. Describe models by {0, 1}k—1abelled binary trees for appropriate k
3. Translate PDL-formulas to S2S-formulas (X1, ..., X;)
4. Decide truth of 3X; ... Xpo(Xy,..., Xk)

Lemma 6.34. (Tree Model Lemma) For M = (S, Ry, ..., Ry, \) define the tree model M™ =
(S*,Ry,...,R:, \"), where

o S* is the set of finite sequences of S-states,
o RF={((s1-.-5),(51...5r,5041)) | (Sr,8r41) € Ri},
o \*(s1...8) 1= A(Sp).

Then:
(M, s) =@ iff (MT,s) ¢

Coding Tree Models in T5: The Kripke structures under consideration may be infinite. There-
fore identify states with natural numbers. The tree models have states (i1 ...4,) for r > 0.
We code the tree model state (ij ...i,) by the To-node 1110...1%0 and define

K; = {110...170 | p; € \(ir)},

Lj:={1"0...170| (iy—1,i,) € R;}.
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Definition 6.35. (Tree Model Description) An arbitrary tree model in T3 (for the signature
{p1,.-.yPm,a1,...an}) is given by

e aset K of nodes of the form 1710...1%0 which is closed under taking prefixes,
e for j =1,...,m subsets K; of K (for the states satisfying p;),

e for j =1,...,n subsets L; of K (for the states (i1 ...4,) where ((i1...4%.—1),(i1...%,))
is in RY.
j
Lemma 6.36. There is a S2S-formula pu(X, X1, ..., Xm, Y1,...,Yn), which describes the pos-

stble tree models over T5.

Example 6.37. ¢ = [(a1;a1)*; p1?]p2 is translated to “for each finite path in X which, except
the start vertex, consists of an even number of nodes in Y7 and ends in a node of X7, the last
node also belongs to X5”. X

Lemma 6.38. (Translation Lemma) For any PDL-formula ¢ there is a S2S-formula
O, X, X1, X, Y1,..., Yy)
such that for any tree model M in Ty and any state u of it we have
(M,u) E @ iff (To,u, K,K1,..., K, L1,...,Ly) E @' (2, X, X1,..., Xm, Y1,..., Yy).
Here K, K1,...,Kny,L1,..., Ly, are the sets coding M.
Corollary 6.39. The PDL-sentence ¢ is satisfiable iff the S2S-sentence
X, X1,..., X, Y1,..., Y,
(,u(e,X,Xl,...,Xm,Yl,...,Yn) A(p'(e,X,Xl,...,Xm,Yl,...,Yn))
18 true in Ty.

Thus the satisfiability of PDL-formulas is decidable.

6.4 Tree Iteration

This section is concerned with a more general result on the decideability of monadic formulas.
The idea of unravelling Kripke structures is extended to arbitrary relational structures.

Example 6.40. We can describe a binary tree by means of the structure M = ({l,r}, P}, P;).
The predicates P, and P, are true for the left / right successor of a node represented by a
word over {l,r}.

Il lr
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The binary tree is obtained by iterating (i.e. copying) parent nodes and adding letters | and
T. >

Idea for the translation of monadic formulas If there is a computable function that
transforms a given formula ¢ into a formula { such that ¢ is fulfilled by the iterated structure
(in this case the binary tree) iff ¢ is fulfilled by the original structure, then we could obtain
Rabin’s Theorem very easily. Checking a formula in the binary tree would amount to checking
a formula in a two-element-structure.

€

L)
OE D U N

1l lr

Definition 6.41. (Tree Iteration of Arbitrary Structures) Consider any relational structure
M= (M,P,...Py,, Ri,...,Ry),

where the P; are subsets of M and the R; are binary relations over M. The tree iteration of
M is the structure
M#* = (M*, M pF . PE R ... R,

where M™ is the set of finite sequences over M and for x,y € M*
o SM(x,y)iff "m = y for some m € M,
o P¥(z) iff there are z € M*,m € M with z = 2" m and P;(m),

(2

. Rfﬁ(az,y) iff there are z € M*, m, m’ € M such that z = 2z""m, y = 2"m’, R;(m,m’).

Theorem 6.42. (Shelah-Stupp-Theorem (1975)) Let ¢ be a monadic second-order formula.
There is a computable function ¢ — @ such that for every structure M:

M =p iff MEG.

Corollary 6.43. If the monadic second-order theory of M is decidable, so is the monadic
second-order theory of M#*

Corollary 6.44. (Rabin’s Tree Theorem) The monadic second-order theory of the infinite
binary tree is decidable.

The idea of tree iteration can be extended to the unravelling of arbitrary relational structures.
We will define this within the framework of tree iteration after an introductory example.

Example 6.45. (Extended Tree Iteration)
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/
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The central idea of the extended tree iteration is to keep the information from which ances-
tor the current copy of a structure originated. This is neccessary to be able to define the
unravelling of a graph as defined before inside the structure one gets when applying the tree
iteration to the graph. For this purpose the predicate C' (clone) is introduced.

Definition 6.46. Let the extended tree iteration of M be the structure
M = (M, sM . cM pF. .. P# RY,... RF),
where CM = {z"\m"m | x € M, m € M} is the clone predicate.

Theorem 6.47. (Muchnik-Walukiewicz-Theorem) Let ¢ be a monadic second-order formula.
There is a computable function p — © such that for every structure M

M e iff MEG
This theorem entails important corollaries.

Corollary 6.48. If the monadic second-order theory of M is decidable, so is the monadic
second-order theory of M

Corollary 6.49. (Case of Kripke structures) For every monadic second-order sentence ¢ one
can construct a monadic second-order sentence @ such that for every Kripke structure M

HM) g iff ME .

6.5 Exercises

Exercise 6.1. Consider the first example of a pushdown graph G of the lecture, generated
by the pushdown rules

qoY0 —a 9070 q0Y —a 90YY
q070 —b 9170 qo7 —b 917
q17y —c q1

(a) Indicate the nodes of G consisting of words up to length 4 in the tree Ty where we identify
0,...,3 with 9,71, 90, q1 and write the configuration words in reverse order (as in the
lecture).
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(b) Give an S4S formula V(x) defining the regular set (g0 + ¢1)7y* o of nodes of the config-
uration graph. The successors of a node x may be written as gz, g1z, vz and Yoz, as in
P(z) = 3z = yypz defining the language P = yv0{70,7 90, 71}"-

(c) Consider the sentence

¢:=3X (X(qofyfyo) AVz (X(qo’ya:) — X(qmy’y:c)))

which states that there is a set which contains ¢y and is closed under the second a-rule.
Using V (z) translate the sentence ¢ into an S4S-sentence ¢’ following the translation rules
from the lecture.
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Chapter 7

Infinite Games on Infinite Graphs

7.1 Gale-Stewart Games

As Chapter 4, this chapter is concerned with infinite games, but in this instance we are going
to extend two aspects of infinite games:

e First aim: Generalization of the winning conditions (beyond LTL, S1S, and automata
theoretic winning conditions).

e Second aim: Study of games over infinite graphs. We use a standardized infinite game
graph: the infinite tree, using the root as the start vertex of plays.

e Side aspect: Studying the history of the theory of infinite games will direct us in devel-
oping algorithmic approaches. The roots of this theory can be traced back to

CANTOR (set theory) around 1880,
BANACH, MAZUR, MYCIELSKI and others in the 1920’s,
GALE AND STEWART 1953, MARTIN 1975.

We will first introduce games over infinite graphs. Consider the infinite binary tree as the
game graph.

O
o N
/D\ /D\
O O 0 O
/N INSN N

Player 0 starts plays at the root node. As every vertex is uniquely determined by a word over
{0,1}, every play is an w-word over {0,1}.

Definition 7.1. (Gale-Stewart Games) For any w-language L C {0, 1}* we introduce a Gale-
Stewart game T'(L). The game graph G = (Q, Qo, E) is the infinite binary tree.



136 CHAPTER 7. INFINITE GAMES ON INFINITE GRAPHS

G = (QaE)v Q:QOUQI

Qo = {we{0,1}*] |w| even}
Q1 = {we{0,1}*] |w| odd}
E = {(w,wi)|we{0,1}*, ie{0,1}}

The root € is fixed as standard initial vertex of plays. Player 0 wins the play « € {0,1}* if
a€ L.
We additionally consider two variants of this game:

I'*(L): The two players move in alternation Player 0 chooses a bit word in each move, player
1 responds by single bit.

I™*(L): Player 0 and player 1 choose finite bit sequences in alternation.

Definition 7.2. (Strategy) A strategy for Player 0 in a Gale-Stewart game is a function
f: Qo — {0,1} (defined on words w of even length). Analogously a function g : @1 — {0, 1}
is a strategy for Player 1.

Example 7.3. Consider the following strategy f of Player 0.

dom(f) | e 00 01 10 11 0000 0001
f o 1.1 1 0 1 0

X

Note that all strategies over the game tree can be assumed positional. Given two strategies
f and g by Players 0 and 1, a unique play will result, denoted by (f, g).

Definition 7.4. (Winning Strategy) For a strategy f for Player 0 and a choice of bits § =
bg, b1, bs, ... by Player 1 fix the play

e, f(e), f()bo, f(e)bof(f(€)bo), f(e)bof(f(e)bo)br,. ..

We write f(3)"3; here f(53) is the bit sequence chosen by Player 0 via his strategy f.
For a strategy g for Player 1, 3"g(3) is defined analogously.

e fis a winning strategqy for Player 0 iff V3 : f(B)"3 € L.

e g is a winning strategy for Player 1 it V3 : B"g(B) & L.
As before a game I'(L) is called determined iff Player 0 or Player 1 has a winning strategy.
Remark 7.5. I'(L) is determined iff

-3f VB f(B)"B€Liff3gV3: B"G(B) & L.

We showed determinacy for parity games over countable graphs. This does not hold for
arbitrary Gale-Stewart games: There is a set L such that I'(L) is not determined.

The proof idea is the following: Find a winning set L such that whatever strategy f Player
0 applies, Player 1 can respond by a strategy ¢ such that Player 0 loses ((f,g) ¢ L), and
whatever strategy g Player 1 applies, Player 0 can respond by a strategy f such that Player
1 loses ((f,g) € L).

To do this we need a systematic way to go through all possible strategies and in this way
build up the desired set L. The functions f : {0,1}* — {0,1} and thus the strategies can be
identified with languages of bit words. Moreover the set of all possible strategies can be put
in bijection to real numbers.
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A Short Course on Ordinals and Well-Orderings

Ordinal numbers are a concept, which allows us to “enumerate” infinite sets of arbitrary size.
Definition 7.6. Definition of the ordinal numbers and their ordering <:
1. 0 is an ordinal.

2. For any set S of ordinals, there is a smallest ordinal with respect to < which is greater
than all ordinals in S.

If S has a maximal element, say &, the next greater ordinal is called the successor of & and
denoted & + 1. Otherwise we speak of a limit ordinal. The first limit ordinal is w, which is
the first ordinal after 0,1,2,....

Ordinal numbers can be represented as sets.

e The ordinal 0 is introduced as the set 0 (0: 0).

e The successor of £ is the set U {&} (1: QU {0} = {0}, 2: {0} U {{0}} = {0,{0}}).
e The limit ordinal above S is [J S.

Observe that each ordinal is obtained as the set of all smaller ones, and that the ordering <
between ordinals coincides with the membership relation € between them.
The first ordinals are:

0,L,2,...,w,w+1,.. ., wtw,...,w-w,...,w", ...

where w is the first ordinal after the natural numbers.
Ordinals are standard representations of certain orderings: the well-orderings.

Definition 7.7. (Well-Ordering) A linear ordering (M, <) is called well-ordering if each
nonempty subset of it contains a <-smallest element.

Example 7.8.
e (N, <) is a well-ordering.
e (Z,<) is not a well-ordering.
e For each ordinal &, ({n |n < £}, <) is a well-ordering.
X

Theorem 7.9. For each well-ordering (M, <) there is an ordinal £ such that (M, <) is iso-
morphic to ({n |n < &}, <).

Example 7.10. The set N x N can be ordered as follows:
(0,0),(0,1),(0,2),...,(1,0),(1,1),(1,2),...,(2,0),(2,1),(2,2),....

This order has the “order-type” of w?.
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There is also an w-type order of N x N:

(0,0),(0,1),(1,0),(2,0),(1,1),(0,2),....
X

Theorem 7.11. (Zermelo’s Well-Ordering Theorem) Assuming the axiom of choice, any set
M can be well-ordered, i.e. there is a relation < on M such that (M, <) is well-ordered.

Consequence: The elements of any set M can be enumerated by the ordinals n with n < &
for some ordinal .

Let ¢ be the smallest ordinal which can be used to enumerate the set R of real numbers
(and can as well be used for the set S of all strategies of Player 0). In the list of elements
(rn)n<c, at any stage n < ¢ only a set of elements has been listed of smaller cardinality than
.

The main advantage of ordinals is their use in proofs and definitions by transfinite induction.
A typical definition of a set M by transfinite induction up to &y proceeds as follows:

e Fix M.

e For n < &: Given M, fix M.

e For limit ordinals < & fix M, := Ua—<n M,,.
We use an induction over the ordinal & = «.

In order to enumerate strategies, apply the Well-Ordering Theorem to the strategy sets:
{F1f:Q0—{0,1}}, {glg:Q1 —{0,1}} So{f | f:Qo—{0,1}} ={fe | £ < ¢} and
{919:Q1—{0,1}} ={ge [ £ < ¢}

Towards a Non-Determined Game Define for { < ¢ sets L¢ and M with the following
properties:

o L¢NM; =0,
o |Lel, |Me| <c,

o V<& [3f ((fign) € Le¢) and 3g ((fy, g) € M¢)].

Let Mo = Lo = (). For limit ordinals £ set L¢ = U, ¢ Ly and Mg = U, ¢ My,

For successor ordinals £ consider fe. Choose g such that the play (f¢, g) differs from all
plays in the previously defined sets L;, M. This is possible since |, (L, U My)| < ¢ and
[{{fer9) | g strategy for 1}] = .

Then add the play (fe, g) to the M, -sets and thus obtain M;.

For g¢ choose f analogously with (f, g¢) ¢ U, ¢(Ly U My) U M, and obtain Le.
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s ~N
M
<.f7 g§> <f§vg
Le
_ J
L, M,

Theorem 7.12. (Nondeterminacy of Gale-Stewart Games) Given sets L¢ and Mg as above,
let L:= ¢ Le. Then the game I'(L) is not determined.

Proof Assume Player 0 has a winning strategy f for I'(L). It has to occur in the listing of
strategies as some fe.

By construction, Player 1 can respond with g such that (fg, g) € M¢ and hence (fe, g) & L.
Thus f is not a winning strategy. Contradiction.

Dually, one shows that Player 1 has no winning strategy: For given g, g = g¢, Player 0
can respond with f such that (f, g¢) € L. O

A natural approach to guarantee determinacy is to consider sets L C {0,1}* by “increasing
complexity”. Cantor invented a set-theoretic topology for such a classification of sets L. C B“.

Definition 7.13. The Cantor topology is defined on the set B* (= {0, 1}*) of all 0-1-sequences
via the distance function
d:BY x B — RZO

0 yifa=p

with d(a, 3) = {2% for smallest n with a(n) # B(n) ,ifa# 3

Remark 7.14. The distance function d is a metric, i.e.
1. d(a, 8) =2 0 and d(a, 8) = d(B, @)

2. d(a,y) < d(a, ) +d(B,7) (triangle inequality)

Proof Item 1. is clear.
Item 2.: Suppose «, 3,7 € BY with a # 7. Pick smallest n with a(n) # v(n), thus
d(cr,y) = 5. Then either a(n) # B(n) or y(n) # B(n), so d(a, B) + d(3,7) > 5. O

The topological space (B“,d) is called Cantor space.
Having defined a distance function for paths, we can consider the neighborhoods of paths.
Two sequences «, (3 have a distance d(«, 3) > 3= < for some i < n: (i) # B(i). Thus

d(o, B) < 2in & a(0)...a(n) = B0)... An).

-~

a[0,n] B810,n]
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Therefore the o (= €)-neighborhood of o € B is the set
{p €B*|B[0,n] = a[0,n]} = a]0,n] - B.
We can use these neighborhoods to define open sets in this topology.

Definition 7.15. (Cantor Topology) The Cantor topology is induced by the metric d. The
open sets are countable unions of %—neighborhoods of sequences o € B“.

Remark 7.16. Assuming w := a[0,n], the 5=-neighborhood of a is the set {w} -B“. Unions
of such sets | J;c;({wi} - B*) are representable as

(Uiel{wi}) B
.
WCB*

Consequence: The open sets of the Cantor topology are the w-languages of the form W -B%

(for W C B*). This reminds us that each w-language that is recognized by a deterministic E-

automaton is open; such a language L has the form L = W -B“ for a reqular language W C B*.

But not every open set is E-recognizable, e.g. recall the non-regular set {01 | 4 prime}.
Thus we can say:

The open sets L (of the form L = W-B¥) represent the “abstract guaranty winning
conditions” and define general reachability games.

Remark 7.17. (Suffix-closure) Given W, let W/ = {wv € B* | w € W,v € B*} (the “suffix
closure of W7”). Then « has a prefiz in W iff o has a prefiv in W/. So W -BY = W' - B¥.

Definition 7.18. (Closed Sets) An L C B¥ is closed iff B \ L is open.
Remark 7.19. L is closed iff for some V- C B* we have
a € L < all prefives of a are in V.

Proof Given L closed, B\ L is open so B¥\ L = W -B“ for some W C B*. Set V :=B*\ W.
Then

a€lL
iff no prefix of o exists in W

iff all prefixes of o are in V.

Lemma 7.20. (Path Lemma) Let L be closed. Assume « has infinitely many prefives w
which can be extended to an w-word wB in L. Then o € L.

Proof Take V such that a € L iff all prefixes of o are in V. V may be assumed to be closed
under prefixes (restrict to those v € V' which are prefix of some o € L).

Consider « as in the Lemma. It has infinitely many prefixes in V. Since V is closed under
prefixes, all prefixes of a are in V. So a € L. ([l



7.2. DETERMINACY OF OPEN AND CLOSED GAMES 141

Summary
e For an open set L a set W of finite words exists with « € L iff some prefix of o is in W.

e For a closed set L a set W of finite words exists with a € L iff all prefixes of « are in
w.

The closed sets capture the “abstract safety conditions”.

7.2 Determinacy of Open and Closed Games

First we look at the games I'(L), then at I'*(L).
Theorem 7.21. (Gale-Stewart) If L C B“ is open then I'(L) determined.
Proof Since L is open, there is a set W C B* with L = W - B“.

w

As shown in Remark[7.17 on suffix-closed sets, we may assume that W is closed under suffixes.

Apply the definition of the attractor: For i > 0 define Attry (1) = set of nodes from which
Player 0 can force a visit in W in < i steps. Then Player 0 wins I'(L) iff € € [ J,~ Attrg(W).
Proof: -

<: Apply the strategy “decrease distance to W”.
=: If e ¢ U;>0 Attry (W), then Player 1 can ensure to stay outside Ui>o Attrd (W).

0

We add a discussion on the games I'*(L) for closed sets L. This will clarify the tight
connection between determinacy and Cantor’s Continuum Hypothesis (CH). The CH is the
following claim:

Every set of real numbers is either at most countable (“very small”) or in bijection
to the set R itself (“very large”).

CANTOR and his student BENDIXSON proved this for closed sets.

Theorem 7.22. (Cantor-Bendixson Theorem) A closed set L is at most countable or it
contains a closed set Lo # 0 without isolated paths.

We skip the proof here but discuss the consequences. There is a copy of the binary tree in
Lo!

AN
AN R
Ah AR
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Definition 7.23. L contains a binary tree iff there is a set B C B* of tree nodes such that
e each node of B is on a path from L,

e the B-nodes define a structure isomorphic to the binary tree ({0,1}*,so,s1), with the
two successor relations

SO(:E7y) =T,y € B/\So(l') = Yy
Sl(IE?y) ST,y € B/\Sl(x) = Yy

Remark 7.24. If L is closed and contains a binary tree B, then each path through infinitely
many B-nodes belongs to L.

Corollary 7.25. If L is closed and contains a binary tree B, then L has at least as many
paths as the binary tree.

Proof of Remark L is closed, so pick W C B* with
(x) a€e L& Vi of0,i] € W.

Consider o € B¥ with infinitely many «[0,i] € B. Then « has infinitely many prefixes w
which can be extended to an w-word w@ in L. Since L is closed, we can apply the Path
Lemma|7.20. Thus o € L. g

Applying the Cantor-Bendixson Theorem for closed sets we obtain:

Corollary 7.26. If L is closed then L is at most countable or contains a subset which is in
bijection to B“.

So the CH is true for closed sets. Intuitively this means:
Each closed set is either “very small” or “very large”.
Use this for the games I'*(L). Intuition dictates:
e If L is very large, Player 0 has an advantage in winning plays.
e If L is very small, Player 1 has an advantage in winning plays.
We will show this in a precise form.
Theorem 7.27. If L is closed then T*(L) is determined.

Proof Apply the corollary of the Cantor-Bendixson Theorem: L is at most countable or
contains a binary tree. We show:

e In the first case Player 1 has a winning strategy in I'*(L).

e In the second case Player 0 has a winning strategy in I'*(L).

Case 2 Assume L contains a binary tree. Then a winning strategy of Player 0 is: “move to
the next B-vertex”.

This ensures that each play passes infinitely often through B. Since L is closed, the
Path Lemma applies, so any such path belongs to L.
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Case 1 Claim: If L is at most countable then Player 1 has a winning strategy in I'*(L).
Proof: Let L = {v; | i € N}. Player 1 has to ensure that the play is different from all

Vi
The structure of a play ~ is the following:
v bg...b%o_ly(no)bé...b}zl_lfy(no—i—nl—l—l)... bé...b;i_lv(no—l—nl—i—---ni—i—i)

Player 1 chooses

e the bit y(ng) =1 — y0(no)
e the bit y(ng+n1+1)=1—"y1(no+mn1 +1)

e the bit y(no+n1+---n;+1i) =1 —v(no+n1 +---n; + 1) ete.

Omega-Branching Trees In w-branching trees, we code the nodes by finite words over
the infinite alphabet N.

2,0 2,1 2,2
2,20 22,1

We can copy the metric from the Cantor space. One obtains the so-called Baire space w®”.
The w-branching can cause problems when computing the attractor for a set W C N*.

€ Attry ™ (w)

€ Attrg(w)
€ Attry(w)

€ Attr§(w)
€ Attrd(w)

Attrg (w)

In the Baire space, the previous attractor definition (J;y Attry (W) is not sufficient for solving
reachability games. We have to take the union over all countable ordinals instead of over all
natural numbers (Ua count. ordinal Attrg (w))

In general the countable ordinal numbers arise in the study of systems with unbounded
nondeterminism.
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7.3 The Borel Hierarchy

The Borel hierarchy over B“ is built up from the open and closed sets by alternating appli-
cations of countable intersections and countable unions.
Define for n > 1 the classes ¥, II,, of w-languages:

Y1 := class of open sets L C B¥

II, := class of closed sets L C B¥

Yn+1 = class of countable unions L = Ui>0 L; with L; € 11,

II,41 := class of countable intersections L= Ni>o Li with L; € £,

We have introduced the first levels with indices by natural numbers (the “finite Borel hier-
archy”). This classification extends to transfinite (countable) ordinals. At limit stages one
takes the union over all previous stages.

HAUSDORFF used a different notation for the levels.

G for X1 (“Gebiet”)

F  forII; (“fermé”)

Gs for Ily, G, for 33

F, for X9, F,s for II3, etc.

We also define a Level 0: the sets which are both closed and open, also called clopen sets
Recall: For any open set L = W - B there is a prefix-free set Wy with L = Wy - BY.

Theorem 7.28. A set L C B is open and closed (“clopen”) iff L = W - B for a finite set
w.

Proof =: Assume L =W -B% and B¥ \ L = V - B¥ for prefix-free V, W. Show that V U W
is finite.

It suffices to verify that the set T' of words from B* without a prefix in V U W is finite.
Clearly T forms a tree and is finitely branching. An infinite path in 7" would yield an w-word
ag (W -BYU V- -B¥). By Kénig’s Lemma, T is finite.
<: Conversely, let L = W -B“ for finite W. Let | be the maximal length of words in W. Set
V ={veB*| |v| =1, v has no prefix in W}. Then B\ L =V -B“. O

The clopen sets correspond to “bounded specifications”. A specification is bounded if mem-

bership of a sequence a in the corresponding L can be decided by an a-prefix of predefined
length.

Level 2 Il = class of w-languages L = [),5o(W; - B*).
Theorem 7.29. L € Ils & L =1im W for some W C B*.

Proof «<: Suppose L = lim W. Then

aclL
& Vidj>iial0...j]ewW
< Vi: al0...i] extendable to a word in W

& Vi: o has prefix in BN W (B2 = {w € B¥||w| > i})
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& Vi:ae (BTN W) B

s ac (B nw) B

>0

open for each i

So L € Ils.
=: Let L €1ls, so

L:ﬂWi-IB%“’

i>0

where W; C B*  (w.l.o.g. closed under extensions). It is easy to show that
W -B* = min(W) - B¥

where min(W) = {w € W] each proper prefix of w is not in W}.
Let W; :== WoNn---NW;. Then L= (| W, - B~.
i>0
So Wo 2 Wi D Wy D ... Proceed to min(Wy), min(W7),... and make them disjoint by
proceeding to longer and longer words.
We obtain sets Vp, Vi,... with L =5, Vi -B“. Then o € L & Vidj > i : a has prefix in
Vj. Thus L = lim(U,»q Vi)- - O

Theorem 7.30. Each reqular w-language is in the Boolean closure of 1l5.

Proof Each regular w-language is Muller recognizable. The Muller recognizable w-languages
over B are the Boolean combinations of sets lim(W) for regular languages W C B*. As shown,
the sets lim(W) are the Ils-sets. O

Lemma 7.31.

1. Lex, iff Lell,

2. The classes ¥, and I1,, are closed under finite union and intersection.
Proof by induction

1. Induction step: Let L € 3,14, i.e. L = Uizo L; with L; € I1,,.
Then B\ L = (;5,(B“\ L;), where B*\ L; € ¥, by induction hypothesis. So B*\ L €
Iy

2. Induction step: Consider two X,41-sets L, M with L = UiZO L; and M = UiZO M;,
where the L;, M; are IL,-sets. Define R;; = L; N M;.

By induction hypothesis: all R;; are II,,-sets. Thus « € LN M iff Ji:a € L; A3j:
a € M; iff 3(i,j) : a € R;;. Therefore L N M is a countable union of II,-sets: namely
LmM:Ui,jEORU' ]

The following inclusion diagram holds:
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/\

———

23 HB

Borel W - B¥

b)) IT4]

k
(0*1)“B* 0*1B*

{10%10%1...|3n3*j i; =n}
{1010 1...|3“n3*j i; =n}

The inner circle denotes the class of w-regular languages.
We will prove some of the proper inclusions of the diagram.
Lemma 7.32. For eachn > 1:
o there is a Il,,-set which is not X,.
e there is a X, -set which is not in 11,,.

For n = 1,2 this extends the known results.

e There is an A-recognizable w-language which is not E-recognizable.

e There is a co-Biichi recognizable w-language which is not Biichi recognizable.

For the cases n = 1,2 we take the old examples and copy the proofs.
For the non-inclusion proofs we have:

Claim: 0% is not open.
Proof Assume 0% is open, e.g. 0 = W - B¥. Then for some i we have 0° € W, and hence
01 € 0¥, contradiction. O

Claim: (0+ 1)* - 0¥ is not IIs.
Proof Assume L = (04 1)*- 0¥ is in Iy, i.e. L = lim(W) for some W C B*. Then 0 € L
has a prefix in W, say 0"0.

Consider 0"10% in L = lim(W), with prefix 0"°10™ in W. In this way obtain a sequence
omo, Qmo10™, 0™01...10™ in W.

So the w-word 0™°1...10™1... is in lim(W)(= L), contradiction. O

Theorem 7.33. (Hierarchy Theorem) For n > 1 there exists an w-language U, with the
following properties:

1. U, € X¥,,
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2. U, ¢1I,, (and hence U, &€ ¥p—1).

Moreover there is a reducibility relation < between w-languages such that
L<U, & Lex,.
In short form: Uy, is universal (or: complete) for ¥,, with respect to <.

First we will introduce sets which can serve as Uy, then we will discuss the reducibility
relation <.

Remark 7.34. (Universal Sets)
o 0*1-B“ is universal for X,
o {0¥} is universal for 11y,
o 0" - {1¥} is universal for ¥o,
e (0*1)¥ is universal for Ilg,
and, in general, for n > 1,

o {a€{0,1}¥ | Vky...Vky,_1: « has only finitely many segments 001F101%2 .. Olk"*IOO}
s universal for Yoy,

o {ac{0,1}¥| F¥ky...3%k,_1 : « has infinitely many segments 001¥101%2 ... 01%2-100}
1s universal for Ilo,.

Definition 7.35. A function f : B — B“ is continuous iff f~1(L) is open for every open set
L.
Write L < M if there exists a continuous function f : BY — B“ with f~1(M) = L. In
other words:
ac€l s f(a) e M for a € B,

Remark 7.36. A function f is continuous iff any finite prefix of an f-image f(«) is deter-
mined by a finite prefix of a.

Remark 7.37. If L, M C B“ are w-languages with L < M then also BY \ L < B“\ M.
These reductions preserve the level of the languages.
Remark 7.38. If L< M and M € %, (resp. M €11,) then also L € ¥, (resp. L € 11,,).

Proof Clear for M € ¥; (and hence for II;). Induction step: Let M € ¥, 1, i.e. M =
Uz‘zo M; with M; € T,,. Set L; = f~Y(M;). Then L; < M; and L; € II,, (ind. hyp.).
Soa e L;iff f(O[) e M.

aEL@f(oz)EM@EIi:f(a)EMi@EIi:aeLM@aEULZ-.
i>0

Therefore L € ¥, 41. O
For checking K < L we introduce the Wadge Game.
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Definition 7.39. Given K C B, L C B“, the Wadge Game W (K, L) is the infinite game
between Players 0 and 1.

Player 0 and 1 move in alternation, building up w-words «, 3. Player 0 chooses bits from
B, Player 1 chooses finite words from B*.

At the end of an infinite play (in w moves),

e Player 0 has produced an w-sequence a € 3% of letters,

e Player 1 has produced an w-sequence of finite words which concatenated give rise to a
finite or w-word £.

Player 1 wins the play (a, §) iff § is infinite and o € K < 3 € L.
Lemma 7.40. (Wadge) K < L iff Player 1 has a winning strategy in W (K, L).

Example 7.41. K = 0*1(0 4+ 1)“, L = (0*1)“. To show K < L we have to formulate a
strategy which ensures the following for a play («, 3):

1 occurs in « iff infinitely 1 occur in @

Winning strategy for Player 1:
e As long as Player 0 chooses 0 reply with 0.

e If Player O picks 1, then from that point onwards pick 1.

Example 7.42. Let L = (0*1)“. We verify that L is complete for IIs.

Consider K € Iy, say K =(),,~q Wy - BY with W,, C B*. Show K < L.

Winning strategy for Player 1 in W (K, L): Build up infinite 3, with infinitely many 1
iff a belongs to each set W; - B¥. Idea: Produce the i-th letter 1 in § to signal that in the
construction of a a prefix in W; has been seen. Formally: Set ¢ := 0 and repeat the following:
If Player 0’s current position v does not have any prefix in W;,

e then play letter 0 and ¢ is not increased,
e clse play letter 0 and increase ¢ := i + 1.
X
Theorem 7.43. (MARTIN) For each Borel set L, the Gale-Stewart Game T'(L) is determined.

Two extensions are conceivable:

1. Prove determinacy for non-Borel sets.

2. Sharpen the determinacy result by deciding algorithmically who wins and by establish-
ing computable winning strategies.

The set-theorists have turned to question 1., the computer scientists to question 2. The
treatment of regular L is just a first step. For example: Generalize strategies to be computable
by stronger machines than finite automata.
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A Non-Borel Set Consider the w-branching tree T;, whose nodes are addressed by finite
sequences (i1, ...,7,) of natural numbers. A subtree of T, is given by a set T of sequences
(i1,...,%,) which is closed under prefixing. A finite-path tree is a subtree of T, which has
only finite paths.

Example 7.44.

0 1 2 3 4

1020 30 40

200 300 400
3000 4000 ---
40000

X

We code subtrees of T, by w-words. Use the alphabet {0,1,#}, and write an element of w*
as w1 Hus# . . . #ur## where each u; is a binary number.

To code a tree T concatenate the codes of its nodes by increasing length of these words
over {0,1,#}, and for fixed length arrange the codes in lexicographical order, thus obtaining
an w-word ar representing 7.

Theorem 7.45. The w-language
FPT :={ar | T is a finite-path tree}
is not a Borel set.

FPT is in I1}, the first level of the “projective hierarchy”.

7.4 Exercises

Exercise 7.1. Give an open set L = W -IB“, such that Attrj(W) G AttritH (W) holds for all
i € N. (This means that for every i a node of the tree exists with distance ¢ to W.)

Exercise 7.2. We consider the w-languages L; = {o € B¥ | a contains infinitely many 1s}
and Ly = {a € B“ | a contains finitely many 1s}. Represent L; as a countable intersection
of open (or even E-recognizable) w-languages and L as a countable union of closed (or even
A-recognizable) w-languages.
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