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1. Introduction

The study of context-free games is motivated by issues that arose in the development of Active
XML (AXML), an extension of the XML framework [12]. AXML documents are documents where
some of the data is given explicitly while other parts are given by means of embedded calls to
web services [10]. These embedded calls can be invoked to materialize more data. As an example
(adapted from [10, 12]; see Figure 1.1), consider a document for the web page of a local newspaper.
The document may contain some explicit data, such as the name of the city, whereas information
about the weather and local events is given by means of calls to a weather forecast service and an
events service (see Figure 1.1a). By invoking these calls, the data is materialized, i.e. replaced
by concrete weather and events data (see Figure 1.1b). The data returned by the service call may
contain further service calls.

When exchanging AXML documents between two applications, data can be materialized either
by the sender before transferring the document or afterwards by the receiver. It is also possible that
some of the data is materialized by the sender, some by the receiver and some is not materialized
at all. In the example of Figure 1.1, data about the weather might be relevant only if there are
outdoor events and otherwise it does not need to be materialized. The choice which data needs to be
materialized by the sender and the receiver may be influenced by considerations about performance,
capabilities, security and functionalities and can be specified, for instance, by a DTD [10]. An
overview about AXML is given in [1].

An abstraction of this application are (active) context-free games, introduced by Muscholl,
Schwentick and Segoufin [12]. A context-free game is determined by a set of production rules and
a regular language (the farget language). It is played on a string by two players, Romeo and Juliet,
and consists of several rounds. In each round, first Juliet selects a position of the current string;
then Romeo replaces the symbol at that position according to one of the production rules. Juliet

wins if she can reach a situation where the current string belongs to the target language. In terms

City City
Name Weather Events Name Weather Events
| | | | | /N
Dortmund @weather @events Dortmund 25°C, sun Indoor Outdoor
| |
@operas Marathon
(a) AXML document before invoking calls (b) AXML document after invoking calls

Figure 1.1.: An AXML document before and after the invocation of service calls



of the application described above, the string models the AXML document and Juliet’s choice
of a position in the string corresponds to the invocation of a service call. The replacement word
chosen by Romeo corresponds to the return value of a service call. The target language represents
the specification which the document has to satisfy before it is sent to the receiver. The question
whether a document can be rewritten so that it satisfies the specification translates to the problem of
deciding whether Juliet has a winning strategy for a given input string in a given context-free game.

In the general case, it is undecidable for a given game and string whether a winning strategy
for Juliet exists [12]. However, the problem becomes decidable in several restricted cases or by
restricting Juliet to a certain type of strategy [12]. A strategy for Juliet is called left-to-right if she
never selects a position to the left of a previously selected position. In other words, Juliet traverses
the string from left to right and has to decide for each symbol whether to play Read (go to the next
symbol) or Call (select this symbol for Romeo to replace it). The decidability and complexity of
deciding whether a winning left-to-right or general strategy exists is determined in [12] for both the
general case and several restricted cases. Even for most of the decidable restricted cases studied in
[12], the complexity is very high.

Abiteboul, Milo and Benjelloun [3] imposed further restrictions on strategies by introducing
one-pass strategies. One-pass strategies are a special type of left-to-right strategies where the string
arrives in a streaming fashion; Juliet makes her decisions without seeing the suffix starting at the
immediate right of the position that she currently decides to read or call. The goal is to achieve
a more efficient document parsing because the document is processed in a single pass (hence the
name), without consideration of the symbols that have not been processed yet. Abiteboul et al. [3]
also introduced regular strategies, a particularly simple type of one-pass strategies that achieve this
goal with as little computational power as a finite state automaton (FSA).

Despite their advantages, one-pass strategies also entail several difficulties and challenges. For
instance, consider the example in Figure 1.2. At the start, Juliet only sees that the input word begins
with a. She must play Call on a to preserve her chance to reach a string that matches the target
language. Romeo can choose either b or bab as replacement word, but Juliet does not know which
replacement word he chooses. Initially, only the first symbol b of the replacement word is displayed
to her. She must play Read on b because b is not a function symbol (there are no rules to replace
b). So next, she sees that a is the symbol that follows b. But now — even if she knew that the input
word was aa — she is on the horns of a dilemma: If Romeo chose b as the replacement word for q,
then she better plays Read now because that will give her the win. On the other hand, if Romeo
chose bab, then she better plays another Call in order to win. The incomplete information means
that there is no winning one-pass strategy for the input word aa.

What makes the situation especially difficult in this example is that Romeo could choose between
two replacement words where one is a prefix of the other. In such a case, Juliet does not know
what the replacement word is even after seeing it completely. We call replacement languages
self-delimiting if this problem does not exist, i.e. if they contain no two words where one is a prefix
of the other. Note that this can easily be achieved in practice by suffixing strings with a special

end-of-file symbol.
The study of different types of one-pass strategies is the subject of this thesis.



Rules: ba

Call Ist
a—b aa all Ista .
@ bab Call 1sta
Target language: baba
{ba,bbba,bbabba} Lhabba

Figure 1.2.: A context-free game and three plays on the input word aa where Juliet wins

1.1. Scope

In total, we consider five types of one-pass strategies. Besides the general set of all one-pass
strategies (type 1), we consider FSA-based strategies (type 2), strategies that do not make use of the
history of Calls (type 3) and strategies that satisfy both of these restrictions at once (type 4; these
are the regular strategies defined in [3]). An even more restricted class (type 5) are FSA-based
strategies where the FSA is a simplification of the minimal deterministic finite automaton (DFA) for
the target language. The FSA-based strategy types ensure efficient parsing, and especially type 5
guarantees that a specification of the strategy itself is not too complex. Ideally, one would wish to
have a type 5 strategy that is as good as the best type 1 strategies.

Besides winning strategies for a single word, we are particularly interested in strategies that
maximize the set of words on which they win. Roughly speaking, a strategy is optimum if it is at
least as good as any other strategy and it is optimal if no other strategy is strictly better (but strategies
may be incomparable). It was shown by Abiteboul et al. [3] that an optimum one-pass strategy does
not always exist for a context-free game, and it was asked whether an optimal one-pass strategy
always exists. It is also interesting to see whether the existence of a winning/optimum/optimal
strategy of one type implies the existence of a winning/optimum/optimal strategy of a restricted
type. Some questions of this kind were already considered in [3], but not fully resolved. Further
interesting questions are concerned with the complexity of deciding whether a given one-pass
strategy is winning (on a given word), optimum or optimal or whether a strategy exists that is
winning, optimum or optimal. We study these and related questions, obtaining answers to the

general case for some questions and to restricted cases for other questions.

1.2. Contributions

Towards the goal of having a type 5 strategy that is as good as the best one-pass strategy, we
obtain the following generalization of a result from [3]: If the rules are non-recursive or if the
target language is finite or if there are at most finitely many optimum one-pass strategies, then the
existence of an optimum one-pass strategy implies the existence of an equivalent strategy of type 5.
However, answering a question asked in [3], we show that even several weaker statements do not

hold in general. As another positive result we show that the existence of an optimum one-pass



strategy implies the existence of an equivalent FSA-based strategy if replacement languages are
self-delimiting.

We also consider these questions for optimal strategies, i.e. we ask whether the existence of an
optimal strategy of one type implies the existence of an optimal strategy of a restricted type. It
turns out that even if the conditions hold that guarantee a positive answer in the case of optimum
strategies (non-recursiveness and a finite target language), the according implications and also
several weaker implications are still not guaranteed to hold for optimal strategies.

Regarding the question whether an optimal strategy exists for each context-free game, we obtain
a partial answer. We show that in games with non-recursive rules, games with self-delimiting
replacement languages, and games with a finite target language, an optimal one-pass strategy
always exists. More generally, we identify a condition that is sufficient for the existence of optimal
one-pass strategies. It is conceivable that all games satisfy this condition. Proving that this is the
case would be a means to show that an optimal one-pass strategy exists for each game, or disproving
it might be a step towards proving that an optimal one-pass strategy does not exist for each game.
For games with a finite target language, we show that even an optimal strategy that is FSA-based
(type 2) always exists.

Finally, we study the complexity of problems relevant in the context of one-pass strategies. Given
a game G, a word w and a strategy automaton A, it is PSPACE-complete to decide whether the
strategy specified by A wins on w in G. The problem becomes P-complete if the target language of
G is given by a DFA. Deciding whether a winning type 5 strategy exists for a word w in a game
G (with target language given by a DFA) is NP-complete. All of these hardness results hold even
if the set of rules is restricted to be finite and non-recursive. For comparison, the counterpart of
the latter problem for left-to-right strategies is EXPTIME-complete if the set of rules is finite and
PSPACE-complete if, additionally, the rules are non-recursive (as shown in [12]); so the complexity
is at least somewhat lower for type 5 strategies compared to left-to-right strategies (assuming that
NP # EXPSPACE and NP # PSPACE respectively).

It was stated by Abiteboul et al. [3] that the winning language of a type 4 strategy is regular and
a “universal FSA” recognizing the winning language can be constructed in polynomial time (if
the target language is given by a DFA). We extend the construction from their proof sketch so that
it is correct also for strategies that may lead to infinite play and prove the claim more generally
for type 2 strategies. Based on this we show that, for a target language given by a DFA, it is
PSPACE-complete to decide whether one given FSA-based strategy is at least as good as another
given FSA-based strategy.

1.3. Related work

Further background about AXML is given in [1, 2, 10]. Context-free games were introduced
in [11], which is the conference paper corresponding to [12]. The article studies the decidability
and complexity of deciding whether a winning unrestricted or left-to-right strategy exists for a word
in the general case and several restricted cases. One-pass strategies and regular strategies were

introduced in [3]. The complexity of deciding, for a given context-free game, whether Juliet has a
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winning left-to-right strategy for every word for which she has a winning unrestricted strategy is
studied in [4]. An extended setting of context-free games with nested words (resembling the tree
structure of (A)XML documents) is examined in [13].

1.4. Organisation

Most definitions are given in Chapter 2. We study sufficient conditions for the existence of optimal
strategies in Chapter 3. In Chapter 4, we identify conditions under which the existence of an
optimum, optimal or winning strategy of one type implies the existence of an optimum, optimal
or winning strategy of a restricted types. In Chapter 5 we construct an automaton recognizing the
language of words on which an FSA-based strategy wins, showing that this language is regular.
The computational complexity of several problems is examined in Chapter 6. Chapter 7 contains
an overview of results and open questions and a conclusion. Some variants of results of lesser

importance and alternative proofs are moved to an appendix.

11



2. Preliminaries

We start with a few definitions that are not directly related to context-free games. For an alphabet X,
we denote the set of strings over X by £* and the set of non-empty strings over X by . For k € Ny
we write XX for the set of strings over X of length k and =¥ for the set of strings over X of length
at most k. We call a language L C X* self-delimiting if for each u,v € L where u is a prefix of v it
holds that u = v. In the sections below, we formally define context-free games, strategies for Juliet
and Romeo, and several related terms.

2.1. Context-free games

An (active) context-free game, or a game for short, is defined as a tuple G = (X,R, T') consisting of
* afinite alphabet X,

e aset RC X x X" of rules such that for each a € X, the replacement language {v € X" |

(a,v) € R} of a is a regular language,

* anondeterministic finite automaton (NFA) T = (Q,X, 3, qo, F ), where Q is the set of states,
¥ the alphabet, 6: Q x £ — P(Q) the transition function, gy € Q the initial state and F C Q
the set of accepting states.

The language L(T') recognized by T is the target language. By X ={acX|Ive X" : (a,v) €R}
we denote the set of function symbols, i.e. the symbols occurring as the left hand side of a rule.
These are the symbols which can be called by Juliet. We assume that X is non-empty to avoid
trivial cases. The set R of rules is encoded in terms of regular expressions R, for each a € Xy,
recognizing its replacement language L(R,) = {v € £* | (a,v) € R}. Note that the set L(R,) of
replacement strings for a does not contain the empty string €. To define R, we will often write
a—rifori=1,...,n, where n € N (mostly n = 1) and r; are regular expressions; this notation
means that R, = r; + - - - 4+ r,, where + denotes alternation of regular expressions.

A game G = (X,R,T) is called recursive if some symbol can be derived from itself by a sequence
of rules, i.e. there exist ay,...,a, € Ly, n > 1, such that ap = a, and for each k = 1,...,n there
exists a word in L(R,,_,) containing a;. Otherwise, G is called non-recursive. Subsequently, we
assume that a game G = (X,R, T) is given.

We need more terms and notation to define how a game is played. Let i} ={alacXs}be
a disjoint copy of the set of function symbols Xy, and let L = X U fl} A configuration is a tuple
(w,v) € T x T*. We call # the history string and v the remaining string. Intuitively, if the ith symbol
of the history string is a € X then this shall denote that Juliet’s ith move was to read the symbol a,

12



and if itis a € i} then this shall denote that Juliet’s ith move was to call a. The remaining string is
the string of symbols that have not been processed yet. To distinguish history strings from other
obtained from % by removing all symbols that are in i} denoted fu. This is the string of symbols
that have been read and cannot be changed any more. To allow us to omit parentheses, we define
that i has lower precedence than concatenation, i.e. juv = fj(uv) = fuv. The set 6*(qo, fu) of states
of T reached after reading the read prefix is called the set of T-states of the configuration (u,v).
Here, 6*: QO x X* — P(Q) denotes the extended transition function of T, given by

{q}’ ifv= £,
0%(q,v) = U 6(p,a), ifv=uaforuecX*andacX.
pES*(q,u)

If T is deterministic, i.e. §(g,a) is a singleton for each g € Q and a € X, then we regard 6 and
0* as functions Q x £ — Q and Q x X* — Q respectively and call §*(qo, i) the T-state of the

configuration (#,v). If v=aV' fora € £ and V' € ¥, then
* fua is the visible prefix,
* a is the current symbol, and
* V' is the invisible suffix

of the configuration (z,av’).
A play of a game in the one-pass setting! is a finite or infinite sequence IT = (Ko, K1, K>, ...) of

configurations with the following properties:
(i) The initial configuration is of the form Ky = (&,w), where w € X* is called the input word.
(ii) If K, = (u,av) with a € X, then either K,,; = (ua,v) or K11 = (ua,xv) with x € L(R,).

(iii) If K, = (@, €), then K, is the last configuration of the sequence. The history string # of K, is
the final history string of IT and the read prefix tu of K, is the final string of T1.

Observe that for any configuration K, = (#,v) it holds that n = |u|, i.e. n is the length of the
history string. In our imagination, the decision whether the configuration K, in (ii) is (&a, v) or of
the form (@a,xv) for some x is made by Juliet; in the latter case, the choice of x € L(R,) is made by
Romeo. If Juliet chooses (ua, v) as the next configuration after a configuration (#,av), then we say
she plays Read or she reads a; otherwise we say she plays Call or she calls a.

We think of the configurations of a play to occur over time. For an input word of the form ww'
with w,w’ € £*, we refer to the time of the first configuration with remaining string w’ as the time
when w is completely processed (if such a configuration exists, which might not be the case if the
play is infinite).

IThe same definition could be used to define plays in the left-to-right setting. The only difference between the two
settings is that in the one-pass setting, Juliet’s decisions to call or to read in a configuration have to be defined

independently of the invisible suffix.
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A play is winning (from Juliet’s point of view) if it is finite and its final string is in the target
language L(T), i.e. the set of T-states of the last configuration intersects the set F of accepting
states. A play is losing if it is finite and its final string is not in L(7T'), i.e. the set of T-states of the
last configuration is disjoint from F. An infinite play is neither winning nor losing.

A way to think about plays that is more visual and sometimes more suitable than a list of
configurations is via play trees. Play trees for context-free games are similar to derivation trees
for context-free grammars. The play tree T (IT) of a play IT has a node for each configuration in
IT except for the last configuration (if a last configuration exists, i.e. I1 is finite), plus a root. The
inner nodes (except of the root) are marked with configurations where Juliet plays Call while the
leaves are marked with configurations where she plays Read. To allow for an easier terminology
we often pretend that a node is a configuration rather than that it is marked by one.

The children of the root of 7 (IT) are defined as follows. Let w = by ... b, be the input word of
I1, where by,...,by € . Let

i;=min{i € No | K; = (¥,b;...by) for some 7€ L'}

be the index of the configuration when by ...b;_; is completely processed for j = 1,...,k where
ke {1,...,£} is the maximal value of j for which the minimum exists. So k = ¢ if and only if
IT is finite. The root of 7 (IT) has k children, which are marked — from left to right — with the
configurations Kj,, ..., K. Informally, K;; is the configuration where the jth symbol of the input
word becomes visible as the current symbol (however, Juliet might not know that this symbol comes
from the input word and not from a replacement word of a Call move).

The children of non-root nodes are defined similarly. Let K, = (&, av) be a configuration in IT
forsomeu €Y ,ac X and v € X*. If K11 = (ua,v), then K, has no children. If K, | = (ua,xv)
and x = by...b; for some by,...,.by € X, £ € N, let

i; =min{i € N| K; = (@av,b;...b) for some v € ¥ }

for j=1,...,k, where k € {1,...,¢} is the maximal value of j for which the minimum exists.
In this case, K, has k children, marked with K, ...,K; from left to right. Informally, Ki, is the
configuration where the jth symbol of the replacement string for a becomes visible.

There is indeed a node in 7 (IT) for each configuration K,, of IT (except for the last configuration,
if IT is finite); this can be seen by induction on n: If the current symbol of K, comes from the input
word, then K, is a root’s child. If the current symbol of K,, comes from a replacement string, then
K, is a child of the configuration K,; where the Call was made. Since n’ < n, the node with marking
K, exists by the induction hypothesis.

It is easy to see that a pre-order traversal of 7 (IT) yields the configurations in the order in which
they occur in IT.

The depth of I1 is the depth of 7 (IT) minus 1. This is the nesting depth of Call moves; subtracting
1 ensures that the depth of a play that consists of only Read moves is 0. By Konig’s lemma, the
depth of IT is o if and only if IT is infinite. Note that the depth of a play in a non-recursive game is

no more than |X|. Therefore, every play in a non-recursive game is finite.
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root

/\
T

Ko = (&,aa) Ks = (ababb,a)
K\ = (a,baba) K> = (ab,aba) K4 = (abab,ba)

Ks = (aba, bba)

Figure 2.1.: A play tree

2.1 Example. Consider again the context-free game from Figure 1.2 in the introduction with rules
given by a — b+ bab and target language L(T) = {ba,bbba,bbabba}. A play tree of a play for
this game is shown in Figure 2.1. The input word of this play is aa, which can be deduced either
from the initial configuration Ky = (&, aa) or because the current symbols of the root’s childs are
both a. Juliet plays Call in configuration Ko and Romeo chooses bab as the replacement word.
Accordingly, the children of Ky have b, a and b as their current symbols. Juliet plays Call again in
configuration K> and this time Romeo chooses b as replacement word. All other moves are Read.
The last configuration of the play, K¢ = (ababba, €), is not part of the play tree. The final history
string is ababba and the final string is bbba. The play is winning because bbba is in the target
language. Its depth is 2.

Consider the configuration K4 = (abab, ba). Its history string abab shows that Juliet’s previous
moves were to call a, read b, call a and read b. Therefore, the read prefix is fabab = bb and the set
of T-states of Ky is the set of states of the target language automaton reachable by reading bb. The
remaining string of Ky is ba, the visible prefix is bbb and the invisible suffix is a. Juliet cannot see
the invisible suffix, so from her point of view it would also be possible that K4 = (abab,b) — e. g. if
the input word were aab and Romeo chose b as replacement word both times.

Observe that the history string and current symbol of a configuration K, is uniquely determined
by the history string of K, 1. Thus, the history string of a configuration contains the information
about the history strings and current symbols of all previous configurations. The restriction of
incomplete information in the one-pass setting means that Juliet must make her decisions to call or
to read based on only the history string and the current symbol of the current configuration. We
will define this formally in the next section.

2.2. Strategies for Juliet

We are interested in a certain type of strategies for Juliet, namely one-pass strategies. One-pass
strategies were introduced by Abiteboul et al. [3] as left-to-right strategies where Juliet can only
see the current symbol at all times. The authors impose no restrictions on Juliet’s memory. Thus,

Juliet has full knowledge of the symbols that she saw in the past and her decisions on them, i.e. she
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knows the history string. We will also consider a restricted type of one-pass strategies where Juliet
only remembers the symbols on which she played Read, i.e. she only knows the visible prefix. In
this section, we provide the formal definition of the most general type of one-pass strategies and
related terms.

A one-pass strategy is a map 0': T x Xs — {Call,Read}. We may sometimes simply say
strategy when it is clear from the context what kind of strategy is meant (and in fact, all strategies

for Juliet considered here are one-pass strategies).

A play of o on w is a play I1 = (Ko, K}, K>, ...) with input word w satisfying that
* if K, = (#,av) and o(u,a) = Read, then K, = (ua,v),
* if K, = (#,av) and o (u,a) = Call, then K, = (ua,xv) for some x € L(R,).

A strategy is terminating if each of its plays is finite. The depth of o is the supremum of depths
of plays of . Note that each strategy with finite depth is terminating. The converse, however, is
not true and it is easy to construct counter-examples of a game and a strategy ¢ where each play of

o has finite depth but depths are arbitrarily large.

A strategy o wins on a string w € X* if every play of ¢ on w is winning. So a strategy wins if,
independently of Romeo’s replacement words, the input string will be rewritten to a string in the
target language. By L(o) we denote the set of words on which ¢ wins. In contrast, ¢ loses on w
if there exists a losing play of o on w. Note that ¢ neither wins nor loses on w if there exists an

infinite play of o on w but no losing play of ¢ on w.

Two strategies o and ¢’ are equivalent if they win on the same input words, i.e. L(c) = L(0”).
Two strategies are semi-equivalent if there exists no string on which one strategy wins and the other
strategy loses. Note that two terminating one-pass strategies (e. g. any two one-pass strategies for

non-recursive games) are equivalent if and only if they are semi-equivalent.

A strategy o is optimum if it is at least as good as any other strategy, i.e. L(c”’) C L(o) for each
one-pass strategy ¢’. It was shown by Abiteboul et al. [3] that not every game has an optimum
one-pass strategy. A strategy o is optimal if no strictly better strategy exists, i.e. there does not
exist 0’ with L(o) C L(0’). It is unclear whether each game has an optimal one-pass strategy, but
we will identify sufficient conditions for their existence. Of course, for games where an optimum
one-pass strategy exists, a strategy is optimal if and only if it is optimum. It is also clear from the
definitions that a strategy is optimum (or optimal) if and only if it is equivalent to a strategy that is
optimum (or optimal).

We cannot in general expect a one-pass strategy to be computable, since the set { (i, a) € XY 7|
6 (u,a) = Call} might be undecidable. If ¢ is computable, then it is desirable to have an efficient
algorithm for it. This motivates the study of restricted classes of one-pass strategies. We will define
classes of strategies where the decisions whether to call or to read is performed by a finite state
automaton. Another interesting restriction, though it does not guarantee computability, is to require

strategies to make their decisions to call or to read independently of the history of Calls.
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2.3. Five types of one-pass strategies

In total we introduce five types of one-pass strategies. A study of their relationships constitutes
a major part of this thesis. A strategy of type [ is exactly what we defined as a one-pass strategy
above. This is the most general of the five types; the types 2, 3, 4 and 5 are restricted types. We
will define the types 3, 4 and 5 first and type 2 last. The hierarchy of the five types is shown in
Figure 2.2.

A strategy is of type 3 if its decisions depend only on the visible prefix but not on the history of
Calls. Formally, o is a strategy of type 3 if 6(&i,a) = o (fii,a) foreachi € ¥ and a € L.

Strategies of type 4 and type 5 are strategies that can be specified by a DFA in the following
sense: A type 4 automaton is a DFA A = (Q4,X, 84,40, F ) where some transitions for function
symbols may be missing. We formalize this by allowing the transition function & 4 to be undefined
on some (q,a) € Q x Xy, which we denote by d4(g,a) = L. The strategy of a type 4 automaton
reads the input word like a standard DFA except that when reading a symbol a € X in a state that
has no transition for a, then a is called and replaced by the word from L(R,) that Romeo selects.

Formally,

Read, if 6%(qo,fua) # L,
o(u,a) =

Call, if 6 (qo,fua) = L,

where the extended partial transition function 6% : Q4 X X* — Q 4 is given by

q, ifu=ege,
0u(q,u) =4 84(6%(q,v),a), ifu=vaand&%(q,v)+# LforveX andacx, 2.1
1, otherwise.

A strategy o is of type 4 if 6 = 04 for a type 4 automaton A. Typ 4 strategies have already been
introduced by Abiteboul et al. [3] under the name regular strategies. It is immediate from the
definition that each type 4 strategy is also a type 3 strategy.

Of course, to compute % (qo, jia) when a decision to read or to call has to be made, it is
not necessary to start the computation from the initial state gg each time. Rather, we define
g = &% (qo, 1) as the A-state of a configuration (,v); if v =av' for a € £ and v/ € £* and the next
configuration is (ua, V'), then the new A-state 8% (qo, fita) can be computed as §4(q,a); if the next
configuration is of the form (ua,xv'), then the new A-state is still g. Therefore, type 4 strategies
can be computed very efficiently.

A special case of type 4 strategies that was also already considered in [3] are type 5 strategies. A
type 4 automaton is called a type 5 automaton if it equals the minimal DFA for the target language
L(T) except that some transitions may be missing. A strategy o is of type 5 if 6 = o4 for a type 5
automaton 4. By definition, a type 5 strategy is also a type 4 strategy.

Finally, let us define type 2 strategies. These strategies extend type 4 strategies in a natural way
such that history can be used for the decisions to call or read. A type 2 automaton is a deterministic
automaton A = (Q.4,X, 84,90, F4) with a partial transition function such that for each ¢ € Q 4 and
a€Xys, if 84(q,a) = L then §4(gq,a) # L. So a type 2 automaton is like a type 4 automaton with

the difference that if a state does not have a transition for a € X, then it has a transition for a. A
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Figure 2.2.: Hasse diagram showing the hierarchy of the five types of one-pass strategies

type 2 automaton computes a strategy just like a type 4 strategies, but if a function symbol a is
called in a state ¢ then, instead of staying in state g, the transition for a is followed. This can be
formalized as

Read, if 6%(qo,ua) # L,
Call, if 6}(qo,ta) = L

GA(u7a) =

for 0% defined as in (2.1) except that X is replaced by Y. Note that the only difference of the
definition of 04 compared to the previous definition is that we have written u instead of fu. A
strategy o is of type 2 if 0 = 0.4 for a type 2 automaton A. The A-state of a configuration (u,v)
occurring in a play of a type 2 strategy 0.4 is defined as 67 (go,%). Similarly as above, the .A-state
and the decisions of a type 2 strategy can be computed very efficiently.

Observe that every type 4 automaton A = (Q 4,%, 04,90, F4) can be transformed into a type 2
automaton for the same strategy by letting 6 4(g,a) = g foreach g € Q4 and a € i} Thus, every
type 4 strategy is also of type 2.

A strategy automaton is a type 2 or type 4 automaton. We allow accepting states in strategy
automata even though they have no meaning for the strategy that they specify. Accepting states are
convenient, however, if they can be used to indicate the winner of a play. We say that a play IT of
O 4 terminates in A-state g if I1is finite and ¢ is the A-state of the last configuration of I'l. Observe
that a play of a type 5 strategy o4 is winning if and only if it terminates in an accepting .4-state
(because the A-state where it terminates is the state where the minimal DFA for L(T') terminates

when reading the final string). For type 2 and 4 strategies it is also always possible to find a strategy
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automaton A such that this property holds (which was already mentioned for the case of type 4
automata in [3]).

2.2 Proposition. For each type 2 (or 4) automaton A for a game G = (L,R,T) there exists a type
2 (or 4) automaton B such that 6 4 = o and a play of 6 terminates in an accepting B-state if

and only if it is winning. If T is a DFA, then B can be constructed in polynomial time.

Proof. If T = (Q,%,8,q0,F) is a DFA and A = (Q4,%, 84,4, F4) is a type 2 automaton, then
define B = (Q x Q.4,X,85,(q0.9)), F x Q.4) with

58((q,q’),a): (5(q,a),5,4(q7a))7 ifSA(qja);éJ_’

L if 64(q',a) = L,
N (%%(Q'ﬁ))a if SA(QI,a\) 7& 41,
65((¢,q'),a) = _ N
1, if 54(q',a) = L.

It is straightforward to verify correctness and polynomial construction time. The construction for

type 4 automata is similar. If 7" is an NFA, then it can be transformed into a DFA first. 0

The usefulness of this proposition is that it allows to ignore the target language automaton if a
strategy is specified by an automaton B like in the proposition. Next, we change the point of view
and consider strategies for Romeo.

2.4. Strategies for Romeo

We can think of Romeo as an antagonistic adversary who, unlike Juliet, can see the invisible
suffix and also knows what strategy Juliet uses to play by. Despite this, we can define even a
Romeo strategy as a map that does not take the invisible suffix into account, as we will justify
shortly. Namely, a Romeo strategy is a map T: £ x Xy — X* where 1(%,a) € L(R,) for each
(@,a) €T x Z.

The play of 6 against T on w, denoted I1(o, T,w), is the (unique) play (Ko, K], K>,...) of ¢ on
w satisfying that

e if K, = (u,av) and o (u,a) = Call, then K, = (ua, t(u,a)v).

A play of 7 is a play of some one-pass strategy o against T on some input word.
The definition of Romeo strategies, which does not take the invisible suffix into account, is

justified by the following proposition.

2.3 Proposition. Let 6 be a one-pass strategy for a game G = (X,R,T) and let w € X*. Then for
every play I1 = (Ko,K;,K>,...) of G on w there exists a Romeo strategy T such that I1=TI(c,T,w).

Proof. If K, = (#,av) and o (it,a) = Call then we define 7(ii,a) as the string x € L(R,) with
K11 = (ua,xv). A straight-forward induction on n shows that the history string of configuration K,
has length n. Therefore, so far we have defined 7(i,a) at most once for each # and a, i.e. there are
no contradictions in the definition. On other elements of the domain, 7 can be defined arbitrarily. It
is immediate that IT is the play of o against T on w. O
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A way to think about why Romeo is omniscient even though his strategies neglect the information
about the input word is that the dependency of his moves on the input word lies within his choice
of 7 itself, rather than within 7.

Given a Romeo strategy and a configuration occurring in a play of this strategy, all previous

configurations are uniquely determined, as the next proposition shows.

2.4 Proposition. Let I1= (Ko,K;,K>,...) and II' = (K}, K] ,K},...) be plays of a Romeo strategy
T in a game G = (X,R,T) such that K; = K}for some indices i < j. Then i = j and K,, = K, for all
n<i.

Proof. We show the proposition by induction on j. If j = 0 then the statement obviously holds.
For j > 0, the common history string of K; and K} is non-empty and we distinguish two cases
depending whether the last symbol of the history string is in X or in ;.

If K; = K; = (ua,v) for some u € T,acXand vl then K | = K;_, = (u,av) and the
statement follows from the induction hypothesis.

In the other case, K; = K; = (#a, ©(#,a)v) for some & € Y,acXfandv eI Again, K; | =

;_1 = (u,av) and the statement follows from the induction hypothesis. O

2.5. Operations on strategies

To have a precise terminology for strategies that are an adaptation or combination of other strategies,
we define operations on strategies. Namely we introduce the notions of a substrategy of a (one-pass
or Romeo) strategy and a concatenation strategy of two Romeo strategies.

For a one-pass strategy ¢ and a history string v € T, the substrategy of G after v is the strategy
o[v] defined by o[v|(%,a) = o (vii,a). Intuitively, o[v] is the strategy that plays like & continues to
play if the previous part of the play has led to the history v. Analogously, for a Romeo strategy ©
and v € ', the substrategy of T after v is the strategy T[v] given by 7[v](#@,a) = ©(vii,a).

If 7; and 7, are two Romeo strategies and w € L*, then the concatenation strategy T, (w)1; is,
informally, the following strategy: The strategy 7 (w) 1, starts to play like 7;. If w is a prefix of the
input word, then, once w is completely processed (if that happens), 7; (w) 7, continues to play like
T, would play if the history up to this point had not happened.

Towards a formal definition of 7;(w) T, let M C T be the set of strings occurring as the final
history string of some play I1(o, 71, w), where G is a one-pass strategy. Then 7, (w) 1, is defined via

B T (uz,a), if u=uju; for someiiy EMand s €,
(Tl <W> TZ) (Ll, a) =

71(u,a), otherwise.

The next proposition states that the formal definition of 7)(w)7, captures exactly what the

informal definition describes.

2.5 Proposition. For Romeo strategies 1) and T, in a game G = (X,R,T) and w € X*, the

concatenation strategy Ti(w)T, is well-defined. Let ¢ be a one-pass strategy, w' € ¥* and
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(o, 7 (w)n,w") = (Ko, Ki,...). If W =ww' for some w' € L* and 11 contains a configura-

tion (uy,w") for some uy € T, with K, being the first such configuration, then
* Ko,Ky,...,K, are the first n+ 1 configurations of 11(c, t;,w"), and

o forv; and v; with K,; = (u1v;,v;) for i > 0, the sequence ((vo,vo), (vi,v1),(v2,v2),...) isa
play of 7.

Otherwise, I1(o, 11 (w)T,w") = (0o, 71,W").

Proof. To prove well-definedness we need to show that for each u there is at most one possible
choice for u; € M and u; € ¥ such that 7 = uruy. This is true because M is self-delimiting. To see

this, note that M can be defined inductively by the rules
e weM,
e ifiav e Mfori €X', a € Ly and v € I¥, then ar (@,a)v € M.

Suppose M is not self-delimiting, then there exist vi,v;, € M where V1 is a proper prefix of v;.
Choose v1 and v; such that the number of occurrences of elements of i} in v; is minimal. Clearly,
w does not have a proper prefix that is also in M. Thus, we have that v; = uat; (u,a)v for some
iel,ack rand v € X*. By the assumption of minimality, #av cannot have vy as a proper prefix.
So 7 is a prefix of uat; (u,a)v but not of u. Hence, since vi € M, we can write v| = uat; (u,a)V'
for some V' € X* that is a proper prefix of v. But then zav' and zav would also be two strings in M
where one is a proper prefix of the other, contradicting the minimality in the choice of v and v;.

We now prove the second part of the proposition. By definition of a play, the history string of
each configuration extends the history string of the previous configuration by one symbol. Thus,
once a configuration with a history string of the form u = uju; withu;y € M and u; € T occurs in
I1(o, 71 (w) T2, w"), all proceeding configurations also have a history string of this form. Moreover,
if a configuration with a history string of this form occurs in I1(o, 7; (W) 72, w”), then the first such
configuration is of the form (uy,w’) with u; € M and w' € X*. This tells us, together with the
definition of 7;(w) 1, that 7)(w)1, is a strategy that does the following: It starts to play like 7;.
Once a configuration (u7,w’) with #; € M and w' € X* occurs, 7;(w)T, changes to play like 7,
would play if the history string at this time were empty instead of ;. This proof is finished if we
can show the following:

(i) If w” = ww' and a configuration (7, w') with @y € £ occurs in I1(o, 71 (w) Ty, w"), then
u1 € M for the first such configuration.

(if) Conversely, a configuration K, = (u1,w') with iy € M and w’ € £* occurs in I1(o, 7 (w) 7o, w")

only if W’ =ww'.

For part (i), consider the history string % of the first configuration (u7,w’) with uy € ¥ that
occurs in I1(o, 7y (w) 2,w”). Clearly, u; must be the final history string of the play of o against
71 (w) T, on w (instead of ww'). Thus, u#; € M by definition of M.
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For part (ii), let 0’ be a one-pass strategy such that u is the final history string of I1(¢”, 7, w)
(recall that ¢’ exists by definition of M). Then the configuration K, = (u1,w’) also occurs in
(o', 7;,ww). By definition of 7)(w)1,, the configurations Kj,...,K, are also the first n+ 1
configurations of I1(o, 7;,w”). Thus, by Proposition 2.4, w” = ww'. O

Of course we can also build the concatenation of more than just two Romeo strategies. To
simplify notation we postulate that the concatenation operation is right-associative, meaning that
7 (w1) T2 (w2) T3 = 71 (wi) (T2(w2) 73) for Romeo strategies 7j, 7, and 73 and wi,w, € £*. This
entails that 7; (w1 )72 (w2) 73 plays as one would expect; namely, on an input word wiw,ws for some
w3 € XF, it starts to play like 7; until wy is completely processed, then continues to play like 7
would play if the history at this point were empty, and finally, once wiw, is completely processed,
it plays like 73 would play if the history at this point were empty.

When we use substrategies and concatenation strategies in proofs later on, we will usually think
of them in terms of their informal definitions. It is not difficult, though rather technical, to extend
the proofs to work directly with the formal definitions. The formal definitions inhibit any ambiguity

and justify that what we have defined informally exists as a Romeo strategy.
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3. Existence of optimal strategies

This chapter is devoted to the question whether an optimal one-pass strategy of type 1 is guaranteed
to exist for a context-free game. The answer to the analogous question for the case of optimum
instead of optimal is negative, as Abiteboul et al. [3, Theorem 2.3(2)] have shown that there exist
games for which no optimum one-pass strategy exists. This discriminates the one-pass setting from
the more general left-to-right setting and the even more general setting of unrestricted strategies for
context-free games [3, Theorem 2.3(1)]. Examples of games with no optimum one-pass strategy are
also implicit in the proofs of Theorems 4.17 and 4.18 of this thesis. The reason why an optimum
strategy does not always exist in the one-pass setting lies within the incomplete information that
Juliet has to deal with. However, the question whether an optimal one-pass strategy exists for each
game is still open.

In Section 3.1 we consider a setting where Juliet is slightly more powerful than in the one-pass
setting and give an alternative proof to a theorem by Abiteboul et al. [3] that an optimal strategy
always exists in this setting. In Section 3.2 we come back to the standard one-pass setting and
identify a sufficient condition for the existence of optimal one-pass strategies. We call this condition
the bounded depth property. Each non-recursive game and each game with a finite target language
has the bounded depth property, so an optimal one-pass strategy exists for each of these games.
In Section 3.3 we will show that also games with self-delimiting replacement languages have the
bounded depth property, and therefore an optimal one-pass strategy.

3.1. One-pass strategies with size

We now revisit a setting that was already considered and said to be relevant in practice by Abiteboul
et al. [3]. They introduce one-pass strategies with size, which are like one-pass strategies with the
difference that Juliet knows the length of the invisible suffix. This can be formalized by prefixing
the input word and each replacement word by a number indicating its size, which can be read
like a symbol of the alphabet. A one-pass strategy with size could then be defined as a map
(ZUN)* x Ls — {Call,Read}. By [3, Theorem 2.4], a computable optimal one-pass strategy with
size exists for each game. The proof is only sketched in [3] and the authors say that it is quite
involved. Neglecting the aspect of computability, we give a very simple non-constructive proof for
the existence of an optimal one-pass strategy with size. Our proof does not even make use of the

knowledge of the size of the replacement words but only of the size of the input string.

3.1 Proposition. For each game G = (X,R,T) there exists an optimal one-pass strategy with size.

Proof. For k € N let o}, be a one-pass strategy with size that maximizes the number of input words

of length k on which it wins. Since X* is finite, such a strategy exists. Consider the strategy &
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defined by o (kii,a) = o (kui,a) for k € N, u € (£2UN)* and a € X and defined arbitrarily if the
history string does not begin with a number (which only happens in the initial configuration of a
play, where Juliet is forced to play Read anyway because the initial current symbol — a number — is
not in Xr). Clearly, o is an optimal one-pass strategy with size. O

The same basic idea — maximizing the number of input words of a fixed size on which a strategy
wins — can also be used in the normal one-pass setting (without size), at least if a game has the

bounded depth property, which we will consider in the next section.

3.2. Optimal strategies and the bounded depth property

The bounded depth property, of which we will show that it is sufficient for the existence of an
optimal one-pass strategy, is defined as follows.

3.2 Definition. A game G has the bounded depth property if there exists a sequence (By)xen, € N
such that for each one-pass strategy ¢ for G and each k € N there exists a one-pass strategy oy such
that each play of o on a word w € L(6) NX=* is winning and has depth at most B},,|.

Since each play in a non-recursive game has depth at most X[, it is clear that non-recursive
games have the bounded depth property — one can simply choose By = |£/| and o = 0. We will
also show for games with a finite target language, and for games with self-delimiting replacement
languages (in Section 3.3), that they have the bounded depth property; even for these (By) can be
chosen as a constant sequence. The bounded depth property seems like a considerably weaker
condition, since it allows (By) to be an unbounded increasing sequence and it is only required that
a strategy o can be adjusted to a strategy that wins and satisfies the depth bound for the finitely
many input words up to a given maximal length on which o wins. It is unclear whether there even
exists a game that does not satisfy the bounded depth property.

We now prove the fundamental theorem of this chapter.

3.3 Theorem. For every game G = (£,R,T) having the bounded depth property there exists an

optimal one-pass strategy.

Proof. Starting with the set of all one-pass strategies we will construct smaller and smaller sets of
one-pass strategies by ensuring that the strategies win on an optimal subset of =K for increasing &
and fixing the first i moves for increasing i. Only a single strategy will remain in the intersection of
all these sets, and we will show that this strategy is optimal.

Let (Bx) C N be as in the definition of the bounded depth property. For k,i € Ny we define sets
Si.i of one-pass strategies such that the following properties hold for all k,i € No:

(i) Forall o € Sy it holds that Sy  is exactly the set of one-pass strategies 6’ with L(0) NZsk =
L(c’) NZ=F satisfying that each play of ¢’ on a word w € L(c) NZ=K*! has depth at most
B Iw|-

(ii) For o € Sy, there exists no one-pass strategy ¢’ with L(6) NEZ5k C L(6’) NE=K, i.e. the

strategies in Sy ; win on the same maximal subset of rk,
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(iii) Forall 0,0’ € S, it holds that & gl g = o’ s<i i.e. all strategies in Sy ; act the same

Ef 71><Zf’

during their first i moves.
(v) Skit1 € Sk

(V) Skr1,i € Sk,

(vi) S, is non-empty.

Let So,0 be the set of all one-pass strategies for G. If Sy ¢ is defined for k € Ny, pick some ¢ € Sy o
that maximizes |L(c) NZ¥!| and let

Skt10= {G’ € Sko ‘ each play of 6’ on a word w € L(¢) N EZ5¥*! is winning and

has depth at most By, }

This defines Sy o for all kK € Ny. Note that S o is non-empty since G has the bounded depth
property. By induction on £ it is clear that the properties (i), (ii) and (v) hold for k € Ny and i = 0.
The properties (iii) and (iv) do not apply since we have defined Sy ; only for i = 0 so far. The proof
that Sx41,0 is non-empty (property (vi)) is also by induction on k and uses that the one-pass strategy
Oj+1 for which the bounded depth property says that it exists is automatically in Sy o due to the
properties (i) and (ii).

For i € Ny such that Sy ; is defined for all k € Ny, we define Sy ;1 as follows. We pick a
map Cj1: T % Yy — {Call,Read} such that for all k € Ny there exists some ¢ € S; with
G‘igixzf = 0;+1. Note that such 0, exists since Sy ; is non-empty for each k by property (vi) and

decreasing in k by property (v) and there are only finitely many maps T Ky r — {Call,Read}.
For k € N let

Sk,it1 = {G € Sk,i

G}fngf = Oit1 }

It is straightforward to check by induction on i that the properties (1)—(vi) are satisfied for all
k,i € Np.

Consider the one-pass strategy o that plays according to o; during its ith move, i.e. ¢ is given
by 0 (i,a) = Ojz 11 (4, a). We claim that ¢ is optimal.

Suppose it is not, then there exists a one-pass strategy 6’ with L(c) C L(o’). Then there exists
k € N such that L(6) NZ=F C L(6”) N £=*. Due to the properties (i) and (ii) there exists a word w
of length at most & such that all the strategies in Sy o win on w but ¢ does not win on w.

Let IT = (Ky,K],...) be a play of 6 on w that is not winning. Observe that the depth of IT is at
most B),,: Otherwise, IT would contain a Call of nesting depth B),,| + 1 between two configurations
K; to K;;| for some i € N. But ¢ plays according to o;;; until K;; is reached, and so do all
strategies in S),,| ;1 by definition, which are contained in §),, o by property (iv) — so we would
have a contradiction to property (i) if the depth of II were greater than Bj,,|. By Konig’s lemma
this means that IT must be finite. Let K; be the last configuration of I1. By the same arguments as
before, o plays like any strategy in S ; until K; is reached, so ITis also a play of 6” € Si; on w. But

o" ¢ Sk,0 by property (iv) and we said earlier that the strategies in S o win on w — contradiction![]
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It can be deduced from the proof of Theorem 3.3 that ¢ is contained in all of the sets Sy ; and
in fact it is the only strategy contained in the intersection of all sets S ;. Note that we needed
the bounded depth property to ensure that certain plays of ¢ are finite. Justified by a later result
(cf. Lemma 3.10), we could also have chosen S o as the set of terminating one-pass strategies.
However, if we omitted the depth requirement in the definition of Sy 1 o and defined o analogously,
then it would be conceivable that o is not terminating (and not in Sg o), even though all strategies in
So,0 are terminating.

The next lemma is a result about games that have finitely many rules or a finite target language.
In a following step we will deduce from this that every game with a finite target language has
the bounded depth property. There are simpler ways to show that an optimal strategy exists for
games with a finite target language than showing that they have the bounded depth property (it
can be shown directly, similarly to Proposition 3.1), but we will need the next lemma also later in
Chapter 4.

3.4 Lemma. Let G = (X,R,T) be a game for which R or L(T) is finite. For each one-pass strategy
o for G and w € L(0) there exists Bg,, € N such that every play of o on w has at most Bg ,,

configurations.

Proof. Consider the game tree of o on w defined as follows: Like in a play tree, the nodes of the
game tree are configurations. Unlike play trees, where paths from the root to a leaf correspond to a
sequence of nested Calls within a single play, paths from the root to a leaf in a game tree correspond
to entire plays of o on w. The root of the game tree is (€,w), i.e. the initial configuration of plays
of o on w. If (#,av) is a configuration occurring in the game tree and o (#,a) = Read, then the
configuration (#a, v) is the only child of this configuration. If 6 (i,a) = Call, then the configuration
(@,av) has a child (ua,xv) for each x € L(R,). By definition, the plays of o on w are exactly the
sequences of configurations on a path from the root to a leaf.

We claim that every node of the game tree has finite degree. If R is finite, then this is immediate.
Suppose this is not the case for a game where R is infinite but L(7) is finite. Then there exists
a play of ¢ on w with a configuration in which Juliet plays Call and Romeo has infinitely many
options for the replacement word. If L(T) is finite, then Romeo could choose a replacement word
that is longer than any word in L(7). But then the play would not be winning, since the current
string (i. e. the concatenation of the read prefix and the remaining suffix; in the last configuration
this is the final string) can never shrink, since replacement words are non-empty by definition of
context-free games.

Therefore, every node has finite degree and, since each play of o on w is finite (otherwise it
would not hold that w € L(0)), the game tree has no infinite path. By Konig’s lemma this implies
that the game tree has only finitely many nodes. If d is the depth of the game tree, then Bs ,, = d + 1
is a bound on the number of configurations of plays of o on w. O

We can now deduce that games with a finite target language satisfy a condition that is even
stronger than the bounded depth property.

3.5 Lemma. Let G = (X,R,T) be a game for which L(T) is finite. There exists B € N such that for
every one-pass strategy © for G there exists a one-pass strategy &' for G with L(6) C L(0") and
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o'(ii,a) = Read for each (i,a) € x Ls with [@| > B. Hence, G has the bounded depth property
with the constant sequence (By) = (B).

Proof. Let n be the maximal length of a word in L(T'). Since replacement words have length at
least 1, a one-pass strategy cannot win on an input word of length greater than n. Let W be the
set of sets W C =" for which a one-pass strategy ow with L(ow) = W exists. For By, as in

Lemma 3.4, we claim that the property stated in this lemma holds for B defined as
B=max{Bg, ,, | W e W,we W}.
Indeed, for a one-pass strategy ¢ we can choose ¢’ as the one-pass strategy defined via

Oow (ﬁ¢a)¢ if |ﬁ| < B7

Read, otherwise,
where W = L(0). O
We conclude this section with the following theorem, which now follows easily.

3.6 Theorem. An optimal one-pass strategy exists for every non-recursive game and every game

with a finite target language.

Proof. Immediate from Theorem 3.3, Lemma 3.5 and the fact that non-recursive games have the
bounded depth property with By = |~¢| and o} = ©. O

In the next section, we will show that also games with self-delimiting replacement languages
have the bounded depth property, and therefore always an optimal strategy.

3.3. Games with self-delimiting replacement languages

Recall that a language is self-delimiting if it contains no two words where one is a proper prefix of
the other. By “games with self-delimiting replacement languages” we mean games G = (X,R,T)
where L(R,) is self-delimiting for each a € X. This seems to be a realistic constraint in practice:
An important special case are games where replacement strings are suffixed by a special end-of-file
symbol. In this sense, every game G = (X,R,T) can be transformed into a game G’ = (¥',R',T")
with self-delimiting replacement languages by letting ¥’ = XU {$} for some new symbol $ ¢
that shall denote the end of replacement strings, and further letting R/, = R,$ for each a € X to
enforce that replacement words end with $ and adding a loop transition for the symbol $ to each
state of T (accomplishing that the symbol $ is “ignored” by the target language). Another special
case of games with self-delimiting replacement languages, which is similar to the one-pass with
size setting, are games where the alphabet X contains (besides other symbols) numbers 1,...,N for
some N € N and all replacement strings are of the form nx where x € £* and n = |x|.

We need some definitions and several lemmas before we obtain the result that games with self-
delimiting replacement languages have the bounded depth property. These results and definitions
will also be helpful later in Chapter 4. Some of them apply to context-free games in general and not

only games with self-delimiting replacement languages.
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3.7 Definition. For w € £* let H,, be the set of final history strings of finite plays on w.

The next lemma says, intuitively, that in games with self-delimiting replacement languages, Juliet
“can tell” when a prefix of the input word is completely processed. Indeed, in a play on some input
word uv, the prefix u is completely processed when a configuration with a history string in H,, is

reached. Due to the next lemma, this configuration is unique for each play.

3.8 Lemma. Let G = (X,R,T) be a game with self-delimiting replacement languages. For each
w € X*, the set H, is self-delimiting.

Proof. We first consider the case that w is a single symbol. We show for eacha € X and w € H,
that there exists no W € H, such that w is a proper prefix of W' or W' is a proper prefix of w. The
proof is by induction on |w|.

The base case is that [w| = 1. In this case, W = a and any symbol in H, that does not equal a
begins with &, so the statement is true.

If [w| > 1 then w = au where u € H, for some x € L(R,). Suppose for the sake of contradiction
that there exists W' € H, such that w is a proper prefix of W' or vice versa. Then W = av where v € H,
for some y € L(R,) and u is a proper prefix of v or vice versa. Letx = a; ...a; and y = b; ... b, with
ai,bj € X. Thenu =ujuz ... ux and v ="vyvy...vy where u; € Hy, fori=1,...,k and v; € Hp, for
j=1,...,£. Since uy and vy are non-empty and one must be a prefix of the other (not necessarily a
proper prefix), the first symbol of 7 must equal the first symbol of vy. But the first symbol of uy
is a; or a; and the first symbol of V7 is by or bAl Thus, a; = b;. By the induction hypothesis, 7y
cannot be a proper prefix of ¥ or vice versa, therefore uy = vy. By repeating the argument, we see
that a; = b; and ; = v; for each i = 1,..., min{k, ¢} and x is a proper prefix of y or vice versa. But
this contradicts the premise that replacement languages are self-delimiting.

Now we consider the case that w € L*. Suppose there exist w,w' € H,, such that w is a proper
prefix of W. Letw=ay ...a, witha; €X. Thenw =ujuz ..., and W = uy ... up_ 4y ... %, where
g, i € Hy, and wy is a proper prefix of LT;{ or vice versa. But this is not possible since we have

already shown that H,, is self-delimiting. O

The previous lemma is helpful especially because it allows us to define one-pass strategies that
play in a certain way as soon as a particular prefix of the input word is completely processed. The
next lemma states that Juliet can even construct the play tree as she plays, provided replacement

languages are self-delimiting. Recall that this is not the case in general (cf. Example 2.1).

3.9 Lemma. LetI1= (Ko,K),...) be a play of a game G = (£,R,T) with self-delimiting replace-
ment languages. The structure of the subtree of T (I1) containing the configurations Ky, ..., K, is

uniquely determined by G and the history string of K,,.

Proof. Recall that the history string of K,, contains all information about the history strings and
current symbols of the configurations Ky, ..., K,_1.

Since the sets H, are self-delimiting by Lemma 3.8, the subtree rooted at a configuration with
history string %] and current symbol a contains exactly the configurations that have a history string

uu; where u; is a proper prefix of a string in H,. The node K, has no children in the considered
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subtree of 7 (IT). Thus, the history string of K, (and G) determine the set of ancestors of each
configuration Ky, ..., K,. If two configurations K; and K have the same set of ancestors, then K; is
placed to the left of K if and only if i < j. The lemma follows easily. O

The following lemma yields a convenient property of one-pass strategies that holds in general

and not only for games with self-delimiting replacement languages.

3.10 Lemma. For each one-pass strategy © for a game G there exists a terminating strategy ¢’
with L(c) C L(0”).

Proof. The strategy ¢’ plays like o except that once it is apparent that Romeo can force infinite
play against o, all remaining moves of ¢’ are Read.

For a formal definition, consider some 7 € X and a € Y ;. If there exists a play II of o that
contains a configuration (i,av) for some v € £* such that no later configuration with remaining
string v occurs in IT, then let ¢/ (,a) = Read and o' (@iav,b) = Read for eachv € £ and b € L.
For all elements of the domain &~ x X for which ¢’ is not already defined by this (for any u € ¥
and a € X¢), we define ¢’ like ©.

Let 7 be some Romeo strategy and w € £*. We need to show that I1(¢’, T, w) is finite and, if
w € L(0), then I1(0’, T,w) is winning.

If I1(o,7,w) is finite, then for each configuration (u,av) of Il(c,T,w) there exists a later
configuration (@av,v) or uav,v). Thus, I1(c,7,w) = II(06’,7,w). So II(o’,7,w) finite and if
w € L(o) then I1(6’, 7,w) is winning.

If I1(o, T, w) is infinite, then it contains a configuration (#,av) such that no later configuration
(wiav,v) or (@av,v) for any v € £ occurs in II(c, 7,w). If [1(6’,7,w) also contains this config-
uration then all subsequent moves of ¢’ are Read, so I1(0’,7,w) is finite. If II(6’,7,w) does
not contain this configuration, then ¢’ already started playing only Read moves in an earlier
configuration, so II(o¢’,7,w) is again finite. Since I1(o,7,w) is infinite, w ¢ L(0), so we are
done. O

A concept that we will use in various proofs is the convergence of a sequence of one-pass

strategies.

3.11 Definition. A sequence (Oy)ren Of strategies converges to a strategy o if for each n € N there
exists ko € N such that for each k > ko and (#i,a) € £ x £ with [i| < n it holds that 6 (%,a) =
Ok (ﬁaa)'

This is the same as the convergence in the metric space of strategies where the metric d is given by

d(0,0)=0and d(c,0") = 1 for 6 # o', where n is minimal such that there exists (%,a) € I xZ
with |iZ| = n and 6 (%,a) # 6'(u,a). A property of converging sequences of one-pass strategies is

given by the following Lemma.

3.12 Lemma. Let (Oy)ien be a sequence of one-pass strategies that converges to some one-pass
strategy o. If ¢ loses on a word w € L* then infinitely many strategies of the sequence also lose on

w.

29



Proof. Suppose o loses on a word w € X*. Then there exists a losing (and thus finite) play
I1 = (Ko,...,K,) of 6 on w. Let ky € N be such that for each k > ko and (u#,a) € T x ¥ with
|u| < n it holds that o (%,a) = oy (u,a). Since all configurations of IT have a history string of length
at most n, it follows that IT is also a play of oy on w for each k > kg. So o} also loses on w for each
k > ko. O

3.13 Definition. For w € X* and a one-pass strategy o, let HS C H,, be the set of final history
strings of finite plays of c on w. If T = (Q, X, 8,qo, F) is a DFA (!) for the target language, we
define for g € Q, w € X* and a one-pass strategy o the set states(q,w,0) = {8 (q,tw) |w € HZ }.
This is the set of T-states that can be reached at the end of a play of ¢ on w if the initial state of T

were ¢.

Since HY is a subset of H,,, the Lemmas 3.8 also holds for HS instead of H,,. Observe that if T
is a DFA and o is terminating, then w € L(0o) if and only if states(qo,w,0) C F.

Finally, we can show that games with self-delimiting replacement languages have the bounded

depth property. In fact, they have a stronger property:

3.14 Lemma. Let G = (X,R,T) be a game with self-delimiting replacement languages and ¢ a
one-pass strategy for G. Then there exists a strategy &' with depth bounded by |L¢|-|Q| - (212l —1)
and L(o) C L(0"), where |Q| is the number of states of the minimal DFA for L(T).

Proof. By Lemma 3.10 we can assume that o is terminating. Further, we assume without loss of
generality that T = (Q,X, 8, qo, F) is already the minimal DFA for L(T).

We associate with a configuration K of a play IT with history string @ € X" and current symbol
a € X the triple (p,a,S) consisting of

o the T-state p = 8*(qo, i) of K,
* the current symbol a of K

* the set S = states(p,a, ou]) of possible T-states of the next configuration of IT that is not
part of the subtree of 7 (IT) rooted at K.

If a triple (p,a,S) with a € £\ L is associated to a configuration that occurs in a play of o, then
this configuration is a leaf of the play tree. Suppose the depth of o is greater than [X/|-|Q|- (212! - 1).
Since § is always non-empty, this means that there exists a play of o such that the corresponding
play tree has a path starting at the root that contains two configurations (u7,av,) and (uyuz,avov)
with the same associated triple (p,a,S), where a € L. The idea of this proof is, roughly speaking,
to change o so as to replace the subtree rooted at the upper node by the subtree rooted at the lower
node (see Figure 3.1).
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\

(u1u2u3u4,v1) Ml”SaVl)

(Z'Tlaavl) N ul,avl
0% (qo, juruzuis) € S 8*(qo, fuuz) € S

p = 0%(qo,tur) b — 5" (ot
(wuz,avavy) (urauiz, vovy)
o 8% (qo, i) €S
p = 8"(qo, furitz)
(a) A possible play of ¢ (b) A possible play of ¢’

Figure 3.1.: Schematic representation of possible plays of ¢ and ¢’ as constructed in the proof of
Lemma 3.14

For each g € S we choose @ € Hy ol such that q = 0" (p,ha,). We define a one-pass strategy ¢’
via

(

o (it ,b), if i = uyi such that either (i7,b) = (€,a) or i@ €% is

a proper prefix of some 3 € Hy [W]’
o'(u,b) = o(uragu',b), if u=wuzu' and g = 8*(p,fu3) for some u3 € Hf[ml
andw € X,
o(u,b), otherwise.

So o’ starts playing like o, but once it reaches a configuration with history string 7 and current
symbol g, it continues to play as if the history were uju; instead of u7, simulating how o would
play in the subtree rooted at (ujuz,av,vy); once that subtree is left and the T-state is some g € S

(i.e. when a history @77 is reached with i3 € HZ "™

and ¢ = 6*(p,u3)), o’ continues to play
like o when the subtree rooted at K is left and the T-state is g. Note that ¢’ is well-defined since
HZ™) i self-delimiting.

We show that ¢’ is terminating and that L(c) C L(0”). A play IT of 6’ on some word w € £* that
is not also a play of ¢ on w must contain a configuration (7, av) for v € £*. Since o is terminating,

olurin]

IT also contains a configuration (#u3,v) where u3 € H, . It follows easily from the definition

of 0’ and the fact that ¢ is terminating that IT is finite, hence ¢’ is terminating. Suppose that
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w € L(o) but IT is losing. Then, for ¢ = 6*(p, fuz), it would hold that states(p,av,clu;]) C F but
states(q,v, o' [uruz]) ¢ F. However, this is not possible since

states(q,v, o' [uiuz)) = states(q, v, o[uray))
C U states(8"(p,ta),v, ofiial]) = states(p, av, o[z,

acH’™

So we have shown that if a play of 6’ on w € L(0) is not a play of 6 on w, then it is still finite and
not losing, hence winning. Therefore, L(c) C L(o’).

In order to transform o into a strategy with depth bounded by |X/|-|Q|- (212 — 1), we repeat this
kind of adjustment several times. For the first adjustment, we pick a play I of o and configurations
K = (u1,avy) and K" = (ujuz,av,vy) as above such that [y | is minimal and such that there exists no
play of o that contains the configuration K’ and another configuration with associated triple (p,a,S)
in the subtree rooted at K’. Such K’ must exist: Suppose not, then Romeo could, after reaching
K', select his replacement words so as to reach another configuration K” with triple (p,a,S) in the
subtree rooted at K’ and, after reaching K”, choose the new replacement words to reach yet another
configuration with triple (p,a,S) in the subtree rooted at K" and so on. But if Romeo can repeat
this procedure ad infinitum, then there would exist an infinite play of o, but this contradicts that &
is terminating.

So the first adjustment of o ensures that if a configuration K with current symbol a and history
string @7 occurs in a play of ¢’, then no configuration with the same associated triple can occur
in the subtree rooted at K. Moreover, any triple occurring in the subtree rooted at K could also
previously occur in the subtree rooted at K (namely in the subtree rooted at K’, which was part of
the subtree rooted at K), so they cannot cause any new duplicate triple on a path, since the possible
ascendants of K stay the same by Lemma 3.9. Also any other triple associated to a descendant of an
ascendant of K (to the right of K after the subtree rooted at K is left) could previously occur in the
same place of the play tree because the play of ¢’ after leaving the subtree rooted at K simulates a
play of o after leaving this subtree. Therefore, since |#1| was chosen minimal, it is still not possible
for configurations with a history string of length less than |7 to have a configuration with the same
associated triple in the subtree below them.

After making finitely many such adjustments (at most once for each combination of a current
symbol and a history string of length |u7|), it is not possible for any configuration with a history
string of length at most |u7| to have a configuration with the same associated triple in the subtree
below it. Inductively we can guarantee for any k € Ny that there exists a terminating one-pass
strategy oy with L(o) C L(oy) such that no configuration with a history string of length k has a
configuration with the same associated triple in the subtree below it. This induces a sequence
(ox) of one-pass strategies that converges to some strategy 6’ which satisfies this property for
each k € Ny. Therefore, the depth of ¢’ is bounded as stated in the Lemma. If 6’ loses on some
word w € X*, then it follows from Lemma 3.12 that w ¢ L(oy) for infinitely many k and therefore
w ¢ L(0), since L(6) C L(0y). But 0’ is terminating (due to its bounded depth), so it loses on any
word on which it does not win. Hence, L(c) C L(0’). O
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It is possible to achieve a slightly better bound on the depth than the one proved in the lemma.
Similar to what will be done in Lemma 4.6, it would be possible to change ¢ to an at least as good
strategy for which there never occur two triples (p,a,S) and (p,a,S’) where S is a proper subset

of §’. Since the improved bound this would yield is still exponential in |Q|, we will settle for the

bound from Lemma 4.6 rather than dealing with more complicated terms.
With the results above, we can now state the following theorem.

3.15 Theorem. An optimal one-pass strategy exists for every games with self-delimiting replace-

ment languages.

Proof. Games with self-delimiting replacement languages have the bounded depth property with
By = |Zf] 10| - (29 — 1) by Lemma 3.14. The result follows from Theorem 3.3. O

In the next chapter, we will see — among other things — whether we can deduce from the existence

of an optimal type 1 strategy the existence of optimal strategies of restricted types.
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4. Implications between strategy types

Recall the five types of one-pass strategies defined in Section 2.2. In search of good one-pass
strategies, it would be helpful to know that one can restrict the search to one of the restricted types.
For instance, if it were clear for a game that there must be an optimum strategy of type 5 or else
there exists no optimum one-pass strategy at all, then it would be sufficient to compute all type 5
strategies, compare them and choose the best. Since there exist only finitely many type 5 strategies
for each game, this procedure would terminate (we will study the complexity of comparing two
automaton strategies in Chapter 6). Therefore, an interesting question is whether the existence of
an optimum (or optimal) strategy of one type implies the existence of an optimum (or optimal)
strategy of a more restricted type. Similarly one can ask whether, for a word w, the existence of a
strategy of one type that wins on w implies the existence of a strategy of a restricted type that wins
on w. We will study these questions in this chapter, obtaining some positive and some negative
results, while some questions remain open.

Let us first introduce some terminology. Let G = (£,R,T) be a game and X,Y € {1,2,3,4,5}.
We say

the implication X =Y for optimum strategies holds for G

if the existence of an optimum strategy of type X for G implies the existence of an optimum strategy
of type Y for G. Worded differently, the implication X = Y for optimum strategies holds for
G if the existence of an optimum strategy of type X for G implies the existence of a strategy of
type Y for G that is equivalent to some optimum strategy (and therefore equivalent to all optimum
strategies). We say

the implication X =Y for optimum strategies semi-holds for G

if the existence of an optimum strategy of type X for G implies the existence of a strategy of
type Y for G that is semi-equivalent to some optimum strategy. We use the analogous definitions
where “optimum” is replaced by “optimal”. Note, however, that for an implication X =Y for
optimal strategies to (semi-)holds, we do not require that every optimal type X strategy has a (semi-
)Jequivalent type Y strategy, but only that at least one of them (if it exists) has a (semi-)equivalent
type Y strategy. This seems like a slightly weaker statement, since it is conceivable that there are
several inequivalent optimal type X strategies, but only some of them have a (semi-)equivalent

strategy of type Y. Finally, we say
the implication X =Y for winning strategies holds for G

if, for each w € X*, the existence of a type X strategy that wins on w implies the existence of a type
Y strategy that wins on w.
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In the sections of this chapter, we study which of these implications hold or semi-hold for games
with certain properties. Of course, an implication X = Y holds trivially if type X is a restriction
of type Y.

Without loss of generality, we assume for each game G = (X,R,T') considered in this chapter
that T = (Q,X, 0,90, F) is the minimal DFA for the target language. Note that the existence of
strategies of the different types is not affected by how the target language is represented. We allow
T to be an NFA again in the next chapters when we deal with complexity questions, since the

representation of the target language will make a difference there.

4.1. Implications for optimum strategies

To prepare for our first theorem in this section, we need to define the notion of indistinguishability

of one-pass strategies.

4.1 Definition. Two one-pass strategies o and ¢’ are indistinguishable if I1(c,t,w) =I1(0’,T,w)
for each Romeo strategy 7 and w € X*. Since indistinguishability is an equivalence relation, we can

consider equivalence classes, which we call indistinguishability classes.

In other words, the decisions of indistinguishable strategies may only differ on pairs (u#,a) € T
that do not occur as the history string and current symbol of any configuration of a play. Of
course, if two strategies are indistinguishable, then they are also equivalent (i.e. winning on the
same input words). In particular, if a strategy is optimum (or optimal), then all strategies of its
indistinguishability class are optimum (or optimal). The converse is not generally true, i.e. two
strategies may be equivalent but not indistinguishable. For a trivial counter-example consider
L(T)=0.

According to a theorem by Abiteboul et al. [3, Theorem 3.1], if a game has a unique optimum
strategy, then this is a type 4 strategy, and if a game has an optimum strategy at all then it is
semi-equivalent to a strategy of type 4; furthermore, provided a condition of “1-unambiguity” holds,
the type 4 strategy is even of type 5. The definition of semi-equivalence in [3] differs slightly from
ours, as they defined two strategies as semi-equivalent if they lose on the same strings. However, the
following example shows that an optimum strategy does actually not always have a semi-equivalent

(as per the definition in [3]) strategy of type 4 or even of type 3.

4.2 Example. Consider the game G = (X,R,T) with £ = {a,b}, R given by a — aa and the target
language L(T') consisting of all strings that start with aa and contain . An optimum one-pass

strategy o for G is given by

Call, ifu=c¢
Read, ifu+# e,

o(u,a) =

foru € {a,b,a}*, i.e. o plays Call once if the first symbol of the input word is a and otherwise Read.
This strategy wins on all strings that start with a and contain b, and it is clear that this is optimum.

A strategy o’ that is semi-equivalent to ¢ must satisfy 0’(€,a) = Call because otherwise o’ loses
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on ab € L(o). However, if ¢’ is of type 3 (and in particular if it is of type 4) then ¢’(u,a) = Call
for each u € {a}*. Then, any play of ¢’ on a is infinite, so 6’ does not lose on a. But & loses on a,
so o and ¢’ are not semi-equivalent as per the definition in [3].

Barring our different definition of semi-equivalence, we can generalize the theorem by Abiteboul
et al. [3, Theorem 3.1]. It is possible to drop the condition of 1-unambiguity, and rather than
requiring a unique optimum strategy it suffices to require that there are only finitely many of them
in order for one of them to be of type 5. Besides finitely many optimum strategies we also obtain
two other sufficient conditions.

4.3 Theorem. For each game G = (L,R,T), all implications for optimum strategies semi-hold.
Moreover, all implications for optimum strategies hold for G, if any of the following conditions is
satisfied:

e G is non-recursive.
o L(T) is finite.
e Only finitely many indistinguishability classes of optimum strategies for G exist.

Proof. Since type 1 (all one-pass strategies) is the most general and type 5 the most restricted type,
it suffices to show the statements for the implication 1 = 5. We assume that an optimum one-pass
strategy exists because otherwise there is nothing to show.

Starting with some optimum strategy o7, we will construct a sequence (o) of optimum strategies
that is either finite and ends with a strategy that is indistinguishable from a type 5 strategy or is
infinite and converges to such a strategy. The plan is to define 6y, by adjusting oy so as to postpone
the earliest possible configuration that is a witness of why oy is not indistinguishable from a type 5
strategy.

The sequence (0y) starts with an arbitrary optimum one-pass strategy . Let oy be a strategy in
the sequence. We distinguish two cases.

If — for all ¢ € Q and a € X7 and all configurations (i1, av;) and (2, av,) with g = 8*(qo, i) =
0*(qo, iz) occurring in plays of oy — it holds that oy (u7,a) = oy (uiz,a), then oy is the last strategy
of the sequence. In this case oy is indistinguishable from the strategy o 4 of the type 5 automaton
A=(0,%,84,q0,F), where

1, if a € £y and a configuration (u,av) with ¢ = 6*(qo, ) occurs in
04(q,a) = some play of o such that oy (%, a) = Call,

0(g,a), otherwise

for ¢ € Q and a € X. Indeed, due to the case we are considering, if d4(g,a) = L, then all
configurations (#,av) with ¢ = 6*(qo, i) occurring in some play of o satisfy that oy (#,a) = Call.
Therefore, if a configuration (#%,av) occurs in a play of oy, then oy (%,a) = 6.4(#,a) by definition
of type 4 and 5 strategies. Hence, oy and 04 are indistinguishable.

In the other case, there exist ¢ € Q and a € £; and plays I1! = (K}, K| ,K},...) and IT> =
(K§,K7.K3,...) of o such that K} = (ur,av1), K3, = (uz,av2), ¢ = 8*(qo, tur) = 8*(qo, firz) and
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oy (ur,a) # o (uz,a) for some ny,ny € Ny, uy,u; € ¥ and v, v, € £*. We choose these such that
ny < ny and (ny,n;) is lexicographically minimal. Informally, this means that o acts like a type 5
strategy during the first n, moves. We need the following claim.

4.4 Claim. The play 1! starts with ny Read moves, i.e. U] = by € X*.

Proof. First, we show that a play of o} on fji; consists of only Read moves, i.e. o;(u,b) = Read
for each u,v € £* and b € Xy with g7 = ubv. Suppose not and choose u, v and b that constitute a
counter-example with u of minimal length. Let #,v € £ be such that &y = ubv, § = u and 1y = v.
Then a play of o} on ub with its configuration (u,b) and the play IT' with the configuration K‘lm
would contradict the minimality of ny, since |u| < |u| < |u1| = n; < na.

Now we show that iy = fjuy. If this were not the case, then |ji1| < |[#7| and we would obtain
a contradiction to the lexicographical minimality of (n,n;) by considering a play of o) on fuja

either instead of IT', if oy (i1, a) = oy (#1,a), or instead of 12, if oy (41, a) = o (42, a). O

We define o0y as the strategy that plays like oy except that if after n, moves it reaches a configura-
tion with T-state ¢ and current symbol a, then it continues to play like o would play if the history

string were uy. Formally,

oi(ur,a), if|v|=na, 6*(q0,0v) =qand b=aq,
o (uvz,b), if v=vyv; for some vy, 7; € " where [Vi| = na,

Ok+1(V,0) =
0*(qo,8v1) = g and the first symbol of v; is a or a,

or(v,b), otherwise

forveX andbe s

We prove by induction that all strategies in the sequence (o) are optimum. The base case is
immediate from our choice of o;. The following induction step is illustrated in Figure 4.1. Suppose
Oy is optimum but Oy is not. Then there exist w € L(0y) and a Romeo strategy 7 such that
I1(0y 1, T,w) is not winning. Thus, the plays of 0y and o} against T on w reach a configuration
(v,av) after n, moves with v € " and v € £* such that §*(go, ¥) = ¢ and o} does not win on zwrav.
Since oy is optimum, no strategy wins on #jav. However, consider the strategy o[ /v] that we
define by

o oy (u,b), if 77 is not a prefix of u,
o[ /v](u,b) = , .
oy(vuz,b), if u=wujuz for some uz € X'.

This strategy does the following on the input word ujav:

* Initially, oy[w1/v] plays only Read moves until the prefix 7 is completely processed (just
like o).

* Upon reaching the configuration (u7,av), the strategy oy[u7 /] starts playing like o would

play after reaching the configuration (v,av).
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Ok :
oL Tk win

(e,w) ———— (V,av)

Ot i no win = mav ¢ L(oy)

k+1

(¢,urav) _ G (1, av) }’ no win
o [i1 /7] m‘ win = wjav € L(oi[ir /7)) C L(0y) =<

Figure 4.1.: Illustration of the proof by contradiction that 0y is optimum in the proof of Theo-

rem 4.3

Since there exist plays of o; on w that contain the configuration (v,av) (e.g. II(o, T,w)) and all
these plays are winning independently of Romeo’s subsequent moves, the strategy oy [t /v] wins
on uyav. Contradiction! So as claimed, (oy) is a sequence of optimum strategies.

Let ny(k), a(k) and g(k) be the values of ny, a and g respectively used to define oy ;. The change
from oy to oy does not affect the first ny (k) moves, i.e.

Oi11(7,b) = 0x(v,b) foreach 7 € T and b € Xy with 7| < ny (k). 4.1)

Hence, n,(k) is monotonously non-decreasing. Moreover, the definition of oy ensures that
(n2(k),a(k),q(k)) # (n2(£),a(€),q(¢)) for all k < £. Thus, ny(k) increases by at least 1 per |X¢||Q]
iterations.

If the sequence (o) is finite then it ends with an optimum strategy that is indistinguishable
from a type five strategy o4. In this case, o7 is equivalent to 04. Since the strategies of the
sequence are pairwise not indistinguishable, the sequence must be finite if there are only finitely
many indistinguishability classes. This proves the statement of the theorem for the case that the
condition of the third bullet point is satisfied.

If (o) is infinite, consider the strategy o given by ¢ (u,a) = oy (u,a) where k is large enough
such that ny (k) > |u|. By property (4.1), o is well-defined and o} converges to 6. Similarly as
earlier in this proof it can be seen that ¢ is indistinguishable from some type 5 strategy c.4. We
claim that o) is semi-equivalent to 0 4: If 04 loses on a word w, then so does . By Lemma 3.12
this implies that some o} does not win on w, so since Oy is optimum also o7 does not win on w.
Conversely, if o7 loses on a word, then 64 cannot win on it either, since o7 is optimum. This
proves the first statement of the theorem. If G is non-recursive, 0 4 is even equivalent to o7 because
two strategies in a non-recursive game are equivalent if and only if they are semi-equivalent — as
already mentioned in Section 4.5. This proves the statement of the theorem for the case that the
condition of the first bullet point is satisfied.

Lastly, we consider the case that L(T') is finite, which surprisingly seems to be the most difficult
to prove. Suppose 0 4 is not optimum. The proof consists of two major steps. First, we show that
there must exist ¢ € Q, ay, ..., dy,ant1 € Ly With a,1 = a; and a;1 € L(R,,), aword w € L(0o7)
and a Romeo strategy 7’ such that I1(6.4,7’,w) contains a configuration with T-state g where all

future configurations also have T'-state g because all future moves by Juliet are to call some a; and
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Romeo keeps choosing a;; as the replacement word. The second major step is to construct an
optimum strategy o such that, if we had chosen o instead of o as the first strategy of the sequence
(0% ), then the strategy that the sequence converges to might still not be optimum, but at least it will
no longer be possible to choose the same g and ay, ..., a, with the properties above. After finitely
many repetitions of this procedure, no possible combination of ¢ and ay, ..., a, remains. Thus, the
type 5 strategy that is semi-equivalent to the optimum strategies of the sequence must be optimum
itself (i.e. equivalent to the strategies of the sequence). We will describe the steps in more detail
below.

Since L(T) is finite, T contains no directed circles except for circles in its error state, i.e. a
non-accepting state g, with 6(g.,a) = g, for all @ € £. We can assume that o; plays Read
whenever it is in a configuration with 7T-state g, because there is no way to win once that state
is reached. Thus, also 04 plays Read whenever the T-state is g.. If 64 is not optimum then
there exists w € L(o;) and a Romeo strategy 7 such that I1(o.4,7,w) is infinite. Since the only
circles in T are in g,, this means that there exists some g € O\ {g.} such that I1(c 4, 7,w) contains
a configuration with T-state ¢ where all subsequent configurations also have T'-state g and all
subsequent moves by o4 are Call (because on a Read the T-state would change, due to the
lack of circles). Let (u,a;v), (uay,axxv), (uayaz,azxzx1v),...,(4ayaz . . . ay, 4 1XnXn—1 - - - X2X1v)
be consecutive configurations of I1(o 4, T,w) with T-state ¢ such that a;, . . ., a, are pairwise distinct
anda; = a,11. Soa; € Ly, x; € X" and a;41x; € L(R,,) fori=1,...,n. We claim that x; = € for all

i=1,...,n

Suppose not, then consider the Romeo strategy 7’ given by

ai+1%xi, ifuisaprefixofvanda=a;forsomei=1,...,n,

T(v,a), otherwise.

Let ¢ € N be greater than the length of the longest word in L(7'). Note that the configuration
(@(a ...an)", ans1(xn...x1)"v) occurs in the play I1(c.4, 7', w). For k large enough, this configura-
tion also occurs in the play I1(o, 7', w). But if x; # € for some i € {1,...,n} then the remaining
string of this configuration is longer than the longest word in L(T'). So also the final string of
I1(ok, ', w) is longer than the longest word in L(7T'), thus w ¢ L(oy). But oy is optimum like o}
and we said that w € L(oy). Contradiction!

Note that 0*(qo, i) = ¢ since we have said that ¢ is the T-state of the configuration (#,a;v).
Also, on input words with prefix i, the strategy o 4 plays only Read moves until fjiZ is completely
processed because 0 4 is of type 5 (and therefore of type 3) and we know that the configuration
(@,av) occurs in a play of 64 (namely on w). Since (0y) converges to o, we can choose k large
enough such that o (v,a) = ox(v,a) for all (v,a) € = Xs. As 0 and 04 are indistinguishable,
the choice of k implies that the configuration (%,a;v) occurs in the play I1(oy, T,w) and the
configuration (iZ,a;v) occurs in any play of oy on fa;v. Since w € L(0oy), we have that fia,v €
L(0) for any one-pass strategy O that initially plays Reads on fua; v until the configuration (i, av)
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is reached and then continues to play like o; would play if the configuration were (#,a;v) instead,
i.e. 0 could be defined via

Read, if hu is not a prefix of v,

o(vz,a), if v= (4u)v; for some v; € L.

Since oy is optimum it follows that fia;v € L(0o}). We (re)define a Romeo strategy 7’ similar to
above (when we showed that x; = €) except that & in the former definition is now replaced by fu,
ie.
e ait1, if fu is a prefix of vand a = g; for some i = 1,...,n,

7' (v,a) =

T(v,a), otherwise.

Consider the (winning) play I1( oy, T, fiia; v). By choice of k it contains the configuration (i, a;v).
The strategy o} must play Read at some point after reaching this configuration because otherwise
the play would be infinite instead of winning. By definition of 7/, the next configuration where oy
plays Read is of the form ((§u)(aj . ..ay)’ai . ..a;—1,a;v) for some j € Ny, i € {1,...,n}. We claim
that the strategy o| given by

ow((tw)(ay ...ay)ay ...ai_1v2,a), if v="viv; for some v1,v; € ¥ and

L 0*(qo,8v1) = g and either (v2,a) = (€,a;)
G] (V’a) = =+ . .
orv; € ¥ begins with a;,

ox(v,a), otherwise.

is optimum. This strategy plays like oy except that upon reaching a configuration with 7 -state
g and current symbol g; it will continue as if the history string were (1) (a3 ...a)’a) ...a; 1. In
particular, 6] always plays Read when the T-state is ¢ and the current symbol is a; (much like a type
5 strategy). Note that due to the lack of circles in 7, this can happen at most once in a play, so o] is
well-defined. Suppose 6] were not optimum, then there would exist w’ € L(oy) \ L(o7). A play of
o} on v that is not winning must contain a configuration (vy,a;V’) with T-state g, where V] € T
and V' € £*. Some play of o} on w' also contains this configuration because o plays like oy prior
to reaching this configuration. Since the play of of is not winning after reaching the configuration
(vi,a'), it holds that fua;V' ¢ L(oy) by definition of o|. On the other hand, since the play of oy
on w' that contains the configuration (v1,a;V") is winning (since w' € L(0y)), there exists a strategy
that wins on fua;V’, namely any strategy that starts by playing Reads until the history string is fu
and then continues to play like o, would play if the history string were 77 instead of hjzz. Hence,
fua;v' € L(o,,) for all m € N because the strategies 0, are optimum. For m large enough, the play
I1(oy, ', uav'") contains the configuration (ua; . . .a,,a1V'). Since this play is winning, it is easy
to construct a strategy that wins on fza;V' (with methods as above). But since oy is optimum this
would mean that fa;V' € L(oy). Contradiction! So, as claimed, o is optimum.

Consider the sequence (o) that we would have gotten instead of (o) if we had started with the
optimum strategy o instead of the optimum strategy o). Since o] always plays Read when the

T-state is g and the current symbol is a;, all other strategies of the sequence do the same. If the
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sequence is finite then we are done, like above. Otherwise, also the strategy ¢’ that the sequence
converges to plays Read whenever the T'-state is g and the current symbol is @; and the same holds
for the type 5 strategy o 4 that is indistinguishable from ¢’. It could still be the case that 6 4 is not
optimum, but if we repeat the procedure from above then it will not happen again that a; occurs in
the list of function symbols that are called infinitely often while the T-state is g. Therefore, after
finitely many repetitions of the procedure, no combinations of a state ¢ € Q and function symbols
ai,...,a, € Xy with the above properties is possible any more. We must have arrived at an optimum
type 5 strategy! O

As we will see later, the implication 1 = 5 and even several weaker implications for optimum
strategies do not hold in general. However, the implication 1 == 2 holds for games with self-
delimiting replacement languages. This will be our next main result. We need several more lemmas
before we can prove it.

The next lemma further improves our understanding of games with self-delimiting replacement
languages. It augments the intuition given before Lemma 3.8: Juliet does not even need to know u
in advance in order to tell when a prefix u of the input word is completely processed. As soon as
that happens for some prefix u, she knows what u is.

4.5 Lemma. Let G = (X,R,T) be a game with self-delimiting replacement languages and u,w € L*.

If a configuration (u,v) € H, x £* occurs in a play 1 on w, then w = uv.

Proof. Without loss of generality, all moves by Juliet after the configuration (i, v) is reached are
Read. Hence, the final history string of IT is uv. It is easy to see that there also exists a play IT" on
uv with final history string uv.

Consider the play trees 7 (IT) and 7 (IT'). In 7 (IT), the current symbols of the root’s children
are the symbols of w. In 7 (IT'), the current symbols of the root’s children are the symbols of uv.
By Lemma 3.9, both play trees have the same structure. Moreover, the current symbol of each
configuration in the play tree is uniquely determined by the final history string, which is @v in both
cases. Thus, w = uv. O

The following lemma allows us to assume that an optimum one-pass strategy ¢ in a game with
self-delimiting replacement languages satisfies two specific properties. Property (i) of the following
lemma says that the substrategy after completely processing some prefix u of the input word can be
such that the set of possible 7'-states reached when the next longest prefix ua of the input word is
completely processed depends only on

* the set S of states that could have been reached after completely processing u,
* the state p € S that was really reached and
¢ the next symbol a of the input word.

This is the crucial property that allows Juliet to forget the exact history a completely processed
prefix and only remember S and p. Note that there are only finitely many possible combinations of
S C Qand p € S, which is the key towards finitely many states in a strategy automaton. Property (ii)
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of the next lemma intuitively makes sense as follows: After completely processing a prefix of
the input word, it cannot be a bad idea to minimize the set of states reachable after completely
processing the next longest prefix of the input word.

4.6 Lemma. Let G = (X,R,T) be a game with self-delimiting replacement languages for which an
optimum one-pass strategy exists. Then there exists a terminating, optimum strategy & as follows:

Let P = {states(qo,w,0) |w € X*} CP(Q). ForS € P there exist strings ug with S = states(C ,us)
and for p € S history strings us , € H. with 8*(qo, its ;) = p such that the following properties
are satisfied for each S€ P, p€ Sanda € ¥:

(i) For each u € ¥* and u € H? with S = states(qo,u,0) and p = 6*(qo,u) it holds that
states(p,a,o[u]) = states(p,a, O iz p)).

(ii) There exists no terminating strategy ¢’ with states(p,a,c’) C states(p,a, o/[us ,)).

Proof. Let ¢ be an arbitrary terminating optimum one-pass strategy o (it exists by Lemma 3.10).
We will make several adjustments to o until it satisfies the properties that we wish to prove. The
adjustments consist of two major steps. The first step is given by Algorithm 4.1. This algorithm
adjusts o and constructs a set P C P(Q) and strings us for § € P with S = states(o,us) and
us,, € HY with 6*(qo, s ,) = p for S € P and p € S such that property (ii) of the lemma holds.
In a second step, we will change o further so that P = {states(qo,w,0) | w € £*} and property (i)
holds. During all the adjustments, ¢ remains an optimum terminating strategy. It should be noted
that Algorithm 4.1 cannot be executed by a computer because there is no finite representation for
one-pass strategies; the algorithm merely serves to define P, ug, ug,, and redefine ©.

Let us first explain the general structure of Algorithm 4.1. The algorithm initializes P as the
empty set. An auxiliary set W C P(Q) is used in which subsets of Q are stored temporarily before
they are added to P. Whenever a set S is added to W, the string ug is defined directly afterwards
(lines 2—-3 and 18-19). The core of the algorithm is the while-loop, where in each iteration (lines
5-21)

e aset S is chosen (line 5),

* foreach p € S, the string g, is defined (line 7) and some more preparations are made (8-12)
in order to

* adjust o (lines 13-14),
* possibly more sets will be added to W (lines 15-19) and
 eventually S is removed from W and added to P (lines 20-21).

We now examine the steps of Algorithm 4.1 in more detail. The first set that is added to W
(and will be added to P later) is {qo}, and uyy,) is defined as the empty string (lines 2-3). It is
clear that {qo} = states(qo,€,0), so we have not done anything wrong yet. The algorithm then
jumps into a while-loop over elements § € W and a nested for-loop over elements p € §. Since

it will always hold that S = states(qo,us, o), it is possible to choose #s , such as it is done in
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Algorithm 4.1

1. P:=0

2 W= {{q0}}

3 Uige) =€

4: while W # 0 do

5. PickSeW

6: forall pe Sdo

7: Pick &g, € Hy, such that §*(qo,its ;) = p

8 foralla € X do

9 Let 0,, be a terminating one-pass strategy that minimizes states(p,a,0,,) C

states(p,a, o[is ,]) under inclusion

10: for all ¢ € states(p,a, o, ,) do
11: Pick a, € Hf[m] such that 6*(p,fa,) = ¢
12: Let o, be the one-pass strategy given by o,,(,b) = 6, ,(%,b) where a € ¥ is such that

(w,b) = (g,a)oru e ¥ " begins with a or @
13:  Let 6’ be the one-pass strategy defined by

o, (i2,b), if u = uu; and p = 6*(qo, jur) where uy € H; and
u, is a proper prefix of a string in UgesHy”,
Gl(ﬁ7b) = G(uS,paqu27b)a ifu= uiauy, p = 5*(QO,|1171)3 q= 5*(p7 ua) anda € X

where uy € Hg, ac Hg” and u; € f*,

o(u,b), otherwise

4. o:=0'
150 forallac X do

16: S .= states(qo,usa, o)
17: if ' ¢ WUP then

18: W :=wuU{S'}

19: Ug 1= uUsgd.

20 W:=W\{S}
21:  P:=PU{S}
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line 7. In line 9, a terminating one-pass strategy 0, , that minimizes states(p,a, 0, ) as a subset of
states(p,a, o[is ,]) is chosen. Note that if it is not possible to achieve a proper subset here, then
Oy« = Olis ) is always a possibility. By definition of states(p,a, o[us ,]), it is also possible to
choose @, as in line 11. The strategy o), defined in line 12 is the strategy that plays like o, , for
an input word that starts with a. In line 13, ¢’ is defined as the strategy that plays like ¢ unless
the input word starts with uga for some a € X; in that case, after ug is completely processed, ¢’
plays on the symbol a like 6, (Where p is the T-state reached when ug was completely processed)
and, once uga is completely processed, ¢’ continues to play like 6 would play if the history were
us pa, after completely processing uga (where ¢ is the T-state reached when uga was completely

processed). Note that ¢’ is well-defined because
* the sets H,, and H," are self-delimiting by Lemma 3.8,

* the first symbol of u;, (if it is non-empty) or a determines the only possibility of a € X such
that u; could be a proper prefix of a string in H;" orac HY",

* the state ¢ = 8" (p,4a) in the second case is in states(p,a, 6, 4) by definition of 6, so ay

was defined previously in line 11.

We will prove soon that ¢’ is also a terminating, optimum strategy, which justifies redefining o as
o’ in line 14. None of the changes to ¢ hereafter will affect its plays on input words uga for a € X.
Therefore, if a set §' = states(qo,usa, o) is not already added to P or W, then it needs to be added
to W so that it will be added to P later. A string ug with S’ = states(q,us,0) can be chosen as
ug = uga. All this happens in lines 15-19. Eventually, S is removed from W and added to P (lines
20-21) and the while-loop continues until W is empty.

The algorithm terminates because each subset of Q is added to W at most once and a set is
removed from W in each iteration of the while-loop. To show that the invariant holds that o is
terminating and optimum we need to show that this is the case for the strategy 6’ defined in line 13.

Suppose o is terminating and optimum before some execution of line 13, but the strategy ¢’
defined in line 13 is not. A play II of ¢’ against some Romeo strategy T on some w € L* can
differ from the corresponding play of o only after a configuration (u1,av) with uy € H, a € X and
v € X* occurs. By Lemma 4.5 this means that w = ugav. Since 0, , is terminating (and hence also
0,,), IT will contain a configuration (#7a,v) witha Hy" corresponding to the moment when uga
is completely processed (where p = 6*(qo, fur)). From this point onwards, ¢’ plays like o if the
configuration were (s ,d,,v) instead of (@1a,v) (where ¢ = 8*(p,fa)). Since such a configuration
can indeed occur in a play of ¢ (namely this is possible — depending on Romeo’s moves — if and
only if the input word ugav) and o is terminating, IT must be finite; hence ¢’ is terminating. If 6 is
not optimum, then w and IT and can be chosen such that w = usav € L(c) and IT is losing. But IT
is only losing if usav ¢ L(o). Contradiction!

Note that property (ii) of the lemma is satisfied, since the adjustment in lines 13—14 guarantee that
states(p,a, o[us ,)) = states(p,a, 6, ) and states(p,a, 6, ,) Was chosen minimal under inclusion.
Moreover, ug and ug, are as specified by the lemma. However, it is not clear whether P =

{states(qo,w,0) | w € £*} and whether property (i) holds; so far, (i) necessarily holds only for
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u = us. We will therefore make further adjustments to ¢ to ensure that (i) holds for all u € X*
and P = {states(qo,w,0) | w € £*}. We define a sequence (Oy)recn, of one-pass strategies that
converges to some strategy that has all the claimed properties.

Let oy be the strategy o at the end of Algorithm 4.1. We define oy, via

oo(us piz,a), if u=urua, p=86*(qo,4ur) and S = states(qo, u1, Ox)
Ory1(it,a) = where u; € ¥t 77 € H,Zk and u; € T

ox(u,a), otherwise.

Informally, oy plays like o} except that after a prefix u; of length £+ 1 of the input word is
completely processed (with some history string u1 € H¥), Or41 continues to play like oy if the
history string were ug , instead of 1, where S is the set of states that could have been reached after
completely processing u; and p € S is the state that was really reached.

Note that oy 1(#,a) # ok (u,a) only if |u| > k, since history strings in H¢* have length at least
|u1|. Therefore, (o;) converges to the strategy, which we again call o, given by o (u,a) = ojy (i, a).

The definition of o} ensures that oy satisfies property (i) for all ¥ = u; of length at most
k+ 1. Therefore, o satisfies property (i) for all u € X*. Also property (ii) and that ug and ug , are as
specified in the lemma, which was already true for oy, is still satisfied also for o because ¢ plays
like oy on input words of the form uga (observe that each prefix of ug is also of the form ug for
some S’ € P by construction).

Since states(qo,us, 0p) = S for all S € P, we have that P = {states(qo,us,0o) | S € P}. In fact,
we even have that P = {states(qo,usa,0p) | S € P,a € L} due to the for-loop in lines 15-19 of
Algorithm 4.1 and since each set that is added to W is added to P eventually. Combined with
property (i) and the fact that ¢ plays like 0y on input words of the form uga, we obtain that
P = {states(qo,w,0) | w € £*}, as stated in the lemma.

It only remains to show that ¢ is terminating and optimum. Observe that an input word of length
k, the strategy o plays exactly like oy. Therefore, it is enough to show that all the strategies oy are
terminating and optimum.

That oy is terminating follows from the fact that oy is terminating.

The proof that o is optimum uses induction on k. We have shown before that oy is optimum.
Suppose oy, is optimum but oy is not. Then there exists a string u;v € L(0y) \ L(0k+1) with
u; € ¥ and v € T*. Since Ok+1 loses on uyv, there must be a play of oy on u;v that reaches a
configuration (u1,v) with iy € H)* where v is such that oy loses on usv, where S = states(qo,u1, Ok ).
Since o} is optimum, this means that no one-pass strategy wins on ugv. But consider the strategy
that plays like oy except that after completely processing ug (with some history string u € H, %), it
continues as if the history string were % instead of u, where uy € HJ* is such that 6*(qo, ju1) =
0*(qo, ). Such uy must exist, since states(qo,us, ox) = S = states(qo,u1,0y). Since uv € L(oy),

this strategy wins on ugv. Contradiction! O

We need two more lemmas before we can prove the theorem that the implication 1 = 2 for
optimum strategies holds for games with self-delimiting replacement languages. The following is

essentially a corollary of Lemma 3.14.
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Figure 4.2.: Construction of A, , 5 in the proof of Lemma 4.8 if 6, , s has depth 0

4.7 Lemma. Let G = (X,R,T) be a game with self-delimiting replacement languages. For each
terminating one-pass strategy o for G and each state p € Q, symbol a € X there exists a strategy
o’ with depth bounded by || -|Q|- (21¢ — 1) and states(p,a,c") C states(p,a, o).

Proof. Consider the game obtained from G by changing the initial state of 7' to p and the set of
accepting states to states(p,a, o). The strategy ¢ wins on a in this game, so by Lemma 3.14 there
exists a strategy o’ that has depth bounded by |Z|-|Q|- (2/¢/ — 1) and also wins on a in this game.
Therefore, states(p,a,c’) C states(p,a, o) and the lemma follows, since ¢ is also a strategy for
G. O

The core of the construction of a type 2 automaton of an optimum strategy lies within the proof
of the following lemma. The strategy automata that we will construct make use of accepting states
as particular distinguished states; however, these states bear no relation to the acceptance semantics

of accepting states in “normal” FSAs that recognize a regular language.

4.8 Lemma. Let G = (X,R,T) be a game with self-delimiting replacement languages. Let Z
be the set of triples (p,a,S) € Q x X x P(Q) with the property that a strategy G, o s with finite
depth and S = states(p,a, 6, o 5) exists. For each (p,a,S) € Z there exists a type 2 automaton
Apas=(0pas: L, 5p’a75,qg,a’S,Fp7a,s) with the following properties:

(i) The elements of S are a subset of the states of Ap 4.5, namely Fy, , s = S.

(ii) Every play 11 of ©a,,s on a is finite. If u € X* is its final string, then I1 terminates in
A, a.s-state 0% (p,u) € S and no previous configuration of I1 has an A, , s-state that is in S.
In particular, states(p,a, 6, q5) C S.

(iii) We call the states of A, 45 that are not in {qums} US the inner states of A, . s. There are
at most Y¢_, ]Zf|k_1 ]Qf|k|Q\k inner states, where d is the depth of 6,45 and |Qy| is the
maximal number of non-error states of a minimal DFA of a replacement language L(Ry,) for
be Zf.

Proof. We choose 0, , s as stated in the lemma such that its depth is minimal. We prove the lemma
by induction on the depth of o), , 5. Note that the depth of 6, , 5 is determined by the depth of its
plays on a, since 0, 4 s could simply play Read moves if the history string is not a proper prefix of
a history string in H, or if the history string is empty but the current symbol is different from a.

If 0, 4,5 has depth 0, then all moves of 6, , 5 are Read. We define A, , 5 as shown in Figure 4.2.

It is immediate that A, , s satisfies the properties (i)—(iii).
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If 6, 4,5 has positive depth then A, , s is composed of automata for strategies of less depths, as
we will describe below. The construction of A, , s is sketched exemplarily in Figure 4.3.

Since L(R,) is self-delimiting, its minimal DFA has a single accepting state f, and a single
error state e, (i.e. a non-accepting state where all outgoing transitions are loops) and all outgoing
transitions of f; lead to e,. Let (Qu, %, 8,,4°, {f.}) be the automaton obtained from the minimal
DFA for L(R,) by removing the error state ¢, and its incident edges. Thus, f, no longer has any
Q| = maxpex,|Op|-

The states of A, , s are initial state q?w’ ¢, the pairs in Q x (@, \ {fa}), the elements of S, and

outgoing edges. By definition,

possibly further states coming from automata built into it. For s € S we identify s with the pair
(s, fa), so we think of these pairs as states of A, , s as well. The point of this is only to avoid case
distinctions later because we can treat these states in the same way as pairs in Q X (Q, \ {fa}). To
satisfy property (i), we define F, 5 = S = S x {f,}.

The initial state has a transition for the symbol @ leading to the state (p,q"). Further, the initial
state has transitions to itself for every symbol in X\ {a}. For each (p',q,) € O x (Q,\ {fa}) and
b € X, the transitions determining the subsequent behavior of o Apas when the A, , s-state is ( r'.q4)
and the current symbol is b are defined as follows.

First check whether there exist u,v € X* and u € Hy asld]

such that ubv € L(R,), p' = 6*(p, 1)
and g, = &7 (g2, u). If not, then the state (p’,q,) has a transition for b to itself. This transition will
never be used in a play of 04, on a and only serves to satisfy the definition of type 2 automata.

If such u, v and @ do exist, let S’ = states(p',b, 6, 4 s|au]). Observe that (p’,b,S’) € Z and the
depth of 6,y ¢ is less than the depth of 6, ,5. We use a copy of the automaton A,y ; ¢, which
exists by the induction hypothesis; we remove all transitions leaving its initial state except for the
transition for b or Z, and remove all transitions leaving one of its accepting states; then we merge
its initial state with (p’,q,) and merge each of its accepting states s € S’ with (s, 8,(¢g4,b)). Note
that if 8,(qq,b) = fa, then (s, 84(qq,b)) = s due to the aforementioned identification; indeed, s € S
in this case by definition of S’ and because v = € if 8,(q,,b) = f,, since L(R,) is self-delimiting.

To complete the construction and satisfy the definition of type 2 automata, we add for each s € S
and b € ¥ a transition from s reading b to itself.

It remains to show that A, , s satisfies the properties (ii) and (iii).

We first show (iii). The inner states of A, , s are the pairs in Q x (Q, \ {f.}) plus the inner
states of automata A, j, ¢ built into A, , 5 (other states of nested automata have been merged with
states of A, 4 5). If b ¢ X then 6,5, ¢ has depth 0 and therefore A,y ; ¢ has no inner states. If
b € X, then 0,/ ¢ has at most Y| 1=/“"110f[*|Q|* inner states by the induction hypothesis.
Thus, A, 4.5 has at most

d—1 d
101(1Qal — 1) +101(1Qal = DIZl Y 12 M 0s 01 < Y 12 0l
k=1 k=1

inner states, which proves (iii).

To prove (ii), consider a play of 6.4, ; on a. The first two configurations of this play are (€,a) and
(@,w) for some w € L(R,), and the A, , s-state of (@,w) is (p,q2). For (p',q4) € @ % (Qa\ {fa})
or (p',q4) € S x {fa}, let By 4, be the automaton obtained from A, , 5 by changing the initial
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DFA for L(R,): a,b,c

Ap.afqopt:

’
’

A/J-/?-{f/u-/l}

A N

Figure 4.3.: Exemplary construction of A, , s in the proof of Lemma 4.8 if ¢, 4 5 has positive depth,
for given T and a given DFA for L(R,)
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state to (p’,q,). The property (ii) follows from the following claim for p’ = p, g, = ¢, v =w and
U=u=E=e.

4.9 Claim. Let (p',qq) € O % (Qa\{fa}) or (P',qa) € SX{fa}, and letv € X*. If there exist u € £*
and u € pr.a.s[ﬂ such that uv € L(R,), p' = 8*(p, ) and q, = 8} (q°,u), then every play T1 of
OB, "V is finite. Moreover, if V is the final history string of I1, then I1 terminates in B,y , -state
o*(p',uw) €8S.

Proof. We show the claim by induction on |v|. Since the previous induction proof has not been
completed yet, we refer to the induction on the depth of 6, , 5 as the outer induction and the
induction on |v| as the inner induction.

If |[v| =0, then u € L(R,), hence g, = f,. Furthermore, au € H”S and therefore p =
0*(p,tau) € S. So by our identification, (p’,q,) = p’. The (unique) play of op,, OnV=_¢
is finite with final history string v = € and terminates in B,y 4, -state §*(p’,€) = p’ € S.

For the induction step we have that v = bV for some b € ¥ and V' € £*. Let II be a play of
o3, on bv'. Since L(R,) is self-delimiting, it holds that u ¢ L(R,), hence g, # f,. The premise
of the claim is also true if # and u are the same as those chosen in the definition of the transitions
determining the subsequent behavior of 64,,; when the A, , s-state is (p',¢,) and the current
symbol is b, so we can assume they are the ones chosen before.

Let S’ = states(p',b, 0, 4 s[au)), like in the definition of A, , 5. By the induction hypothesis of
the outer induction, the property (ii) holds for A, 5 5. So every play of o Ay ,g OD b is finite, and if
b is its final history string, then it terminates in A, j, ¢-state 6" (p’,4b) € §'. Thus, due to the way
in which A, 5, ¢ is built into A, , 5, every play of 05, ON b is finite, and if b is its final history
string, then it terminates in B,y 4 -state (6*(p',bb), 8,(qa,b)) € S" x Qq. Therefore, IT contains a
configuration (b,v') with B,y 4 -state (s',q,), where s’ = 8*(p',1b) € S’ and ¢, = 8,(qa,b).

Since §' = states(p’,b, 6, 4 slau]), there also exists be H, pasl@ it o*(p/, hgl) =, hence
ub € H;Z""’Sm. Moreover s' = 8*(p,tub ) and ¢, = 8. (¢0,ub). We can apply the induction
hypothesis of the inner induction, which yields that every play of s, on v is finite and if V' is its
final history string, then it terminates in By , -state §*(s’,57') € S. Hence, the play ITis finite, and
if bV’ is its final history string, then it terminates in B,y , -state §*(p',5bV') € S. This completes the

induction step of the inner induction and thereby proves the claim. O
As stated above, Claim 4.9 implies property (ii). This completes the proof of Lemma 4.8. O

Finally, we can prove the theorem announced earlier.

4.10 Theorem. The implication 1 =2 for optimum strategies holds for games with self-delimiting
replacement languages. More precisely, if there exists an optimum one-pass strategy in a game
G = (X,R, T) with self-delimiting replacement languages, then there exists a terminating, optimum
one-pass strategy specified by a type 2 automaton with less than (|Zs|-|Qy| - |Q|)F states, where
E = |Z/|-|Q| - 219 and |Qy| is the maximal number of non-error states of a minimal DFA of a
replacement language L(R,) for a € Xy and |Q| is the number of states of the minimal DFA for
L(T).
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Proof. Let o be an optimum one-pass strategy for G. We can assume that ¢ satisfies the properties
of Lemma 4.6, and we choose P, ug and ug,, as in that lemma. We construct a type 2 automaton A
that satisfies the stated size bound such that 6 4 is terminating and equivalent to ©.

The basic idea of the proof is that when reaching a configuration with history string # € H? for
some u € X*, all the information contained in % can be forgotten except for the T-state 6*(qo, i)
and the set states(qo,u,c) of states that would have been possible as T-states after completely
processing u (depending on Romeo’s moves). The automaton A is built by connecting several
copies of the automata A, , s from Lemma 4.8.

The type 2 automaton A has a state (S, p) for each S € P and p € S and possibly further states
coming from automata that are built into it. The initial state of A is ({go},q0). A state (S, p) shall
be reached whenever a prefix u of the input string with S = states(qo,u, ) is completely processed
and the T-state of the current configuration is p. The construction of 4 is completed by doing the
following foreach S€ P, p € Sand a € X.

Let S’ = states(p,a, o [us ,]). By Lemma 4.7 and property (ii) of Lemma 4.6, there exists a one-
pass strategy ¢’ with depth bounded by [Z¢| - |Q| - (219l — 1) and S’ = states(p,a,c"). Therefore,
the automaton A, , ¢ from Lemma 4.8 exists. We take a copy of A, , ¢, remove all transitions
leaving its initial state except for the transition for a or @, and remove all transitions leaving one
of its accepting states. Then, we merge its initial state with (S, p) and for each s € S’ we merge
its state s with (states(qo,usa,c),s). This is indeed a state of A, since s € §’ C states(qo,usa, o).
Note that A is a well-defined type 2 automaton.

The following claim will help us to show that 6 4 is optimum.

4.11 Claim. Letw € ¥* and let I1 be a play of 6.4 on w. Then I1 is finite (i. e. .4 is terminating)
and if w € £ is the final history string of T1, then T1 terminates in A-state (S,p) where S =
states(qo,w, 0.4) = states(qo,w, o) and p = 8*(qo,1w).

Proof. The proof is by induction on |w|. The base case w = € is immediate. For the induction step,
let w = ua with u € £* and a € X. By the induction hypothesis, IT contains a configuration (#,a) with
A-state (S, p’), where S’ = states(qo,u,0.4) = states(qo,u, o) and p’ = 6*(qo, fu). By construction
of A, a play of 64[u] on a is the same as a play of 6.4, ,, on a, where §” = states(p', a, o [ttg /]).
Therefore, I1 is finite by property (ii) of Lemma 4.8. Let @ € H, be such that w = ua is the final
history string of I1. By property (ii) of Lemma 4.8 and the way in which A, , ¢ is built into A, the
play IT terminates in A-state (S, p) where S = states(qo,usa, o) and p = §*(p',ia) = 6*(qo,tw).
It remains to show that S = states(qo,ua,c.4) = states(qo,ua, o). Indeed,

states(qo,ua, c.4) = U states(p',a, 0 iy 7))
p'Estates(qo,u,0.4)

= U states(p',a, g )
p'es’

= states(qo, uga, o)
=S

and the same equations hold when 6 4 is replaced by ¢ (using property (i) of Lemma 4.6 for the
first equation then). O
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From the claim it follows that
L(o4) = {w € X" | states(qo,w,04) C F} = {w € L* | states(qo,w,0) C F} = L(0),

i.e. 04 is equivalent to o and therefore also optimum.

It only remains to show that the number of states of .4 is bounded as stated in the theorem. Note
that |Qr| > 2 because the accepting state f, € Q, is different from the initial state q° € Q, for each
a, since € ¢ L(R,) by definition. We can also assume without loss of generality that |Q| > 2, since
otherwise L(T) = X* or L(T) = 0 and it would be trivial to find a type 2 automaton with just a
single state that specifies a terminating, optimum strategy. There are less than |Q)| -212 states of the
form (S, p) with S € P and p € S. For each of these states, we have added inner states of at most
|Xf| automata of the form A, , s that were built into it (again, if a ¢ X then A, , s has no inner
states). Since each 0,4 s has depth at most |Z¢||Q|(2/l — 1), the number of states of .4 adds up to

less than
Z/l1Q|(212 1) e
|Q‘2|Q‘ 1—|—|Zf’ Z |Zf‘ - |Qf| |Q|
k=1
IZsllQ)(219/-1) .
=029 ¥ (I=/llQslIQN)
k=0
lol_
:|Q‘.2|Q\,(IZfHQfHQI)‘Zf”Q'(2 DFl_q
IZrllQrllO] —1
121 —1)+1
Y00 [Zrll01(2
<l0)-|o,@. (ZlIes)
(o]
lo|
<(|xsllQflQ)) 1P
We are done. -

The remaining results in this section will be negative. We show that the implications 1 = 3,
2 = 4 and 4 = 5 for optimum strategies do not in general hold for games that satisfy none of
the three conditions of Theorem 4.3.

4.12 Theorem. There exists a game G for which the implications 1 =—> 3 and 2 = 4 for optimum
strategies do not hold.

Proof. Consider the game G = (X,R,T) with £ = {a}, the only replacement rule being a — aa
and L(T) = {a* | k > 2}. We show that there exists an optimum type 2 strategy but no optimum
type 3 strategy for G. Since every type 2 strategy is also of type 1 and every type 4 strategy is also
of type 3, this implies the theorem.

An optimum one-pass strategy for G could play a single Call and followed by only Read moves.
This guarantees that the strategy wins on every non-empty input word. A type 2 automaton
specifying such a strategy is displayed in Figure 4.4

However, no optimum type 3 strategy for G exists. If o is a type 3 strategy and o (g,a) = Call,
then o (a*,a) = Call for each k € N by definition of type 3 strategies. Each play of this strategy
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e

Figure 4.4.: Automaton of an optimum type 2 strategy for the game G in the proof of Theorem 4.12

(a) Target language automaton 7 (b) Type 4 automaton A

Figure 4.5.: Automata 7" and A used in the proof of Theorem 4.13

on a non-empty input word would be infinite, so the strategy would not be optimum. On the other
hand, if 6(&,a) = Read, then o loses on a and is therefore also not optimum. O

The proof of Theorem 4.12 may seem to suggest that left-recursion is a necessary property of a
counter-example, i.e. the possibility of deriving from a function symbol a word that begins with the
same function symbol. While it is true that recursion is necessary (due to Theorem 4.3), neither
left- nor right-recursion is necessary. An example (hence an alternative proof of Theorem 4.12) is
given in Theorem A.1 in the appendix. We chose a left-recursive game in the proof above because

it seems to be the simplest counter-example.

4.13 Theorem. There exists a game G for which the implication 4 => 5 for optimum strategies
does not hold.

Proof. Consider the game G = (£,R,T) with £ = {a,b,c,d}, rules R given by

a—b

c — ac

d — bad

and the target language automaton 7' = (Q,X, 8, qo, F') depicted in Figure 4.5a. We claim that the
strategy o 4 of the type 4 automaton A shown in Figure 4.5b is optimum.

Observe the correspondence of the states of A to states of 7: Foreache € Xand i,j = 1,2, if A
has a transition from g; or ¢/ to ¢ ;or q; reading e, then also 7" has a transition from ¢ to g; reading
e. Moreover, the initial state of 7" and A is g, both times. Therefore, for any configuration in a
play of 64 it holds that its A-state is g, or g, if and only if its 7-state is g, and its .A-state is ¢,
if and only if its T'-state is g;. So a play of 0.4 never leaves the accepting states g, and g, of T,
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and as such it is winning if and only if it is finite. We show that every play of 6.4 is finite. Thus,
L(o4) =X" and 04 is optimum.

Let IT = (Ko, K],...) be a play of 04 and let K,, = (u,v) be a configuration in IT. We show by
induction on the length of v that IT is finite.

If v = &g, then, by definition, K, is the last configuration of I1, so IT is finite.

If v = eV for some e € £ and V' € L*, then it is easy to check (separately for each combination
of e € {a,b,c,d} and A-states g € {q,,q(,q, } of K,) that Il contains a configuration of the form
K,, = (w,V'), where m € {n+1,...,n+6} and v € L. Hence, I is finite by the induction
hypothesis.

It remains to show that there exists no optimum type 5 strategy for G. Since the existence of the
previous strategy implies that an optimum strategy for G must win on all/ words of X*, we need to
prove that for each type 5 automaton 5 it holds that L(op) C L*.

Let B = (Q,X,85,90,F) be any type 5 automaton, i.e. an automaton obtained from 7 by
removing transitions. We can assume that 6(qo,c) = 0(q1,a) = 6(q1,d) = L since otherwise op
would lose on ¢, ba or bd.

If 35(q0, @) = qo, then the unique' play (Ko, K7, ... ) of o5 on ac is infinite, since Ko = ((ac)*, ac)
for each k € Ny by induction. On the other hand, if d5(qo,a) = L, then the play (Ko, Kj,...) of o3
on ad is infinite, since Ky = ((a@bdb)*,ad) for each k € Ny, again by induction. Thus, ac ¢ L(op)
or ad ¢ L(op) and therefore o5 is not optimum. O

Note that the counterexamples in the proofs of Theorems 4.12 and 4.13 are ones where Juliet
basically plays alone because Romeo can never choose from a set of more than one replacement
word. So Juliet has complete information except that she does not know the input word. But even if
it were announced to her that the input word is a in the game of Theorem 4.12 or acad in the game
of Theorem 4.13 then there would not be a strategy of the respective restricted type that wins on
these words (it is not difficult to see this for acad). An overview of the implications for optimum
strategies is given in Figure 7.1 in the summary.

4.2. Implications for optimal strategies

Now, we will consider implications for optimal strategies. Recall that if an optimum strategy exists,
then a strategy is optimal if and only if it is optimum. Therefore, any implication of which we
can show that it holds for optimal strategies also holds for optimum strategies. Conversely, the
implications 1 = 3, 2 = 4 and 4 = 5 that do not in general hold for optimum strategies also
do not in general hold for optimal strategies. So the questions are: Under what (possibly stronger)
conditions do the implications that hold for optimum strategies also hold for optimal strategies?
Can we find conditions under which implications that hold for optimum strategies do not in general
hold for optimal strategies?

!For the game G at hand, a play is uniquely determined by the one-pass strategy and the input word, since IL(R.)| =1
foreache € X¢.
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We begin with a positive result. It is a much weaker version of Theorem 4.3 for optimal strategies,
and says that for each optimal strategy there also exists an automaton based optimal strategy if the
target language is finite.

4.14 Theorem. The implications 1 =—> 2 and 3 = 4 for optimal strategies hold for games with a
finite target language.

Proof. Let o be an optimal one-pass strategy for a game G = (X,R, T) with finite target language
L(T). We assume without loss of generality that L(c) # 0. For w € L(0) let B,, be such that every
play of ¢ on w has at most B,, configurations (see Lemma 3.4). Let B be the maximum of these
numbers B,,, which are finitely many since L(T') is finite. We construct a type 2 automaton or (if &
is of type 3) a type 4 automaton A such that the plays of 6 on a word w € L(0) are the same as the
plays of o4 on w.

LetH C T=" be the set of history strings of configurations occurring in plays of ¢ on words from
L(o). A type 2 automaton A that specifies a strategy o4 that is equivalent to & can be constructed
with H as its set of states as follows. The initial state is €. If u#,ua € H with @ € X, then it has a
transition from u reading a to ua. Any remaining transitions required to satisfy the definition of
type 2 automata can be chosen arbitrarily (they will not be used in a play of 4 on a word from
L(0)). It is straightforward that for each w € L(0o) the plays of o on word a w are the same as the
plays of 0,4 on w. Hence, L(0) C L(0.4) and, since o is optimal, L(0) = L(04).

If o is even a type 3 strategy, then we can construct a type 4 automaton of an equivalent strategy
in much the same way except that state # and v with ju = v are merged to a single state and
transitions for symbols in i} are omitted. That is, the set of states is {fu |u € H} and if u,ua € H
then there is a transition from fu reading a to fia, and any missing transitions for symbols in £\ X s
are chosen arbitrarily. Using the definition of type 3 strategies it is easy to check that this specifies

an equivalent strategy. O

Since we know already that an optimal type 1 strategy exists for each game with a finite target

language, it follows that there even exists an optimal type 2 strategy for these games.

4.15 Corollary. For each game with a finite target language there exists an optimal type 2 strategy.
Proof. Immediate from Theorem 3.6 and Theorem 4.14. O

Recall from Theorem 3.15 that an optimal one-pass strategy exists for each game with self-
delimiting replacement languages. Therefore, if the analogon of Theorem 4.10 for optimal instead
of optimum strategies is true, then every game with self-delimiting replacement languages has an
optimal strategy of type 2. Indeed, it would be somewhat surprising if the implication 1 = 2 for
optimal strategies does not hold for games with self-delimiting replacement languages — because
not only the implication 1 = 2 for optimum strategies but, as we will see later, also the implication
1 =2 for winning strategies holds for games with self-delimiting replacement languages. However,
it is an open problem whether the same is true for optimal strategies. We briefly discuss difficulties

in trying to answer this question.
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c a,b,c

@ a,b a,b,c @

Figure 4.6.: Target language automaton 7" for Example 4.16

The proof in the case of optimum strategies was based on Lemma 4.6. In that lemma, we showed
that every optimum strategy can be changed to an equivalent strategy o where the moves after
completely processing some prefix u of the input word (leading to a history string # € H?) depend
only on 8*(qo, %) and states(qo,u, o). The according statement is not true for optimal strategies,

as the following examples shows.

4.16 Example. Consider the game G = (X,R,T) with £ = {a,b,c}, rules a — ¢ and b — ¢ and the
DFA T as per Figure 4.6.

The strategy ¢ with o(€,a) = o(€,b) = Call and o(u,a) = o(u,b) = Read for u € s
optimal with L(c) = {dcfe | d € {a,b,c},k € Ng,e € {a,b}}. Indeed, a it is not hard to check
that a strategy that wins on some word w ¢ L(c) must lose on some other word that is in L(0).
However, suppose there exists an equivalent strategy ¢’ such that for all u1,u; € Z* and ; € H /
with 6*(qo, bur) = 0*(qo, biz) and states(qo,uy,0") = states(qo,uz,0’) it holds that o’ (7] = o’ [u3].
Since 6’ wins on ab, it must hold that states(qo,a,0’) = {qo} and ¢’(ac,b) = Read. With u; = a,
U1 = ac and uy = u; = € it follows that 6/(&,b) = Read. But then ¢’ is not equivalent to &, since

o’ loses on ba.

The example shows that not every optimal strategy in a game with self-delimiting replacement
languages has an equivalent strategy that satisfies the properties of Lemma 4.6 (barring the require-
ment of being optimum). However, it could still be the case that some optimal strategy satisfies
these properties. Further research is necessary to find out whether the implication 1 = 2 for
optimal strategies holds in games with self-delimiting replacement languages. The importance of
this question is that a positive answer would imply that every game with self-delimiting replacement
languages has an optimal strategy that is based on an automaton.

A similarly important question is whether the analogon of Theorem 4.3 is also true for optimal
instead of optimum strategies. Due to Theorem 3.6, a positive answer would mean that every
non-recursive game and every game with a finite target language has an optimal strategy that is
even of type 5. We can answer this question, but unfortunately the answer is negative. We will
show that the implications 1 = 3, 2 =>4 and 4 = 5 for optimal strategies do not in general

semi-hold even for non-recursive games with a finite target language and finitely many rules.

4.17 Theorem. There exists a non-recursive game G = (X,R,T) with R and L(T) finite such that
the implications 1 = 3 and 2 = 4 for optimal strategies do not semi-hold for G.

Proof. We will construct a non-recursive game with finite set of rules and finite target language
for which an optimal strategy of type 2 exists but no optimal strategy of type 3 exists. Since two
one-pass strategies for a non-recursive game are equivalent if and only if they are semi-equivalent,

this implies the theorem.

55



Consider the game G = (X, R, T) over the alphabet X = {a,b,c,d, e} with the set of rules R given
by

a—b+c
b—cd

c—e

and target language L(T') = {e,cd}.

The existence of an optimal type 2 strategies for G is guaranteed by Corollary 4.15. However,
there exists no type 3 strategy for G that is optimal. Let o be some type 3 strategy. We show
first that o does not win on a. Suppose ¢ does win on a. Then o(€,a) = o(g,b) = Call. If
o(€,c¢) = Read, then the play

(€,a),(a,c),(ac,€)
of o on a is losing — contradiction. If o(g,c) = Call, then the play
(e,a),(a@,b), (ab,cd),(@bc,ed), (abce,d), (abced, €)

of ¢ on a is losing — contradiction.
It is also easy to see that no strategy can win on a word that starts with a and has length at least 2.

A one-pass strategy ¢’ that wins on all words from (o) and also on a can be defined by
Call, — if (,f) € {(¢,a),(a,b),(a,c)},

o'(i, f) = { Read, if (,f) = (ab,c),

o(u,f), otherwise
form €X', f € Xs = {a,b,c}. Since L(c) € L(c)U{a} = L(c"), it follows that & is not optimal.C]

As mentioned above, also the implication 4 = 5 for optimal strategies does not in general hold

even for non-recursive games with a finite target language and finitely many rules.

4.18 Theorem. There exists a non-recursive game G = (X,R,T) with R and L(T) finite such that
the implication 4 = 5 for optimal strategies does not semi-hold for G.

Proof. Consider the game G = (X,R, T) over the alphabet £ = {a, b, c} with rules given by

a— bb+ cbc

b— cc

and target language automaton T as per Figure 4.7a. The finite target language is L(T) =
{bbc,bcc,cbe,cec}. Like in the proof of Theorem 4.17 it suffices to show that the implication
4 — 5 does not hold for G, since G is non-recursive.

We claim that the type 4 strategy o 4 specified by the type 4 automaton A shown in Figure A.2b
is optimal. It can be checked easily that L(c4) = {a,bb,bcc,cbc,ccc’}. The only words that are not
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(a) Target language automaton T (b) Type 4 automaton A

Figure 4.7.: Automata T and A for the proof of Theorem 4.18

in L(0.4) even though a strategy exists that wins on them are bc, bbc and cb. However, a one-pass
strategy that wins on bc cannot win on bcc; a strategy that wins on bbc cannot win on bb; a strategy
that wins on ¢b cannot win on cbc. Therefore, every one-pass strategy that wins on a word on
which o 4 does not win also loses on a word on which ¢ 4 wins. Hence, there exists no strategy ¢
with L(6.4) € L(0), which means that ¢ is optimal.

It remains to show that there exists no optimal type 5 strategy for G. Obviously, T is the minimal
DFA for L(T), so a type 5 automaton is obtained from 7' by removing transitions. Let 3 be a type
5 automaton specifying a type 5 strategy op. Observe that 6z cannot win on a: In order to win
on a, a strategy must play Call in the configurations (€,a) and (ab,b) and it must play Read in the
configurations (a,bb) and (ac,bc). But a type 5 strategy must play the same in the configurations
(ab,b) and (ac,bc), because both have T-state g; and current symbol b. However, we can find a
one-pass strategy o with L(o3) C L(og) U{a} = L(0). Indeed, such a strategy can be defined by

Call,  if (,d) = (¢,a) or (@,d) = (ab,b),
o(i,d) = { Read, if (w,d) = (@,b) or (@,d) = (dc,b),

op(u,d), otherwise
fori€ X andd € X = {a,b}. Hence, o5 is not optimal. O

For completeness, it shall be mentioned that there also exist non-recursive counter-examples for
the implication 4 = 5 where Juliet plays “alone”, i.e. L(R,) is a singleton for each a € X. This
is shown in Theorem A.2 in the appendix.

We have seen in this section that, compared to the case of optimum strategies, a lot stronger
conditions are required to guarantee that implications for optimal strategies hold. Whereas all
implications hold for optimum strategies in non-recursive games or if the target language is finite,
we have shown that several implications for optimal strategies are not in general satisfied even if
even if the game is non-recursive and has a finite target language. Open questions in this area are
whether the implications 1 = 2 and 3 = 4 hold more generally than if the target language is
finite. As it stands it is even conceivable that these implications hold for all context-free games, but

a proof or a counter-example has yet to be found.
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A summary of our results for optimal strategies can be found in Figure 7.2 in the last chapter. In

the last section of this chapter we will take a look at implications for winning strategies.

4.3. Implications for winning strategies

Given our work on implications for optimal and optimum strategies, it is relatively easy to obtain
results for implications for winning strategies. A convenient result is that in the case of finitely
many rules or a finite target language, one can narrow the search to automaton strategies when

trying to determine whether a winning strategy on a given word exists.

4.19 Theorem. The implications 1 =—> 2 and 3 = 4 for winning strategies hold for games with

finitely many rules and for games with a finite target language.

Proof. The statement follows from Lemma 3.4 analogously to the of Theorem 4.14, except that
only a single word needs to be considered instead of all words in L(o). Therefore, it is not required
that L(0o) is finite. That is why the theorem holds besides games with a finite target language also
for games with finitely many rules. O

The next theorem is the counterpart of Theorem 4.10 for winning strategies.

4.20 Theorem. The implication 1 =2 for winning strategies holds for games with self-delimiting
replacement languages. More precisely, if G = (£,R,T) is a game with self-delimiting replacement
languages and w € L(0) for some one-pass strategy o, then there exists a type 2 automaton A
such that w € L(6.4) and A has at most |w|- (|¢|-|Qy|- ]Q\)E states, where E = |Z¢| - |Q| - 2!/
and |Qy| is the maximal number of non-error states of a minimal DFA of a replacement language
L(R,) for a € £y and |Q| is the number of states of the minimal DFA for L(T).

Proof. The proof is similar to that of the according implication for optimum strategies. Let
G = (X,R,T) be a game with self-delimiting replacement languages. Let o be a one-pass strategy
and letw =aqj ...a, € L(o) with a; € £. We construct a type 2 automaton 4 with w € L(G.4).

By Lemma 3.14 we can assume that ¢ has depth at most || - |Q| - (219! — 1). Fori =0,...,n let
S; = states(qo,a - ..a;,0). Note that So = {qo} and S,, C F. The automaton .A has a state (p, i) for
eachi=0,...,n and p € S; and further states coming from automata nested into it.

A state (p,n) has a transition to itself for each a € X. The outgoing transitions of a state
(p,i) with i < n are determined as follows. Let # € HJ . be such that 6*(qo, %) = p. Let
S = states(p,a;i11,0(u]). Note that the automaton A, ;. , s from Lemma 4.8 exists. We take a copy
of it and remove all transitions leaving one of its accepting states s € S. Then, we merge its initial
state with the state (p,i) of A, and for each s € S we merge its state s with the state (s,i+ 1) of A.
Indeed, (s,i+ 1) is a state of A because S = states(q,a;+1,0[u]) C states(qo,ai ...ai+1,0).

Consider a play of 04 on w. By induction on i one can see that every prefix a; ...a; of w will be
completely processed at some point, and if the 7-state of the corresponding configuration is p, then
p € S; and the A-state of the corresponding configuration is (p,i). For i = n this means that each
play of 6.4 on w is finite and the T -state of the final configuration is in S,. Since S, C F, it follows
thatw € L(04).
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Finally, let us estimate the number of states of .A. We can assume that F C Q because otherwise
the theorem is trivial. Since |So| = 1 and |S,,| < |F| < |Q| — 1, there are at most

L+ (1) 10l +]@| ~1=n-|Q
states of the form (p, ). For each of them, we added at most

1=¢]|Q](2/9—1) T
Y X eslel

k=1

more states, coming from inner states of the automata built into A. Using that |Q| > 2 (since

replacement languages do not contain €), this makes in total at most

I=/]|Ql(21¢/-1) - ik
nol- [ 1+ Y 1ZA o0

k=1
(‘Zf"QfHQD'ZfHQ\(ﬁQ\_l) .
|Zf||QfHQ| -1

<n-|Q|- (1+ [e3i[Y

lol
<n-1Q] (1+Qf|((rzf||Qf||Q|>'ZfQ(z‘ 1>_1)>
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states in \A. O

The remaining results in this section are negative. They are analogous to the negative results that
we showed for optimal strategies.

4.21 Theorem. There exists a non-recursive game G = (X,R,T) with R and L(T) finite such that
the implications 1 = 3 and 2 = 4 for winning strategies do not hold for G.

Proof. An example is the game from the proof of Theorem 4.17 with input word a. 0

4.22 Theorem. There exists a non-recursive game G = (X,R,T) with R and L(T) finite such that
the implication 4 = 5 for winning strategies does not hold for G.

Proof. An example is the game from the proof of Theorem 4.18 with input word a. O

An overview of the results of this section is given in Figure 7.3.

This concludes our chapter about implications for one-pass strategies. Besides several positive
results for restricted cases, we showed that the implications 1 = 3, 2 = 4 and 4 =—> 5 do not
hold in general (neither for winning strategies, nor for optimum or optimal strategies). The general
case of the implications 1 => 2 and 3 = 4 is open.

In the next chapter, we will describe the language of words on which an automaton strategy
wins. The theorem proved in that chapter will also be helpful later to obtain upper bounds on the
complexity of decision problems.
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5. Winning sets of automaton strategies

We show that the language L(o4) of words on which the strategy of a automaton .4 wins is regular.
We will do so by constructing a universal finite automaton (UFA) that recognizes L(c 4). A UFA is
the same as an NFA except that it accepts a word w if w is accepted in all possible runs (instead
of just some possible run). It is possible to construct a DFA that recognizes the same language
as a given UFA by using a powerset construction (analogously to how an equivalent DFA can be
found for a given NFA). Thus, the language recognized by a UFA is regular. If the target language
automaton 7" is deterministic, then the UFA can be constructed in time polynomial in the size of G
and A. This result was stated already by Abiteboul et al. [3, Proposition 3.1] for a type 4 automaton
A. However, the construction from their proof sketch does not take into account the possibility that
the play of 64 may not terminate on some input words. We give a construction that also treats this
case and generalize the result to type 2 automata.

Intuitively, the universal quantification in the semantics of the UFA corresponds to the fact that

o0 4 must win against all Romeo strategies in order to win on an input word.

5.1 Theorem. For a game G = (X,R,T) and a type 2 or 4 automaton A, the set L(0C ) is regular.
If T is a DFA, then a UFA U recognizing L(0 1) can be constructed time polynomial in the size of
G and A.

Proof. 1t is enough to prove the theorem for type 2 automata since each type 4 automaton can be
transformed into a type 2 automaton. By Proposition 2.2 we can assume that A does the test for
the target language. This is the only step where we require 7 to be a DFA to ensure polynomial
running time. We do not need to consider 7" any more from now on. Let A = (Q,f, 0,q0,F).

The UFA recognizing L(6.4) isU = (QU{gw}, L, u,qo, F } for a transition relation &, that we
will define below. So U uses the same states as .4 plus an additional state g.., and I/ has the same
initial state and the same accepting states as .A. The state g.. will be needed to treat the case that
o4 might play infinitely long.

For a state g of A, let A, denote the strategy automaton obtained from .4 by changing its initial
state to g.

Let E be the set of all subexpressions of the regular expressions R, for a € Xr. We will define
a relation Move C Q x (EUZX) x Q, where a triple (¢,a,q’) € Move with a € ¥ shall denote that a
play of 04, on a may terminate in .A,-state g (depending on Romeo’s strategy). These triples will
constitute the core of the transition relation of /. Note that the union £ UX is not disjoint since
replacement words are non-empty by definition, so some alphabet symbols must occur as atomic
subexpressions.

For (¢,r,q') € O x (EUX) x Q, we define inductively that (g,r,q") € Move if any of the following
conditions holds for some a € X, ri,r» € E and ¢ € Q:
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(i) r=aand ¢ =8(q,a)
(i) r=a, 6(q,a) = L and (6(q,a),R4,q’) € Move
(iii) r=€and g = ¢
(iv) r=rirp and (q,r1,4"),(q",r2,q4') € Move
(v) r=ri+nr,and (¢,r1,4) € Move
(vi) r=ri+ryand (q,r2,4") € Move
(vi)) r=r{and ¢' = ¢
(viii) r=r] and (¢,r1,4"),(¢",r;.q") € Move
The semantics of the Move relation is described by the following claim.
5.2 Claim. For q,q' € Q and r € EUZY, the following are equivalent:
* (¢,1,q') € Move

* There exist w € L(r) and a Romeo strategy T such that 11(64,, T, w) terminates in Ay-state
/

q.

The proof of this claim is postponed until the end of this proof.

If it were guaranteed that every play of 0 4 is finite, then we could finish the construction of I/ by
letting & = {(¢,a,q') € Move | a € X}. However, this is problematic if a word w exists such that
every finite play of o4 on w is winning, but there also exist infinite plays of 6.4 on w. In this case,
0.4 does not win on w, but w would be universally accepted by U if we defined &, as suggested.
Hence, we need to pay special attention to the case that Romeo can force infinite play against G 4.
We will do so by adding further transitions to ¢/ that ensure that if an infinite play of 0.4 on w exists,
then there exists a run of ¢/ on w that terminates in the non-accepting state g..

The idea to detect the possibility of an infinite play is the following: For a play to be infinite there
must be a function symbol a € Xy and a state g € Q such that a is called in g and in the “sub-play’
on the replacement word of a there occurs another configuration with A-state g and current symbol
a. To detect the possibility of such a play, we introduce a relation Next C Q x (EUL) x O x X. A
tuple (g,7,4',a) shall be in Next if and only if there exists a play of 6,4, on some word from L(r) that

’

contains a configuration with A,-state ¢’ and current symbol a. For (¢,r,¢',a) € 0 x (EUX) x QX £,
we define inductively that (¢,r,¢’,a) € Next if any of the following conditions holds for some b € £,

ri,rp € Eand g’ € Q:

(i) r=aandg=¢g
(ii)) r=>b,6(q,b) = L and (S(q,z;),Rb,q’,a) € Next

(iii) r=ryrp and (q,r1,q',b) € Next
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(iv) r=rir, (q,r1,4") € Move and (¢",r2,q',a) € Next
(V) r=ri+nrand (q,r1,4 ,a) € Next
(vi) r=r1+ryand (q,r2,4 ,a) € Next
(vii) r=r7, (q,r},q") € Move and (¢",r1,q',a) € Next
5.3 Claim. Forq,q' € Q, r € EUX and a € T, the following are equivalent:
* (¢,1,q',a) € Next

* There exist w € L(r) and a Romeo strategy T such that I1(0.4,, 7, w) contains a configuration
with Ag-state ' and current symbol a.

Also the proof of this claim will be provided later.

As a last ingredient before we can define &, we define the relation Inf € Q x (ZUE) that shall
contain a pair (g,r) if an infinite play of 6,4, on some word from L(r) exists. For g € Q and
r € EUX, we define inductively that (¢, r) € Inf if any of the following conditions holds for some
aceX, ri,npeFEandqgeQ:

(i) r=a, 6(q,a) = L and (6(q,a),R,,q,a) € Next
(il) r=a, 6(q,a) = L and (6(q,a),R,) € Inf
(ili) r=ryry and (q,r1) € Inf
(iv) r=rir, (q,r1,4) € Move and (¢',r>) € Inf
(v) r=ri+nrand (¢,r) € Inf
(vi) r=ri+ryand (q,r2) € Inf
(vii) r=r7, (q,r{,q') € Move and (¢, ry) € Inf
5.4 Claim. For g € Q andr € EUZL, the following are equivalent:
* (q,r) € Inf
* There exist w € L(r) and a Romeo strategy T such that I1(0.4,,T,w) is infinite.

Again, the proof of the claim is postponed until later.

The transition relation of I/ is defined as

{(¢,a,9x) | (q,a) € Inf,a € L} U
{(gw,a,9) | a € }.

Observe that each state of I/ has at least one transition for every symbol.
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We argue briefly that I/ can be constructed in polynomial time. The bottleneck is the computation
of the relations Move, Next and Inf. The inductive definition of these relations can be implemented
naively with several nested loops. The outmost loop terminates when no new tuple was added
during its last iteration. Since Q, ¥ and E are all of polynomial size, the entire computation can be
execute in polynomial time.

Apart from Claims 5.2, 5.3 and 5.4, it only remains to show that L(c.4) = L(U). We prove both

inclusions separately.

“C”: Suppose w ¢ L(U) for some w = a;...a, with a; € X. Then there exists a sequence
qis---,qn € QU{¢w} such that (g;—1,a;,q;) € & foreachi=1,...,n and g, ¢ F. We
first consider the case that g; # g for each i =1,...,n. Then (¢;_1,a;,q;) € Move for each
i=1,...,n. By Claim 5.2 this implies that there exist Romeo strategies 7i,..., T, such
that I1(o, Ay ,Ti,a;) terminates in A,, | -state ¢; for each i = 1,...,n. Then the play of 6.4
against the concatenation strategy 7 (a;)T2(az) ... {a,—1)T, on w terminates in A-state g, ¢ F.
Therefore, w ¢ L(0.4).

Now we consider the case that ¢; = ¢.. for some i € {1,...,n}. Let i be minimal with
this property, then (g;_1,a;,q;) € Move for each j=1,...,i—1 and (¢;—1,a;) € Inf. By
Claims 5.2 and 5.4 there exist Romeo strategies 7i,. .., T; such that I1(c Ag 2 T ;) termi-
nates in A, ,-state g; foreach j=1,...,i—1 and H(GAWl ,Ti»a;) is infinite. Thus, the play
of 6.4 against 7)(a;)T2(az) ... (a;—1)7; on w is infinite (because it is already infinite on the

prefix a; ...a; of w). Hence, w ¢ L(0.4).

“D”: Suppose w ¢ L(0.4) for some w=a; ...a, with a; € £. Then there exists a Romeo strategy 7
such that IT1(o 4, T,w) is either losing or infinite. If it is losing, let ¢; be the A-state of the con-
figuration (#;,a;41 . ..a,) at the time when a; ... q; is completely processed, fori =1,...,n,
and let 7y = € (the history string of the initial configuration). Then I1(c Ay T[w;], a1 1) termi-
nates in Ay, -state g;1 foreach i =0,...,n—1 (recall that 7[z] is the substrategy of T after
;). Thus, by Claim 5.2, (g;,ai+1,4i+1) € Move for each i = 0,...,n— 1, so there exists a run
of U on w that terminates in g,. Since I1(c.4,T,w) is losing, g, ¢ F, sow ¢ L(U).

For the case that I1(c.4, T, w) is infinite, let a; . ..a; be the longest prefix of w such that the
play I1(o4,7,a; ...a;) is finite. Define gy, .. .,q; like in the case where I1(o 4, T, w) is losing.
Like above, (g;,ai+1,qi+1) € Move for eachi=0,..., j— 1. Let u be the history string of the
configuration of the time when a; ...a; is completely processed. Then I1(o. Ay tlu],aji1) is
infinite, hence (g;,a;41) € Inf by Claim 5.4. Thus, by definition of &, there exists a run of

U on w that terminates in the non-accepting state ... Therefore, w ¢ L(Uf).

We are still in debt to prove the Claims 5.2, 5.3 and 5.4. Each of these proofs is done by separately
showing the two implications of the claimed equivalence, where the implication from the first to
the second statement is shown by structural induction and the converse implication is shown by

induction on a less obvious variable.

Proof of Claim 5.2. We show both implications separately by induction.
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“=—""1 The proof of the implication from the first to the second statement is by structural induction

on elements of Move.

If r=a € X and ¢’ = §(g,a), then the second statement holds for w = a and an arbitrary

Romeo strategy 7, since 0.4, plays Read on a.

Ifr=acX 6(q,a) =L and (8(q,a),R4,q') € Move, then by the induction hypothesis there
exist w' € L(R,) and a Romeo strategy 7' such that I1(0.4;, , , 7', w') terminates in Ag(, a)-
state ¢’. The second statement holds for w = a and any Romeo strategy 7 with 7(g,a) =w/
and ©(aa,b) = v'(@,b) for i € £ and b € Xy. That is, if the input word is a and Juliet’s first

move is Call, then 7 replaces a by w’ and continues to play like 7’ plays on the input word w'.
If r = € and g = ¢/, then the second statement holds for w = € and any 7.

If r=ryry and (q,r1,4"),(q",r2,q") € Move, then by the induction hypothesis there exist
words wy € L(r1), wp € L(r,) and Romeo strategies 7; and 7, such that (04,71 ,wi) ter-
minates in A,-state ¢” and I1(o A, T2, W2) terminates in A -state ¢'. The second statement

holds for w = w;w, and the concatenation strategy T = 7;(w|) 7.

The remaining cases are similar.

“<=": Letw € L(r) and a Romeo strategy 7 be such that I1(c.4,, T, w) terminates in A,-state ¢'.
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Let x € X* be the final string of this play. For a € X, let n, be the number of Calls of a
occurring during this play. We prove the implication by induction on |x| + |r| + Lucy, a|Ral-
We distinguish several cases and deduce the first statement in each case either directly or by
applying the induction hypothesis.

o If r = ¢, then w = € and therefore ¢’ = q. Hence, (¢,1,q") € Move follows directly from
the definition, since condition (iii) is satisfied.

e If r=a€ X and 6(q,a) # L, then w=a and ¢ = 8(q,a). Again (q,r,q') € Move
follows directly, since condition (i) of the definition is satisfied.

* If r=a€Xand §(q,a) =L, then w=a and I1(04;,,,7[a],7(¢,a)) terminates in
As(q,a)-state g'. We can apply the induction hypothesis and get (8(q,a),R4,q') € Move.
Thus, (¢,r,q') € Move holds by condition (ii) of the definition.

e If r = r} then we can write w = wiw,...w, withn € Nopand w; € L(r1) \ {e}. If n =0,
then w = € and ¢ = ¢/, so (gq,r,4') € Move by condition (vii). If n > 1, let u be the
final history string of I1(c4,, T,w1) and let ¢ = &(q, %) be the A,-state in which this
play terminates. Since |rj| = |r;|+ 1 > |r1|, we can apply the induction hypothesis,
which yields (g, r1,4") € Move. Observe that I1(c A T[u],waws ... w,) terminates in
Agr-state ¢/, and its final string is the string x’ with gux’ = x. From |fi] > |wi| > 0
it follows that |x| > |/

, so another application of the induction hypothesis yields
(q",r},q') € Move. We get (q,r,q') € Move from condition (viii) of the definition.

* The cases r = ryry and r = r| + r; are similar to and slightly easier than the previous

case. O



Proof of Claim 5.3.

“=—""1 The proof is by structural induction on elements of Next and uses the same techniques that

were already in the proof of the implication “=" of Claim 5.2.

“<=": Letw € L(r) and 7 be a Romeo strategy such that I1(64,, T,w) contains a configuration
with Ag-state ¢ and current symbol a and w is of minimal length with these properties. Let
u be the history string of the first such configuration. For b € ¥ let n;, be the number of
occurrences of b in u, 1.e. the number of Calls of b before this configuration is reached. The
proof is by induction on |r| + ¥,y 1p|Ry|. Note that w # €, because the only configuration
in a play on € is (€, &), which does not have current symbol a. So in particular r # €. There
are several cases.

» If r=aand g = ¢/, then (q,r,q’,a) € Next by condition (i) of the definition.

e Ifr=beX buth=#aorq+#q,then w=b and the initial configuration (€,b) does
not have both Ay-state ¢’ and current symbol a. It is necessary that §(g,b) = L
because otherwise also the second and last configuration (b, €) does not have current
symbol a. Thus, % = bv for some v € £ and H(GAE({]‘Z),T[Z], 7(€,b)) must have a
configuration with Ay (¢5)"State ¢ and current symbol a. By the induction hypothesis,
(S(q,Z),Rb,q’ ,a) € Next. Hence, (q,r,q',a) € Next by condition (ii) of the definition.

 If r = r], then, since w # € by the argument above, w = wy ...w, for some n > 1 and
w; € L(r1) \ {€}. By minimality of the length of w, the play IT1(c.4,, T,w ... w,_1) must
be finite. Let ¢” be the A,-state in which it terminates and v the final history string.
By Claim 5.2, (g,r},q") € Move. Moreover, I1(c. A 7[v],w,) contains a configuration
with As-state ¢’ and current symbol a. By the induction hypothesis, (¢”,r1,4’,a) €
Next. Tt follows from condition (vii) of the definition that (¢g,r,¢’,a) € Next.

e The cases r = r;ry and r = r| + r, are similar. O

Proof of Claim 5.4.

“="": The prove is by structural induction on elements of Inf.

We first consider the case that r = a € ¥, 6(g,a) = L and (8(q,a),R4,q,a) € Next. The idea
of a strategy for Romeo that achieves infinite play against 0,4, on a is to reach a configuration
with A,-state g and current symbol a (like the initial configuration), and then to repeat the

moves from the beginning so that such a configuration occurs over and over again.

Let w € L(R,) and a Romeo strategy 7 be such that the play T1(0.4;, . T,w) = (Ko, K1, ...)

q,a
contains a configuration K, with Az, z)-state g and current symbol a. Such w and 7 exist
by Claim 5.3. Fori=0,...,n, letu; € " and v; € X1 be such that K; = (%;,v;). Thus,

g = €, vo = w, 6*(q,au,) = q and v, = av for some v € £*. Let 7’ be any Romeo strategy
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with 7/((a@u,)*,a) = w = vy and v'((au, ) au;, b) = ©(u;,b) for each k € No, b € L7 and

i=0,...,n—1. We claim that I1(c.4,, 7', a) is the infinite sequence

(@m)°, ), (@)@, vov®), (@) @i, V), .. (@) @, v 1),
((Z”’Tl)laavl)a ((aTn)IZU'Tm Vovl)v ((am)lamavlvl)a IERE ((&Tn)laun*hvnflvl),

The initial configuration is correct, since ((@i,)?,av") = (&,a). By induction on k € Ny it is
clear that 8*(q, (@i,)*) = g. Therefore,

8 (g, (am,)"a) = §(8"(q, (@m)"), a) = 8(g,a) = L,
s0 0.4, plays Call in a configuration ((az,)*,av*). The next configuration is therefore
(@m)a, ¥ (@) ay*) = (@)@, w*) = (@) s, o),

which conforms to the sequence above.

Consider now a configuration K = ((a@i, )*ai;, viv*) for k € Nyg and i € {0,...,n— 1}. We can
write v; = b;v} where b; € £ and v} € £*. The strategy 0.4, plays Callif 6*(q, (aty, ) amb;) = L,
i.e.if 6*(8(g,a),uib;) = L, which is equivalent to 0.4, playing Call in the configuration
K; = (@;,bv}). In that case, 1| = wh; and viy1 = ©(a, b))V, = (@, )*aw;, b;)v.. The
configuration after K is then ((@i, )*ai;;1,v;1V*), as above. Note that this also conforms
to the sequence for i = n— 1 since v, = av. The other case is that 0.4, plays Read and in K
and 04, plays Read in K;. This case is analogous. We have shown that if condition (i)
from the definition of Inf holds, then I1(c Ay 7', a) is the infinite sequence from above. This

finishes the base case of the structural induction.

The inductive cases are considerably easier. If r=a € £, §(q,a) = L and (6(g,a),R,) € Inf,
then by the induction hypothesis there exist w € L(R,) and a Romeo strategy 7 such that
I1(0 44,4, 7,w) is infinite. Consider a Romeo strategy 7' with 7'(&,a) = w and 7'(au,b) =
(#,b) fori € £ and b € ;. The play I1(o A,,T';a) is clearly infinite. In the other inductive

cases, the second statement follows similarly from the induction hypothesis.

“<=": Letw; € L(r) and a Romeo strategy 7| be such that I1(c4,, 71, w1) is infinite. The idea
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is to abuse that there must exist a pair (g, a,) € Q X X such that I1(c,4,, 71, w1) contains
infinitely many configurations with .A,-state g, and current symbol a,,.

Let u; € X* be the longest prefix of wy such that IT1(c.4,, 71, u1) is finite. Let @y € " be the
final history string of [1(0.4,, T1,u1) and let a; € £ and v; € £* be such that w; = uja;v;. This
means that H(GAq, 71, w1) contains the configuration (77, a1v;) with Ag-state g1 = 8*(g,u7)
and, by maximality of u;, the play I"I(crAql ,T1[#1],a1) is infinite. Thus, 6(qi,a;) = L
and, letting ©» = 7[w1a1] and w, = 7, (i1, a,), the play H(O'Aa(ql,fl)vfleZ) must also be
infinite. By repeating the argument we obtain infinite sequences (w;), (u;), (v;) CX*, (a;) C X,
() CZ', (¢;) C Q and (7;) of Romeo strategies such that

o wir1 = (W, a;) = Uiy 10i41Vig1,



* Ty = Tiuay),

H(GAs(q-.@ , Tit1,Ui+1) is finite with final history string ;1 1,

* giv1 = 0" (qi,aitliz1),

H(GAE(‘I_“?),THl,WHl) is infinite and contains, for each j > i, a configuration with
As(q..a)-state g; and current symbol a;,

* 0(qi,ai) =L
for each i € N.

Since Q and ¥ are finite but the sequences are infinite, there must exist m < n with (g, a,) =
(gn,an). We choose these such that (n,m) is lexicographically minimal and prove the
implication by induction on |r| + 2?:_]1 |R4|. It is clear that r # € since a play on € is never

infinite. There are several possible cases.

If r=ack, thenw =a=ay, qi =¢q, 6(q,a) =L and H(GA,S( _ . Tr,w) is infinite and

4.)
contains a configuration with Az, z)-state g, and current symbol a,. There are two subcases.

* If m =1 then ¢, = q and a,, = a. By Claim 5.3 this means that (6(q,a),R,,q,a) € Next.
Thus, condition (i) of the definition of Inf is satisfied and (g, r) € Inf.

o If m > 1 then the induction hypothesis can be applied because the sequences (a;) and (g;)

a0 2ow2) are (az,a3,...) and (2,43, - ..). Thus, (6(g,a),Ra) € Inf
and condition (ii) of the definition yields (¢, r) € Inf.

for the play IT(0.4;,

If r=rira, r=r1+ryor r=rj, then (q,r) € Inf follows similarly from the induction
hypothesis. 0

This completes the proof of Theorem 5.1. O

Of course it is desirable to have not just a UFA but a DFA that recognizes L(0 4). Since UFAs
can be transformed into DFAs with an exponential blow-up, the previous theorem implies that such
a DFA can be constructed in exponential time. It was shown by Abiteboul et al. [3, Proposition
3.2] that this is also a lower bound on the running time in the worst case, since there exist strategy
automata A such that any DFA for L(04) must have a number of states exponential in the size of
A.

We will use the possibility of constructing a UFA recognizing L(6.4) in polynomial time for our
complexity results in the next chapter.
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6. Complexity of decision problems

We will investigate the complexity of three (types of) problems. The first is to test for a given game,
input word and strategy whether the strategy wins on the input word. The second is similar, but the
strategy is not part of the input: The question in this case is whether a strategy exists that wins on
a given input word in a given game. The third problem is relevant in the context of determining
optimum or optimal strategies: Given a game and two strategies, is one strategy better than the
other? In the cases where a strategy is part of the input, we have to restrict to automaton strategies,
since strategies of type 1 and 3 do not in general have a finite encoding (since there are uncountably

many of them).

6.1. Testing if a strategy wins

For a set G of games and X € {2,4,5} we consider the following decision problem:

ISWINNING(G,X)
Given: A game G = (L,R,T) € G,aword w € £* and a type X automaton A for G
Question: Isw € L(0.4)?

For a target language given by a DFA, the problem is tractable:
6.1 Theorem. Ler X € {2,4,5}. The problem ISWINNING(G,X) is P-complete if G is
* the set of games G = (X,R,T) where T is a DFA or

o the set of non-recursive games G = (£,R,T) where T is a DFA and replacement languages

are finite and self-delimiting.

Proof. The upper bound follows easily from our result of the last chapter: By Theorem 5.1 (and
since each type 5 automaton is also a type 4 automaton), a UFA U recognizing L(c 4) can be
constructed in polynomial time. Then, the set of states of I/ that can be reached at the end of a run
on w can be computed in polynomial time by simulating the power set automaton. If all of these
states are accepting, then 6.4 wins on w, otherwise ¢ 4 does not win on w.

To prove the lower bound, we give a logarithmic space reduction from P-complete emptiness
problem for context-free grammars, i.e. the problem of deciding whether the language generated
by a given context-free grammar is empty (see [8, Corollary 11] and [6, Theorem 5.6.1]).

Let C = (V,T',P,S) be a context-free grammar, where V is the set of variables, I" the set of
terminals, P C V x (V UT')* the set of production rules and S € V the start variable. We construct a
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r vur r vur

(a) Target language automaton 7 (b) Type 5 automaton A

Figure 6.1.: The automata 7" and .A constructed in the reduction in the proof of Theorem 6.1

non-recursive game G = (X, R, T) with finite and self-delimiting replacement languages, a word
w € L* and a type 5 automaton .4 such that w € L(04) if and only if the language L(C) generated
by C is empty. By definition, the type 5 automaton A is also a type 4 automaton. Furthermore, it
can be transformed into a type 2 automaton by adding a loop for a € X to each state that has no
transition for a. Therefore, it suffices to prove the lower bound for the case X = 5.

We will argue first that we can assume without loss of generality that C is non-recursive and
that replacement languages (i.e. the sets of replacement words over V UT" that can be derived
from a variable in one step) are self-delimiting and do not contain €. The assumption that C is
non-recursive will guarantee that each play of the game we construct is finite. The assumption that
there are no €-rules will ensure that the game we construct also has no g-rules. This is necessary
because replacement strings in context-free games have to be non-empty by definition.

The reduction to the emptiness problem for context-free grammars presented by Gurari [6,
Theorem 5.6.1] already constructs a non-recursive grammar with self-delimiting replacement
languages, so the problem is P-hard even with these restrictions. Alternatively, consider Lemma A.3
in the appendix where it is shown that the emptiness problem for non-recursive context-free
grammars with self-delimiting replacement languages is P-hard.

To avoid e-rules, any rule of the form A — € can be replaced by A — x for some terminal x.
Clearly this only requires logarithmic space and does not affect whether the language generated by
the grammar is empty or not.

Henceforth, we can assume that C = (V,I", P,S) is already non-recursive, has self-delimiting
replacement languages and no &-rules. We construct G = (X,R,T), A and w as follows.

The alphabet of G is £ =V UI and the set of rules is R = P. The target language automaton
T is displayed in Figure 6.1a. It has a non-accepting initial state go and an accepting state q;.
The transitions in go for a variable A € V lead to g;. All other transitions are loops. The type 5
automaton A is obtained from 7' by removing the transitions from ¢ to ¢; for those variables that
actually appear on the left hand side of a production rule (see Figure 6.1b). The input word is the
start variable, i.e. w = S.

Clearly, G, A and w can be constructed using only logarithmic space. It remains to show that
L(C)=0if and only if w € L(0.4). We show that L(C) # 0 if and only if w ¢ L(c4).

If L(C) # 0, then there exists a word w’ € I'* that can be derived from S. Note that the strategy
o 4 plays Call whenever possible until a variable occurs that has no production rule. Consider a
play of 0 4 on S. If Romeo chooses his replacement words according to a leftmost derivation of w/,
then all occurring symbols are either terminals or variables that have a production rule. Therefore,

the T-state g is never left and Juliet loses, i.e. w =S & L(0.4).
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Conversely, if w ¢ L(04) then there exists a play IT of 64 on w that is not winning. Hence
I1 is losing because infinite plays are impossible in non-recursive games. The T'-state of the last
configuration of IT must be go, hence the final string w' of ITis in [*. Since w’ was derived from §
by applying rules of P, it holds that w' € L(C). Thus, L(C) # 0. O

Theorem 6.1 also implies that the problem to decide whether some automaton strategy wins on a
word is tractable under data complexity, i.e. if the game G is fixed and not part of the input. This is
because for a fixed game, the target language automaton can always be transformed into a DFA
beforehand.

As the next theorem shows, the problem (with G as part of the input) becomes PSPACE-complete
if the target language automaton is given as an NFA. It should be noted that for the case of type 5
automata this scenario is somewhat artificial: In practice one would expect that the type 5 automaton
is constructed from the minimal DFA for the target language. Therefore, a DFA for the target
language is usually known when a type 5 automaton is known. In fact, the PSPACE-hardness in the
case of type 5 automata is also artificial. It stems only from the hardness of deciding whether the
strategy automaton given in the input is really a type 5 automaton, i.e. whether it can be obtained
from the minimal DFA for the target language by removing transitions (intuitively because this
requires computing the minimal DFA of the target language). In the case of Theorem 6.1 this was
not a problem because even if the target language DFA is not minimal, it can be minimized in
polynomial time.

If one could trust that the input of ISWINNING(G, 5) were always encoded correctly (i. e. the given
strategy automaton is indeed a type 5 automaton) then the target language could be ignored because
its essential parts are implicit in the type 5 automaton; then the problem would be P-complete by
Theorem 6.1.

6.2 Theorem. Let X € {2,4,5}. The problem ISWINNING(G,X) is PSPACE-complete if G is
* the set of all context-free games or

* the set of non-recursive games with finite and self-delimiting replacement languages.

Proof. We first prove the upper bound. Let G = (X,R,T) be a game with target language NFA
T =(0,%,0,q0,F), let A be a strategy automaton and w € X*. As before we can assume that
A= (04,X,84,9),Fa) is a type 2 automaton because type 4 automata can easily be transformed
into a type 2 automata.

Since PSPACE is closed under complementation and PSPACE = NPSPACE, we can prove the
upper bound by giving an algorithm that uses polynomial space and accepts non-deterministically
if 04 does not win on w. The idea of this algorithm is to simulate a play of 6.4 on w and guessing
Romeo’s replacement words along the way.

There are two challenges that we have to be careful about. First, the only plays of 6 4 on w that
are not winning might be infinite and our simulation has to detect this in finite time. Second, if R
is infinite, then Romeo’s replacement words can be arbitrarily long. If a word is too long, then it

does not fit in the store of polynomial size at once, so the algorithm will guess replacement words
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symbol by symbol. But at some point Romeo needs to be stopped, to prevent him from producing a
replacement word of infinite length.

We will describe how we can overcome both of these challenges by proving several claims. The
issue with infinite plays is taken care of by the following claim:

6.3 Claim. If a play of 6.4 on w with depth greater than |Q 4| - |Z¢| exists, then there exists an
infinite play of 6.4 on w.

Proof. Let I1 be a play of 64 on w with depth greater than |Q 4| - £s. Then there exist ¢ € Q 4 and
a € Ly such that 7 (IT) has a path starting at the root that contains (at least) two configurations
with A-state ¢ and current symbol a. Let K be the upper of these two configurations. Romeo can
force infinite play by repeating — whenever a configuration with .4-state ¢ and current symbol a is
reached — the moves that he would choose after reaching the configuration K. The details are very
similar to the proof of the implication “==-"" in the proof of Claim 5.4. O

Restricting the length of replacement words by Romeo takes a bit more effort. Let us first
introduce some notation.

For a € X let (Qq, X, 84,90, F,) be an NFA that recognizes the language L(R,). Such an NFA
can be constructed from R, in polynomial time by Glushkov’s algorithm [5]. For a state g € Q 4 we
denote by A, the automaton obtained from .A by changing its initial state to g. Abusing notation we
denote by 6*: P(Q) x X* — P(Q) be the extended transition function of the powerset automaton
of the NFA T, given by

o, ifv=e,

U 6(q,a), ifv=wuaforuecX*andackX.
q€6*(Q'u)

8" (Q'\v) =

The following claim solves the issue of arbitrarily long replacement word at least for the case of

finite plays on input words of length 1.

6.4 Claim. Let Q° C Q be a set of states of T. Let q € Q 4, a Romeo strategy T and a € ¥ be such
that T1( o, Ay T,a) is finite with some final history string u. Then there exists a Romeo strategy T'
with |7 (v,b)| < |Qp| 04|29 for each v €E', b € Xf such that I(0.4,,7',a) is finite with some
final history string @ € H, for which it holds that §*(Q°, 1) = §*(Q°, 1i).

Proof. The proof is by induction on the depth of I1(6.4,, T,a). For b € L let x;, € L(R;,) be a word
of length at most |Q,|. Clearly such a word exists.

If the depth of the play I1(c.4,, T,a) is O then the play consists of a single move by Juliet, which
is Read, and we can simply define 7’ via T'(¥,b) = x, for v €L and b € X;.

If the depth of I1(04,,7,a) is positive, let a; ...a, = T(&,a) € L(R,) be the first replacement
word that Romeo chooses in this play, where a; € £. Let ¢% = 84(¢,a) and fori=1...,n, let

* @ € H,, be such that (@aj ...@;, a1 .. .ay) is the first configuration in T1(c.4,, 7, a) after the

initial Call that has remaining string g; 1 . ..dp,

s ¢\ € 8,(q.7 ", a;) be such that ¢" € F,,
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* g4 =84(qy" @) and
0= ).

Ifn> Q4104 .212!, then there exist 0 < i < j < n such that (qg,qil,Q") = (qé,qil,Qj). In this

case, dj ...didj+] ...dy € L(R,) and the Romeo strategy T given by

ai...aiajy...ay, if (v,b) =(€,a),

T(v,b) =< t(@ay ...av;,b), ifv=ar...av; forsomev, €T,
(v, D), otherwise,

also satisfies that I1(c.4,,7,a) is finite and, if @ is its final history string, then 6*(Q°, tu) =
8*(Q°, ). This allows us to gradually shorten Romeo’s replacement word for the initial a and we
can therefore assume that n < |Q,|-|Q.4]-2!9l.

By the induction hypothesis, there exist Romeo strategies 7; for i = 1,...,n with |7;(v,0)| <
|0p|-|0.4|-2!9 foreachv € X" and b € X s such that H(GAqi—] , Ti,a;) is finite with some final history
string @; € Hy, for which it holds that §*(Q'~!, ;) = Q'. !

The Romeo strategy 7’ given by

ai...dn, if (v,b) = (g,a),
T,(V,b) = (’C] <a1>12(a2>...<an_1)rn)(ﬁ,b), if v = av, for SOTHCWEE*,
Xp, otherwise,
has all the properties stated in the claim. O

Finally, we will overcome both challenges at once with the following claim.
6.5 Claim. The following are equivalent:
» The strategy 0.4 does not win on w.

* There exists a Romeo strategy T with |T(i,a)| < |Qq|-|Q.4|-2!9! for eachu € T', a € L such
that T1(o.4,T,w) is losing or has depth greater than |Q 4| - |Zs|.

Proof. The implication from the second to the first statement follows from Claim 6.3.

Now suppose the first statement holds. We first consider the case that there exists a losing play
of 64 onw. Let w=aj...a,, where q; € X. If we define 11,..., 7, like in the proof of the previous
claim, then the second statement is true for T = 7y {(a;) T2 {(ay) ... (an—1)Tn.

Otherwise, there exists an infinite play of 64 on w. By Konig’s lemma, all infinite plays have
infinite depth, thus depth greater than |Q 4] - |X¢|. Suppose the second statement does not hold. Let
T be a Romeo strategy such that I1(c.4, T, w) is infinite and

m:min{|ﬁ| ‘ 2(7,a)| > |Qul - 104|297 €T a ezf}

is maximal. We can assume that |7(#,a)| < |Q,| for all combinations of % and a that do not occur as

the combination of history string and current symbol of a configuration in I1(0 4, T, w) where Juliet
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plays Call. Thus, a configuration (#,av) with# € X", a € £, v € ¥, m = ||, 6.4(#,a) = Call and
17(it,a)| > |Qal-|0.4]-2'9 occurs in TI(6 4, T,w). If the play I1(o.4[a], T[@], a) is finite, then — using
Claim 6.4 — we could adjust 7 so as to obtain a contradiction to the maximality of m. Therefore,
I1(o.4[u], T[], @) must be infinite. But then we can again obtain a contradiction to the maximality
of m: Let t(it,a) = ai ...a,bx where and ay,...,a, € X, b € Xy and x € X* are such that a; . .. ay, is
the longest prefix of (i, a) for which I1(0 4 [ual, t[wa),a; .. .ay) is finite. Let ¢% = 8.4(q(, ua) and
fori=1...,n,let

* G € Hy, be such that (ay...d;,a;11 . ..a,) is the configuration of I1(o.4[ual, t[ual,a; .. .ay)

where a; . ..a; is completely processed,
* ¢', € 8,(q'7 1, a;) be such that a state in F, is reachable from state ¢” by reading bx,
* ¢4 =384(q;" @) and

If n> |Qa| ’ |Q.A
Claim 6.4 it can be argued that the string a; ...a, could be shortened. Therefore, we can assume

, then there exist 0 < i < j < n with (¢},¢',) = (q{;,qﬁ). Like in the proof of

without loss of generality that n < |Q,|-|Q.4|. We can also assume that |x| < |Q,| — 1 because x
just needs to be any string for which a state in F, is reachable from ¢}, by reading bx. But then we

would have that

[1(@.a)| = |ar .. axbx| < Q] 10| +1Qa] <10l - 0] 212!,
a contradiction. O

Thanks to Claim 6.5 it is now easy to give a polynomial space algorithm that decides the
complement of ISWINNING(G, 2) non-deterministically. The algorithm simply tries to prove that
the second statement of Claim 6.5 holds by simulating a play of 64 on w. At all times, the .A-state
and the set of T-states of the configuration up to which the play has been simulated so far are
stored. When o 4 plays Call at some point when the current symbol is a, Romeo’s replacement
word x € L(R,) is guessed symbol by symbol. To ensure that the guessed word x is in L(R,), a
run of the Glushkov-NFA for L(R,) on x is guessed at the same time, i.e. a current state g € Q, is
stored as well. A counter guarantees that the replacement word is not longer than |Q,|-|Q 4| - 2/9l.
If a nested Call happens, g and the counter are pushed on a stack and pulled back once the play has
been simulated up to the end of the nested replacement word. Another counter keeps track of the
size of the stack. If it exceeds |Q 4| ||, then the algorithm accepts because there exists a play of
o4 on w of depth greater than |Q 4| |Z¢|. If the simulated play is finite and the set of 7-states of
the last configuration is disjoint from F, then the algorithm also accepts because a losing play has
been found. Otherwise the algorithm rejects.

Due to the bounds on the length of replacement words and the size of the stack, the algorithm is
guaranteed to terminate. Correctness of the algorithm and existence of a polynomial space bound
are straightforward. Thus, the complement of ISWINNING(G,2) is in NPSPACE and therefore
ISWINNING(G, X)€ PSPACE for X € {2,4}.

We still have to prove that ISWINNING(G, X) is also PSPACE-hard. We show the hardness for

X =4 and X = 5 simultaneously. The case X = 2 follows easily from the case X = 4. Our reduction
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is from the universality problem for NFAs, i.e. the problem of deciding whether a given NFA
over the alphabet {0, 1} recognizes the entire language {0, 1}*. This problem is well-known to be
PSPACE-complete (see [9, Lemma 2.3] and [7, Proposition 2.4]).

Let AV be an NFA over {0,1}. We construct a non-recursive game G = (X,R,T) with finite
and self-delimiting replacement languages, a string w € £* and a type 4 automaton A such that
w € L(04) if and only if L(A) = {0,1}*.

If the initial state of N is non-accepting, then we choose a dummy instance of (G,w,.A) such
that that w ¢ L(04). Otherwise, let n be the number of states of /. We define the alphabet ¥ of G
as £ ={0,1,ap,...,a,} and the set of rules R via

a; — ajy1ai+1+0+1fori=0,...,.n—1

a, —>0+1

The target language automaton 7 is the same automaton as N except that ag, . .. ,a, are added to its
alphabet (but there are no transitions for ay, ... ,a,). Let A be the type 4 automaton consisting of
a single state with loop transitions for O and 1 and no transition for ay,...,a,. For the reduction
for the case X = 5 we choose this state as accepting; therefore, A is a type 5 automaton for G if
and only if L(N') = {0,1}*. The input word is w = ag. Obviously, the construction takes only

polynomial time, G is non-recursive and replacement languages are finite and self-delimiting.
It remains to show that w € L(0.4) if and only if L(N') = {0,1}*.
If L(NV) = {0,1}", then the initial state of A is accepting, so (G,w,A) is not the dummy

instance. Since every symbol ¢; is called in a play of 0 4, the final string of any such play is in
L(T)=L(N)=1{0,1}*. Therefore, w € L(0.4).

Conversely, if w € L(04), then (G, w, .A) is again not the dummy instance, so the initial state of N
is accepting and therefore € € L(N). Romeo can choose his replacement words in a play of 6 4 on
ao such that an arbitrary string in {0,1}=2"\ {€} is the final string of the play. So since ap € L(04)
it follows that {0,1}=%" C L(T) = L(N). Suppose L(N') # {0,1}*. Letu € {0,1}*\ L(N\) be of
minimal length and let go, g1, - .., g, be the sequence of states of the minimal DFA of L(\) visited
in a run on u. These states must be pairwise distinct because the shortest directed path from g; to
a non-accepting state has length |u| — i. Therefore, the minimal DFA of L(N') has at least |u| + 1
states, and |u| > 2". But the minimal DFA of L(/) has at most as many states as the powerset
automaton of V, i.e. at most 2" states. Contradiction! This finishes the proof of the lower bound

and therefore the proof of the theorem. O

The only reason why we treated the case that the initial state of N\ is non-accepting separately is
that otherwise we would have had to define R, as (0+ 1)*, but replacement languages must not
contain the empty string by definition.

Rather than testing whether a given strategy wins, we will next study the complexity of deciding

whether a winning strategy exists.
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6.2. Existence of a winning strategy

We define for a set G of games and X € {1,2,3,4,5} the following decision problem:

EXISTSWINNING(G,X)
Given: A game G = (X,R,T) € Gandaword w € £*
Question: Does a type X strategy o for G exist such that w € L(0)?

Observe that if type Y is a restriction of type X and the implication X =Y for winning strategies
holds for all games in G, then EXISTSWINNING(G,X) = EXISTSWINNING(G,Y). For instance,
EXISTSWINNING(G,3) = EXISTSWINNING(G,4) if G is the set of games with a finite target
language.

Our first theorem in this section is the counterpart of Theorem 6.1 where we fix X = 5 and replace
ISWINNING by EXISTSWINNING. Unsurprisingly, the complexity rises from P-completeness to

NP-completeness.
6.6 Theorem. The problem EXISTSWINNING(G,5) is NP-complete if G is

o the set of games G = (L,R,T) where T is a DFA or

o the set of non-recursive games G = (£,R,T) where T is a DFA and replacement languages

are finite and self-delimiting.

Proof. The problem EXISTSWINNING(G,5) can be solved non-deterministically in polynomial
time as follows. Let G = (X,R,T) and w € X* be the input, where 7 is a DFA. First, min-
imize the DFA T in polynomial time. Second, guess a type 5 automaton A by removing
transitions from the minimal DFA for L(T). Third, call the polynomial time algorithm for
ISWINNING(G,5), which exists due to Theorem 6.1, with input G, A and w. This algorithm
shows that EXISTSWINNING(G,5)€ NP.

The lower bound, we give a reduction from an arbitrary problem K C {0, 1}* that is in NP. The
reduction is inspired by (but more involved than) a reduction presented by Gurari [6, Theorem 5.6.1]
to prove P-hardness of the emptiness problem for context-free grammars (i. e. the problem that we
used in the reduction of Theorem 6.1).

Let M be a Turing machine for K that accepts or rejects after at most p(|x|) steps for an input
x#y with x,y € {0,1}*, where p is a polynomial. Given x € {0,1}*, we show how to construct in
polynomial time a game G = (X,R, T) and an input word w € L* such that a type 5 strategy A for
G with w € L(04) exists if and only if there exists y € {0, 1}* such that M accepts x#y. Intuitively,
Juliet’s role is to specify some y € {0,1}* and Romeo’s goal is to prove that M rejects x#y. Juliet
(i.e. the strategy o 4) wins if and only if Romeo fails to prove his claim.

Let S be the set of states of M, I the tape alphabet with {0, 1,#,>} C I, A the transition function
and sg € S the initial state of M. The symbol > € I marks the left boundary of the tape. We assume
that M has a single accepting state + € S and a single rejecting state — € S and M halts as soon as
one of these states is reached. Let x = xjx3...x, with x; € {0,1} and let = p(n). The initial string
of the Turing machine is bx#y for some y € {0,1}* and the head starts at position 0, pointing at 1>.
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We can assume without loss of generality that > n+ 2 and y has length exactly t —n— 1, i.e. the
bits of y occupy the tape positions n+2 to t.
The alphabet X of G is defined as

X ={0,1,a,b,C,c,D,d,E}U{aj| j=n+2,...,t}U
{Ai7j7W |i,j:0,...,l, WEFU(FXS)}

The symbols E and A; j  represent statements about a run of M on x#y for some y € {0, 1}~ 1.
The symbol E represents the statement that the run is rejecting. This is what Romeo will try to
prove via his choice of replacement words. A symbol A; ; , with z € I" represents the statement that
after i steps, the jth symbol on the tape is z and the head does not point at position j. A symbol
Aj j(zq) With (z,q) € T x S represents that after i steps, the jth symbol is z, the current state is g and
the head points at position j. The remaining symbols will be used to check the validity of the initial
configuration of M and to force Juliet to choose a type 5 strategy that represents y € {0,1}'~"~! in
a well-defined way (as we will see later).
The set R of rules of G is given by

0 —b

1 —b

C —cl

D —dld

E —Ajj(z,—) fori,j=0,...,1,z € I and the rejecting state “—" of M

Ap0,(v.50) — @

Ao jy; —aforj=1,....n

Appnt1a —a

Aojo —a0forj=n+2,... ¢

Ao j1 —ajlforj=n+2,....t

Aiv1jw —Aij1xAijyAijp1zfori=0,...,t—1, j=0,...,trand
W.X,Y,Z e TU(T x8) if — according to the transition function A — the
statements represented by A; ;1 x, A; jy and A; ;1 7z imply the statement
represented by A; 1 ;w. For the boundaries, A; 1 x and A;; 7 shall

denote the empty string.

The rules of the form A; 1 ;w — A; j—1xAi jyAij+1z are defined only based on the transition
function A and regardless of whether there exists a run of M on x#y for some y for which the
represented statements can be true. We do not even forbid that the statements of A; ;1 x, A; jy
and A; ;1 7 contradict each other (e. g. by saying that the head is at two positions at once), but the
target language will be such that Romeo is better off not to choose a self-contradictory replacement
string. Note that the replacement languages are finite and self-delimiting and G is non-recursive.
The target language automaton 7' = (Q,X, §,qo,F) of G contains components 7 for j =n+

2,...,t, containing states j, f;, ; and other states and transitions as specified by Figure 6.2. The
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Figure 6.2.: Component 7; of the automaton 7" in the proof of Theorem 6.6

component 7 corresponds to the jth symbol of the initial tape content, i.e. the (j —n — 1)st symbol
of y. Additional to the states in the components 7 there exists a non-accepting error state g, in 7.
The set of accepting states is F' = { fy+2, ..., f; }. The construction of 7 is completed by adding the

following transitions:
* ({j_1,aj,j) for j=n+3,...,t (connecting T;_; and T)
* (q,aj,j) foreach g € Q\ (FU{qe,lni2,0n43,...,4—1})and j=n+2,... ¢
* (q,Aijw,fi) foreachg € Q\{q.} and i, j, W such that A; jw € £\ X
* (g,a,q) foreachqg e Q\F
* All remaining transitions lead to the error state g,.

The initial state of T is the state n+ 2 of T, 15.
The automaton T is the minimal automaton for L(7') because all states are reachable from the

initial state n + 2 and the states are pairwise non-equivalent:

» The error state is not equivalent to any other state because it is the only state from which no

accepting state is reachable.

* For any two states p and g with distinct roles within their components (p and g may belong
to the same component T; or to two distinct components T and 7 with j # k) it is easy to
find some symbol e € £ such that §(p,e) = g, and 8(q, e) # g, or vice versa.

* Two states g; and g, with the same role in their respective components 7; and T with
J < k are not equivalent: Let u € {1,¢,C,d,D,ay1,...,a;}" be of minimal length such that
0*(qr,u) = {;. Then 8*(gk,uani2) =n+2and 6*(q;,ua,12) = ge.

Thus, the type 5 automata for G are exactly the automata that can be obtained from 7 by removing

transitions for symbols from X.
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The input word is defined as w = 0CDa,,30CDa,,140CD .. .a,0CDE. Since ¢t is polynomial in

n, the game G and the word w can be constructed in time polynomial in n. It remains to show the

following equivalence:

There exists a type 5 automaton .4 for G such that w € L(c4).
<= There exists y € {0,1}' "' such that M accepts x#y.

“—": Let.A be a type 5 automaton for G with w € L(c4). We will show foreach j =n—+2,....¢
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that either the O-transition of T; or the 1-transition of 7; exists in A (but not both). Then we
will choose the bits of y according to the existent transition and show that M accepts x#y.

Consider a play of 64 on w. We make a case-by-case analysis depending on whether A has
the O-transition leaving its initial state n+ 2 or not.

If A has the O-transition leaving n + 2, then Juliet reads the first symbol O of w. Juliet also
reads the subsequent C because replacing it by c¢1 would mean that the error state g, is
reached upon reading ¢ and the play of o 4 on w would be losing. The transition for D to ¢,
cannot exist — for the same reason. So D will be called and replaced by d1d. Juliet can only
read d, since it is not a function symbol, leading back to state n+ 2. Next, she calls 1 because
otherwise the subsequent d would lead to the error state. So 1 gets replaced by b, Juliet reads
b and d and the A-state after the prefix 0CD of w is completely processed is ¢,45. In this

case, the O-transition of 7,,,, exists in A and the 1-transition of 7, ., does not exist in A.

If A does not have the O-transition leaving n + 2, then the initial O is called and replaced by
b, which will be read, and then C will be called and replaced by c1. After reading ¢ and
coming back to state n + 2, the remaining string starts with 1D. If Juliet calls 1 (getting b
as replacement), then she would have to call D as well (which gets replaced by d1d), but
then there would be no way to prevent reaching the error state because both the 1- and the
b-transition of ¢, , lead to the error state. So Juliet reads 1 and then she has to read D in
order to preserve her chance to win, reaching ¢,,,, like in the other case. In this case, the
1-transition of T, exists in A whereas the O-transition is missing. In both cases, the A-state

when 0CD is completely processed is £, 7.

The next symbol of the input string is a3, which will lead to state n+ 3 of 7,43, and the next
symbols of w are again OCD. By repeating the same arguments for the other components 7;
it follows that for each j =n+2,... 1, either the O-transition or the 1-transition of 7} exists
in A. We define y; = 0 if .4 has the O-transition of 7} and y; = 1 if it has the 1-transition of
T;. We want to show that M accepts x#y.

Suppose M rejects x#y. Since w € L(0.4) by the premise, the A-state (which is the same as
the T -state) has to be accepting at the end of the play. However, we will show that Romeo
can choose replacement words such that the invariant holds that every configuration after the
prefix 0CDa,,130CDa,,40CD .. .a,0CD of w is completely processed has a non-accepting
A-state and a remaining suffix of the form uv where v only consists of symbols representing

true statements about the run of M on x#y and u satisfies one of the following properties:

s u=e¢,



s u=a,
s u=ajkfor je{n+2,...,t} and k € {0,1} and Juliet’s last move was to call Ag j s, or

* u =k for k € {0,1} and Juliet’s last two moves were to call Ag ;j x and read a; for some
je{m+2,...,t}.

The invariant holds initially after the prefix 0CDa,,+30CDay,;+40CD . ..a,0CD of w is com-
pletely processed because the A-state is ¢, and the remaining string is E, which represents

the true statement (by assumption) that the run of M on x#y is rejecting.

Suppose the statement holds at some point when the remaining string v is non-empty

(i.e. before the end of the play).

If u = € then the first symbol H of v represents a true statement about the run of M on x#y
on u and is therefore a non-terminal. Thus, its transition in 7 leads to the error state, so this
transition cannot exist in .4 and Juliet calls H. In all possible cases for H, Romeo can choose
a replacement so that the invariant holds again.

If u = a, Juliet will read a and loop in the current state. The invariant now holds with u = €.

If u = a;jk with k € {0,1} and Juliet’s last move was to call Ag j x, then Juliet will read a; and
the invariant holds again.

If u=k e {0,1} and Juliet’s last two moves were to call Ay j, and read a; for some j €
{m+2,...,t}, then the A-state is j. Since the invariant also held before Juliet’s last two
moves, before, A ; x represents a true statement about the run of M on x#y, i.e. y; = k. By
definition of y; this means that the k-transition in T exists in 4. Thus, Juliet reads k and the
invariant holds again, completing the proof of the invariant.

The invariant implies that Romeo can choose the replacement words so that also the final
T -state is non-accepting. But we assumed that 64 wins on w, a contradiction.

“—=": Let y = ypt2...y; with y; € {0,1} be such that M accepts x#y. We define A as the
automaton obtained from 7 by removing

» for j=n+2,...,t and k € {0, 1} the k-transition from 7j if and only if k # y;,
* all transitions for function symbols leaving an accepting state and
* all transitions for function symbols in X\ {0, 1,C, D} leaving a non-accepting state.

Suppose w ¢ L(0.4), then there exists a Romeo strategy 7 such that I1(o0.4, T, w) is losing (it
cannot be infinite since G is non-recursive). We will obtain a contradiction by showing that
M rejects x#y.

Let K = (u,E) be the configuration of II(c 4, T,w) when 0CDay,30CDay,40CD . ..a,0CD
is completely processed. It is straightforward to check (like above) that the T-state of K is ¢;.
Observe that the T'-state of all future configurations must be non-accepting because the only
transitions leading from an accepting to a non-accepting state that have not been removed

in A are the transitions for ¢ and d, but these symbols cannot be derived from E. Also, the
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T-state of all future configurations cannot be in {¢,2,...,¢;_1 } because the only transitions
leading to these states are for D and d, which cannot be derived from E.

Let K = (wv,Hv) with# € Z°, H € £ and v € £* be a configuration of I1(G.4, T, w) occurring
not before K and with a T-state different from g.. We prove that H is either a symbol
representing a true statement about the run of M on x#y or H € {0, 1,a,a,+2,...,a,}. This
suffices to finish the proof, because the T-state of K is ¢, and E itself represents the statement
that M rejects x#y, which would be the desired contradiction. The proof is by induction on
the depth of I1(c.4[wv|, T[uv], H), i.e. the depth of the subtree of T (I1(c.4,7,w)) rooted at
K'.

The base of induction is that the symbol H is read. The only transitions for function symbols
that exist in A are transitions for 0, 1, C and D. So any symbol that is read must be 0, 1, C, D
orin X\ Xs. But H cannot be C, D, ¢ or d because these symbols cannot be derived from E.
Further, H cannot A; j w € L\ X because these transitions would lead to the accepting state
1, since the A-state of K’ is different from g, by assumption. The only remaining possibility
for H to be a symbol in X\ X; but not in {a,a,2,...,a;} would be that H = b. However, if
H = b then the symbol that was read before was a; for some j. Since the T-state of K’ is not
in FU{qe,%n+2,-.-,4—1}, These symbols lead to the state j, but then reading b would lead
to the accepting state f;. So H cannot be b and it follows that H € {0, 1,a,a,42,...,a;}.

For the induction step, suppose H is called. By the induction hypothesis, the first symbol of
the replacement string for H is either a symbol representing a true statement about the run of
M on x#y orin {0,1,a,an42,...,a;}. Therefore, H can only be E or of the form A, j .

If H=E, then A; j . ) represents a true statement for some i, j and z (by the induction
hypothesis), and this statement implies that the run of M is rejecting, so E also represents a
true statement.

If H=Ap ;w with j # n+ 1, then H represents a true statement about the initial configuration
of M given the input x#y because otherwise Ao ;w could not have been called.

If H=Ag i for k€ {0,1} and j € {m+2,...,r}, then Romeo replaces it by a k. Subse-
quently, A will enter the state j upon reading a;. The k-edge leaving j must exist because
otherwise k would be replaced by b and the T'-state after reading b would be the accepting

state f;. Thus, k = y; by construction of \A. Hence, H = A ; x represents a true statement.

Finally, if H = A; 1 jw, then Romeo chooses some replacement string A; ;1 xA; jyAi j+1.z-
By the induction assumption, A; ;| x represents a true statement. The configurations reached
when the current symbol is A;_1 ;y and A;_; ;i1 7 respectively will also have a T'-state
different from g, because all symbols read until then are a or a symbol a; followed by 0 or
1 — none of which are possibilities to reach g,. Therefore, the induction hypothesis can be
applied to those symbols as well, meaning that the statements represented by A; ;1 x, A; jy
and A; j 1z are all true. By definition of R, this implies that the statement represented by
Ait1,jw is also true. This finishes the proof by induction and it follows that E represents a

true statement about the run of M on x#y. Contradiction!



Since we have shown that EXISTSWINNING(G,5) is NP-hard and in NP, the theorem follows. [J

The situation is more difficult if the target language is specified by an NFA. We have the following
lower and upper bounds.

6.7 Proposition. The problem EXISTSWINNING(G, 5) is PSPACE-hard and in NEXPTIME if G is
* the set of all context-free games or

* the set of non-recursive games with finite and self-delimiting replacement languages.

Proof. The problem can then be decided by applying the NP-algorithm from Theorem 6.6 to the
exponentially large input obtained by transforming the target language automaton into a DFA. This
shows that EXISTSWINNING(G, 5)€ NEXPTIME.

The lower bound follows from the same reduction that was used in Theorem 6.2 except that A4 is
not constructed. For the game constructed in the proof, a strategy that ever plays Read on some
symbol g; in a play on ag is bound to lose. Therefore a type 5 strategy that wins on ag exists if and
only the strategy constructed in the proof of Theorem 6.2 wins on ag. Hence, the reduction property
still holds. O

It is not clear whether one of these bounds is tight. Note that if it is really possible to decide the
problem using polynomial space, then this would mean that it can be solved without ever storing
the type 5 automaton completely; but whenever the automaton is in some state ¢ its behavior should
be the same; if the algorithm consists of simulating a play, then this would need to be achieved
without storing in the memory what the behavior in state g is. However, finding a stronger lower
bound also seems challenging. The reduction from Theorem 6.6 cannot be naively adjusted to
Turing machines that do not run in polynomial time because then the set of rules would already
be super-polynomially large. Another challenge in proving a stronger lower bound is that the
reduction would have to construct an NFA, but then the argumentation would be about the existence
of strategies obtained from the corresponding exponentially larger minimal DFA. We did not have
this difficulty in the proof of Theorem 6.6 because the .A-state was always the same as the T -state.

For X € {1,2,3,4}, it is not even known whether EXISTSWINNING(G,X) is decidable if G is
the set of all context-free games. The problem here is that type 2 and 4 automata can be arbitrarily
large, so we cannot simply guess one as easily as in the case of type 5 automata, of which there exist
only finitely many. However, there are some interesting cases, where we can bound the necessary
number of strategy automata. The next theorem states upper bounds on the complexity for several

such cases.
6.8 Theorem. For X € {1,2}, the problem EXISTSWINNING(G,X) is in
* 3NEXPTIME if G is the set of games with self-delimiting replacement languages,

e 2NEXPTIME if G is the set of games with self-delimiting replacement languages where the

target language automaton is a DFA.

Further, for X € {1,2,3,4}, the problem EXISTSWINNING(G,X) is in
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e 2NEXPTIME if G is the set of non-recursive games with finitely many rules,

e NEXPTIME if G is the set of non-recursive games with a finite target language

Proof. Let G = (X,R,T) € G be a game and w € X* a word. The approach is the same in all cases:
We show that if a strategy exists that wins on w, then there exists a strategy automaton A of k-fold
exponential size such that w € L(6.4). A kKNEXPTIME-algorithm then works as follows:

1. Guess A in k-fold exponential time.
2. Construct a DFA T recognizing L(T) in exponential time.

3. Test whether w € L(0.4) in time polynomial in the size of (X,R,T’), w and A, i.e. in time
k-fold exponential in the size of G and w.

The time bound on the 3rd step follows from Theorem 6.1. For the rest of this proof, we only need
to show that if a type X strategy exists that wins on w, then there exists a strategy automaton A
as stated above — with A being of type 2 if X € {1,2} and of type 4 if X € {3,4}. Note that the
converse of the last statement is trivial, since each type 2 strategy is also a type 1 strategy and each
type 4 strategy is also a type 3 strategy.

For the two cases where all games in G have self-delimiting replacement languages, the existence
of such A of 3-fold and 2-fold exponential size respectively is immediate from Theorem 4.20.

We consider now the cases that G is non-recursive. Then any play tree of a play on w has depth
at most |Z¢| + 1. The root has |w| children.

If R is finite, then the number of children of a non-root node in a play tree is bounded by the
maximal length of a replacement word; this is bounded by max,cy|Rq|. Thus, the number of nodes
of a play tree in the case that R is finite is bounded by

B = |w| -max|R,|®*! +1.
aGZj

The set of states of the type 2 and 4 automata in the proof of Theorem 4.19 is a subset of =7
Clearly this is 2-fold exponential in the size of the input (with the bottleneck being the maximal
recursion depth |X¢|).

If L(T) is finite, then the length of a word in L(T') is less than |Q], i.e. the number of states of 7.
Therefore, a strategy o that wins on w plays less than |Q| Reads in a play on w. Thus, the play tree

of a play of 6 on w has less than |Q| leaves. So altogether, such a play tree has at most
B=(Zf+1)-]Q|

nodes. Therefore, the size of the type 2 and 4 automata in the proof of Theorem 4.19 is bounded

exponentially in the size of G (independently of w). O

It should be noted that the data complexity of these problems is much lower, i.e. the complexity
if the game is fixed and the input consists only of w. In the case of self-delimiting replacement

languages, the upper bound drops to NP under data complexity, and for non-recursive games with
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finitely many rules it drops to NEXPTIME. This can be seen easily by analyzing the last proof. For
games with a finite target language the problem can even be solved in constant time because the set
of words for which a winning strategy exists is finite.

One could argue that the problems studied in this and the last section violate the idea of one-pass
strategies, since they require an input string as part of their input. In the one-pass setting, Juliet has
to choose a one-pass strategy without knowledge of the input word. In the next section, we will

study a problem that requires as input only a game and two strategy automata.

6.3. Comparing two strategies

Perhaps even more interesting than the complexity of determining whether a winning strategy for a
single word exists is the complexity of determining whether an optimal/optimum strategy exists
or whether a given strategy is optimal/optimum. For this, it is helpful to determine which of two
strategies is better. For a set G of context-free games and X € {2,4,5}, we define the comparison
problem as follows.

COMPARE(G,X)
Given: A game G € G and type X automata .A; and A; for G
Question: Is L(0.4,) C L(04,)?

The main theorem of this section states that the comparison problem is PSPACE-complete for
games with a target language DFA — even if restrictions are imposed that are a lot stronger than

non-recursiveness and finite, self-delimiting replacement languages.
6.9 Theorem. For X € {2,4,5}, the problem COMPARE(G,X) is PSPACE-complete if G is
o the set of games G = (£,R,T) where T is a DFA or

o the set of games G = (X,R,T) where T is a DFA, all replacement words have length 1 and G

is non-recursive such that all plays have depth at most 2

Proof. We first show the upper bound. Let G € G be a game and let .A; and .4, be type X automata
for G. By Theorem 5.1, UFAs U, and U, recognizing L(04,) and L(04,) respectively can be
constructed in polynomial time. We need an algorithm that tests whether L(;) C L({) using
polynomial space. If N; and \; are NFAs obtained from U/; and U, by swapping accepting and non-
accepting states, then a word is accepted by I/; (under UFA semantics) if and only if it is not accepted
by N; (under NFA semantics). Therefore, L(U;) C L(U) is equivalent to L(N>) C L(N7). This can
be tested using polynomial space, since the containment problem for NFAs is PSPACE-complete
[7]. Therefore, COMPARE(G, X )€ PSPACE.

We prove the lower bound by a reduction from the universality problem for NFAs (given an NFA
N over the alphabet {0, 1}, does L(N) = {0,1}*?). As mentioned in the proof of Theorem 6.2,
this problem is PSPACE-complete [9, 7]. Like in earlier proofs it suffices to show the hardness for
the case X = 5.
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Let N = (On,{0,1},8x,90,Fn) be an NFA. We construct a game G = (X,R,T) and type 5
automata A;, A, for G such that L(N) = {0,1}* if and only if L(0.4,) C L(0.4,). If go ¢ Fy, then
€ ¢ L(N) and (G, Ay, Az) can be chosen as a dummy No-instance. We therefore assume in the
following that go € Fs. We also assume without loss of generality that all states of N are reachable
from the initial state gy (otherwise, unreachable states can be removed).

We construct G = (£,R,T) with {0, 1} C X and automata .4; and .4, such that

(i) LN)={0,1}*\L(0.4,), i.e. N recognizes the language of words in {0, 1}* on which o4,
does not win.

(i) L(o4,) =X*\{0,1}*,i.e. 0.4, loses on exactly the words in {0, 1 }*.

Note that this implies the reduction property: It holds that L(N') = {0,1}* if and only if L(c4,) C
2\ {0,1} = L(0.4,). So it suffices to show that we can construct G, .A; and A, with (i) and (ii) in
polynomial time. An example of the subsequently described construction is shown in Figure 6.3.
For k € {0,1} let
i = max Oy (g, k)]

be the maximum number of k-transitions leaving some state of \/. We define the alphabet of G as
L={0,1}U{ki | ke{0,1},i=1,...,m}U{$,;| g€ On}.

The set R of rules of G is given by

k —ki+--+k, fork € {0,1}
ki — $4, forke {0,1}andi=1,...,n
$q = $4o for g € On\{qo}-

Note that G is non-recursive with these rules and all plays have depth at most 2.
The target language automaton of G is T = (Q,X, 8,90, F ), where Q = Qxr U {qgs} for some
new state g5 ¢ O, the set F = {qy} UQxn \ Fy of accepting states consists besides ¢ of the

non-accepting states of N and the transition function § is given as follows:

* For g € Q) and k € {0, 1}, the transitions for the symbols ks kisy (g0 leaving g are
distributed so that each of them reaches a distinct state of Sx(g,k),

* 0(q,k) =qforqe Oy and k € {0,1},
* 8(¢,84) = qo for g € Qu \ {qo}
* all remaining transitions lead to the state g;.

The automaton 7 is in fact the minimal DFA for L(T) because its states are reachable (by
assumption on N) and pairwise non-equivalent: The two states g and g5 are non-equivalent
because g is accepting and g is non-accepting (since g is accepting in A/ by assumption). Each
remaining state ¢ € Oy \ {qo} is not equivalent to any other state of 7 because it is the only state

from which reading $, leads to a non-accepting state (namely go).
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0 —0,+0,
1 =1
01 — $,
02 — $,
11 — $,
$a1 = $qo

$q, — $q

(a) NFA N/ (b) Set of rules R

01,0, 1,

01,0, 1,

(d) Type 5 automaton A4 (e) Type 5 automaton A,

Figure 6.3.: Example of an NFA and the rules, target language DFA, and strategy automata con-

structed from it in the proof of Theorem 6.9
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So, since T is minimal, we need to define the type 5 automata A, and A; like T except that some
edges are missing. The idea to achieve property (i) is that Romeo’s choice of replacement words
in a play of 04, on an input word w € {0, 1}* shall correspond to the choice of a run of A/ on w;
Romeo shall have a chance to win on w if and only if there exists an accepting run of A on w.

To this end, we define A; as the automaton obtained from T by keeping only the k;-edges (for
ke {0,1} andi=1,...,ng). The automaton A, is obtained from 7' by keeping only the transitions
for 0, 1 and $,, leaving go and the loop transitions of g.

The construction of G = (X,R,T), A; and A; clearly requires only polynomial time. It only
remains to show that the properties (i) and (ii) hold.

Proof of (i): For the inclusion L(N') C {0,1}*\ L(0.4,) let w be a word in L(N). Since {0, 1}
is the alphabet of N, clearly w € {0,1}*. Since w € L(N\/), there exists an accepting run of N/
on w. Let qo,...,q|,| be the sequence of states of this run. The strategy 04, plays Call on each
symbol k € {0,1}* from the input word, followed by a Read on the replacement symbol k;. If k
is the jth symbol of w, then induction on j shows that Romeo can choose k; so that the T-state
after the following Read is g;. So the T-state of the last configuration is g),,. Since that state is
accepting in V/, it is non-accepting in T by definition. Therefore, such a play is losing for Juliet,
hence w ¢ L(04,).

To see the other inclusion, let w € {0,1}*\ L(0.4,). There must exist a losing play of 6.4, on w.
None of the configurations of this play can have T-state g because g is accepting and there are
no transitions leaving g,. Using the arguments from above in reverse direction, the sequence of
T-states of this losing play induces an accepting run of N on w. Hence, w € L(N).

Proof of (ii): Consider a play of o4, on a word w € £*. If w € {0,1}*, then the strategy 0.4,
plays only Read moves and the A;-state is g all the time. Since, as mentioned above, we could
assume that g € F), it follows that go ¢ F and therefore A, loses on words from {0, 1}*. This
shows that L(0.4,) € Z*\ {0,1}*.

Conversely, if w € £\ {0,1}*, let x € £\ {0, 1} be the first symbol in w that is not in {0, 1}. If
x # $,4, then 04, calls x and x gets replaced by $,,. If x = $,, or once x has been replaced by $,,,
the strategy 04, reads $,, and the new T'-state is g. This state cannot be left any more, and since it

is accepting, the play is winning. Thus, w € L(0.4, ), which proves the other inclusion. O

For the case that the target language is specified by an NFA, the previous result implies an
EXPSPACE upper bound for the comparison problem; if the strategy automaton is of type 5, then
the problem remains PSPACE-complete:

6.10 Corollary. Let G be the set of all context-free games. The problem COMPARE(G,X) is
PSPACE-complete for X = 5 and in EXPSPACE for X € {2,4}.

Proof. The EXPSPACE upper bound holds because the target language automaton can be trans-
formed into a DFA of exponential size and then the PSPACE-algorithm from Theorem 6.9 can be
applied.

For the case X =5, the lower bound is immediate from Theorem 6.9. For the upper bound it
suffices to show that the problem is in NPSPACE. Let G = (X,R,T), A; and A, be an input for the

problem. An algorithm can guess which transitions to insert into .4; so as to obtain a standard DFA
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T’. Then it can be checked using polynomial space whether 77 is the minimal DFA for the target
language [7] and whether also A, can be obtained from T’ be removing transitions. If that is the
case, the PSPACE-algorithm from Theorem 6.9 is applied with input G’ = (£,R,T’), A, and A,.
Otherwise the algorithm rejects. It is obvious that this algorithm accepts non-deterministically if
and only if 4, and A; are type 5 automata for G and L(04,) C L(C4,). O

Interesting open questions that are connected to the comparison problem are concerned with
the complexity of finding an optimal/optimum strategy. Like in the case of winning strategies, it
is not even clear whether it is decidable whether an optimum strategy exists. Even testing for a
given strategy whether it is optimal or optimum seems difficult. The natural approach would be to
guess an automaton of a strategy that is strictly better or incomparable to the given strategy; but the
problem is — again — that an upper bound on the necessary size of the guessed strategy automaton
would be needed.
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7. Summary

We studied several questions concerning the existence of optimum, optimal and winning strategies
of five types of one-pass strategies as well as the complexity of related problems. This chapter

contains a summary of the results and open questions, followed by a conclusion.

7.1. Results and open questions

The results regarding implications for optimum strategies are summarized in Figure 7.1. We showed
that in non-recursive games, games with a finite target language and games with at most finitely
many indistinguishability classes of one-pass strategies, the existence of an optimum one-pass
strategy guarantees the existence of an optimum strategy that is of type 5. However, if none of these
three conditions is satisfied, then the implications 1 = 3, 2 = 4 and 4 =—> 5 do not in general
hold — even if all replacement languages are singletons. It remains open whether the existence of an
optimum type 1 (or 3) strategy implies the existence of an optimum type 2 (or 4) strategy. We could
show that if replacement languages are self-delimiting, then this is the case for the implication
1 =2

We have shown that optimal strategies always exist in non-recursive games, games with a finite
target language and games with self-delimiting replacement languages. More generally, they exist
in games that have the bounded depth property. Perhaps one of the most important open questions
to which an answer could considerably improve the understanding of one-pass strategies is whether
every context-free game has this property. If this were the case, a direct consequence would be
that there always exists an optimal one-pass strategy; indirectly, this might also entail further
results that, so far, we were able to show only in the case of non-recursiveness or self-delimiting
replacement languages. In the case of finite target languages, even an optimal type 2 strategy is
guaranteed to exist because the implication 1 = 2 holds for these games; also the implication
3 = 4 holds for games with a finite target language. It is open whether these two implications hold
more generally. Especially for the implication 1 = 2 there is hope that it holds at least for games
with self-delimiting replacement languages, and it might be possible to show this by adjusting the
arguments due to which this implication holds for optimum and winning strategies. A positive
answer would imply that every game with self-delimiting replacement languages has an optimal
type 2 strategy. The remaining implications for optimal strategies, however, do not in general hold
even if the conditions are satisfied under which they hold for optimum strategies. An overview of
our results regarding the existence of optimal strategies of the five types is given in Figure 7.2.

Finally, we have considered implications for winning strategies, i.e. whether for each input
word the existence of a winning strategy of one type implies the existence of a winning strategy

of a restricted type. The results are similar to those for optimal strategies, but additionally we
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Figure 7.2.: Implications for optimal strategies
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Figure 7.3.: Implications for winning strategies

could show that the implications 1 = 2 and 3 = 4 hold in the case of finitely many rules,
and the implication 1 = 2 also holds in the case of self-delimiting replacement languages. The
implications for winning strategies are summarized in Figure 7.3.

An overview of most of our complexity results is given in Table 7.1. We showed that deciding
whether an automaton strategy wins on an input word in a game is, in general, PSPACE-complete.
The problem is tractable, namely P-complete, if the target language is specified by a DFA. The
upper bound in this case follows from the possibility of constructing in polynomial time a universal
automaton recognizing the (regular) language of words on which the automaton strategy wins.
The lower bounds in both cases hold even if the game is restricted to be non-recursive and have
self-delimiting and finite replacement languages.

Further, deciding whether a type 5 strategy exists that wins on a given word in a given game is
NP-complete if the target language is specified by a DFA. If it is specified by an NFA, then the
problem becomes harder (presuming standard assumptions about distinctness of complexity classes)
and the complexity lies between PSPACE-hardness and NEXPTIME. For the case of strategies of
type 1, 2, 3 and 4 it is not clear whether the according problem is even decidable in the general
case. It is decidable, but presumably of high complexity, if conditions are satisfied that guarantee
that the implications 1 = 2 and 3 = 4 respectively for winning strategies hold and that allow an
upper bound on the necessary size of a strategy automaton. A result not listed in Table 7.1 is that
EXISTSWINNING(G,X) is in NEXPTIME if G is the set of non-recursive games with a finite target
language.

Towards determining optimum or optimal strategies, it is useful to decide which of two automaton
strategies is better. Therefore, we defined the comparison problem. It is PSPACE-complete for the
case of type 5 automata or if the target language is given by a DFA. It seems likely that the problem
is harder in the case of type 2 and 4 automata if the target language is given by an NFA.
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T NFA T DFA
self-de- R finite, self-de- R finite,
general o general o
limiting | non-rec. limiting | non-rec.
ISWINNING(G,2)
ISWINNING(G,4) PSPACE-complete P-complete
ISWINNING(G,5)
EXISTSWINNING 1
G, € 3NEXP | € 2NEXP € 2NEXP | € 2NEXP
EXISTSWINNING(G,2)
EXISTSWINNING(G,3
3 € 2NEXP € 2NEXP
EXISTSWINNING(G,4)
EXISTSWINNING(G,5) PSPACE-hard, € NEXP NP-complete
COMPARE(G,2)
€ EXPSPACE
COMPARE(G,4) PSPACE-complete
COMPARE(G,5) PSPACE-complete

Table 7.1.: Complexity results

Further interesting open questions are concerned with the decidability and complexity of whether
an optimum one-pass strategy exists for a given game or whether a given strategy is optimum or
optimal. While some upper bounds for restricted cases can be deduced from the results above, the
general case as well as lower bounds remain open. One could soften the definitions of optimum and
optimal by saying that a strategy is type-5-optimum/optimal if it is optimum/optimal only among all
type 5 strategies (and not among all one-pass strategies). Since there exist only finitely many type 5
strategies for a game, a type-5-optimal strategy must exist. For the case that the target language is
given as a DFA, a PSPACE upper bound for determining whether a type-5-optimum strategy exists
or whether a given type 5 strategy is type-5-optimum/optimal follows easily from our results for
COMPARE(G, 5); it is unclear whether this bound is tight.

7.2. Conclusion

We have seen that in several cases it is possible to use a one-pass strategy that is based on an
automaton and there is hope that this is possible in general. However, we can negate the hope that
one could restrict to strategy automata as simple as type 5 automata without losing strategic power.
The advantage of automaton strategies is, as mentioned in [3], that their moves can be computed
very efficiently. On the other hand, however, we have also seen that it is not generally possible to
find good strategies efficiently.

An issue with the original, unrestricted strategies for context-free games defined in [12] is that
it is undecidable whether a winning unrestricted strategy for a given word exists. This problem
is eliminated by left-to-right strategy, but it might arise again for one-pass strategies due to the
new aspect of incomplete information. This issue is certainly avoided if a game has self-delimiting

replacement languages. Indeed, self-delimiting replacement languages seem to be a realistic
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solution in practice because they can be achieved easily and with almost no overhead by suffixing
replacement words with an end-of-file symbol. Another setting in which many positive properties
hold is if the target language is finite. While finiteness of the target language may seem like a very
strong restriction, this is often the case in practice according to the discussion in [12].
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A. Appendix

We prove some further results that were mentioned above.

A.1 Theorem. There exists a game G that is neither left- nor right-recursive for which the implica-
tions 1 => 3 and 2 = 4 for optimum strategies do not hold.

Proof. Consider the game G = (X,R,T) with £ = {a,b}, the only rule being a — bab and the
target language L(T') = {uabv | u,v € £*} consisting of all strings with substring ab.

A type 2 automaton specifying an optimal strategy for G is given in Figure A.1. It wins on all
words containing the symbol a.

However, there exists no optimum type 3 strategy for G. For the sake of contradiction, suppose
o were an optimum type 3 strategy for G. There must exist k € Ny such that 6((ab)*,a) = Read
because otherwise the (unique) play of ¢ on a would be infinite. Since ¢ is a type 3 strategy, this

implies that o(b*,a) = Read. But then o loses on b¥a, and therefore o is not optimum. t

A.2 Theorem. There exists a non-recursive game G = (L,R,T) with |L(R,)| = 1 for each a € Ly
such that the implication 4 =—> 5 for optimal strategies does not semi-hold for G.

Proof. Consider the game G = (X,R, T) over the alphabet X = {a,b,c,d} with rules given by

a — dbcbd
b—d

and target language automaton 7" as per Figure A.2a. Like in the proof of Theorem 4.17 it suffices
to show that the implication 4 =- 5 does not hold for G, since G is non-recursive.

Since Romeo can never choose from more than one replacement word, a play is uniquely
determined by a one-pass strategy and the input word. Note that the state g of T is an error state,
so if it is entered during some play, then Juliet will surely lose.

The rest of this proof consists of two parts. First, we show that there exists an optimal type 4

strategy for G. Then we show that there exists no optimal type 5 strategy for G.
Existence of an optimal type 4 strategy:

b a+b

RS S

Figure A.1.: Automaton of an optimum type 2 strategy for the game G in the proof of Theorem A.1

Q)

93



(a) Target language automaton 7 (b) Type 4 automaton .A. For clarity, transitions for ¢
and d to an (error) state p; are not displayed.

Figure A.2.: Automata T and A for the proof of Theorem A.2

Consider the type 4 automaton A depicted in Figure A.2b. Note the correspondence between

states of A and states of 7: When A is in state p; or p during a play of 6.4, then 7 is in its state g;.

We claim that 04 is optimal. Suppose it is not, then there exists a type 1 strategy ¢ with
L(o4) € L(o). Let w € L(0) \ L(04) and let IT be the losing play of 64 on w. Let K = (u,ev)
withzeX',ecX ¢ ={a,b} and v € X* be the last configuration of IT up to which IT could also be

a play of o, i.e. the first configuration with o (#,e) # 0.4(u,e). There are several possibilities:

* If e = a, then ¢ would read a next, since 0 4 always calls a. But then the error state g, of T

is entered immediately and ¢ would lose on w. Contradiction.

If e = b and the A-state of K is p;, then o would lose again by reading b because the ¢, is

entered. Contradiction.

If e = b and the A-state of K is p{, then the symbol that was read last was c. The current
symbol b is either the b in forth position in the replacement string dbcbd of a or from the
input word. In the former case, the next symbol of the current string is d. The strategy ¢
would enter g upon reading b and then the error state g, upon reading d, so ¢ would lose on
w. If the current b is from the input word w, then the invisible suffix of K is also from the
input word, i.e. w = ubv for some u € X*. Consider the (unique) plays of ¢ and 6.4 on ub.
Both will have the configuration (i, b) with T-state go. But ¢ loses on ub since the T-state
after reading b will be the non-accepting state g, whereas o 4 wins on ub because the last
configuration will be (ﬁgd ,€) with T-state go. Hence ub € L(0.4) \ L(0), in contradiction to
L(oy) C L(0).

If e = b and the A-state of K is po, then the current symbol b is either the b in second position
in the replacement string dbcbd of a or from the input word, i.e. w = ubv for some u € ¥*.
In the former case, ¢ would lose because the error state ¢, is reached after calling b and
reading d and c. In the latter case, it follows similarly to above that ubc € L(c.4) \ L(0), in
contradiction to L(6.4) C L(0).

So we have a contradiction in each case and therefore 6 4 is optimal.
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Nonexistence of an optimal type 5 strategy:

Let B be an arbitrary type 5 automaton for G. Since T is clearly the minimal DFA for L(T'), the
automaton B is obtained from 7' by removing edges. We construct a strategy o that plays like o
on input words not starting with a but differently on input words starting with a. The construction
will guarantee that o wins on all words on which 63 wins and additionally on a (and some other
words starting with a).

We first show that 65 does not win on any word that starts with the symbol a. For the sake of
contradiction suppose 65 does win on a word au with u € X*. Like before, 63 must avoid entering
g» in order to have a chance of winning. The strategy o must first call a because otherwise ¢
would be entered immediately. The d at the start of the replacement string dbcbd can only be read.
The configuration hereafter is (ad, bcbdu) with T-state go. Here, 63 must read b to avoid entering
g2 upon reading c later on. After reading b and then reading ¢, the new configuration is (adbc,bdu)
and the T-state is again gp. Since o3 is a type 5 strategy and o3 played Read the last time when
the T-state were go and the current symbol was b, it must play Read again. But then the T-state
will be the error state g, when the configuration (adbcbd, u) is reached. Thus, 65 does not win on
au in contradiction to out assumption.

A strategy o that is strictly better than op can be defined informally as follows:

* If the input word starts with a, then o first calls a (so it gets replaced by dbcbd), then reads
d, b and c, calls b (so it gets replaced by d) and reads all remaining symbols (the first two of
which are both d).

* If the input word does not start with a, then o plays like o5.

Since ¢ plays like o3 on all input words not starting with a, so in particular on all strings in
L(op), it also wins on all strings in L(op). However, o also wins on input a (and on some other
strings starting with ). So we have L(o3) C L(og) U{a} C L(c), which shows that o5 is not
optimal. O

A.3 Lemma (cf. [6, Theorem 5.6.1]). The emptiness problems for context-free grammars is P-
hard even if grammars are restricted to be non-recursive and replacement languages self-delimiting
(i. e. for each variable A, the language of strings that appear on the right hand side of rules for A is
self-delimiting).

Proof. We give a reduction from the P-hard emptiness problem for context-free grammars without
the stated restrictions (see [8, Corollary 11] and [6, Theorem 5.6.1]).

Let C = (V,I',P,S), where V is the set of variables, I" the set of terminals, P C V x (VUT)* the
set of production rules and S € V the start variable. We will construct a non-recursive grammar with
self-delimiting replacement languages that describes the empty language if and only if C describes
the empty language.

We can achieve self-delimiting replacement languages as follows. If C contains two A — u and
A — uvforsome AeV,ue (VUD)*andv e (VUT)T, then we remove the rule A — uv. Clearly,

if the language of C is empty, the language of the new grammar is still empty because there exist

95



fewer rules. Conversely, if it is possible to derive a word from S using the rules of C, then it is also
possible to derive a word from S without making use of the rule A — uv. Hence, this adjustment
does not affect whether the language described by the context-free grammar is non-empty.

A Turing machine only requires logarithmic space to compute the context-free grammar that is
obtained by perform this adjustment repeatedly until replacement languages are self-delimiting:
The Turing machine iterates pairs of positions in the encoding of the context-free grammar. If both
positions denote the beginning of an encoding of a rule for the same variable A, the Turing machine
compares the two right hand sides symbol by symbol to check if one is a proper prefix of the other.
If that is the case, the rule with the longer right hand side needs to be removed. For this, the Turing
machine outputs the context-free grammar consisting of only those rules A — u for which there
exists no rule A — uv with a strictly longer right hand side.

To achieve non-recursiveness, observe that if L(C) is non-empty, then it also contains a string
that has a derivation tree of depth at most |V|. Indeed, in a derivation tree of depth greater than
|V|, some variable must occur twice (or more) on a path from the root to a leaf. This path can be
shortened by replacing the subtree rooted at the upper occurrence of the variable by the subtree
rooted at the lower occurrence, leading to a derivation tree for some other word. After repeating this
often enough, a derivation tree of depth at most |V| for a word in L(C) is obtained. A non-recursive
grammar C' = (V',T", P', ") with L(C") = 0 if and only if L(C) = 0 can be constructed as follows:

* Define V' ={A; |[AeV,ie{l,....|V|}}.

» ForeachruleA— wof Pandalli=1,...,|V|—1, introduce for P’ the rule A; — w; |, where
wiy1 is the string obtained from w by replacing each variable B in w by B; . If w consists of

only terminals, also introduce the rule Ajy| — w.
e DefineI” =T and §' = S;.

It is straightforward to check, due to the arguments above, that L(C') = 0 if and only if L(C) = 0.
Further, the construction of C’ requires only logarithmic space.
The statement of the lemma follows, since the concatenation of two logarithmic space computable

functions can be computed using logarithmic space. 0
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