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Abstract

The paper is devoted to several infinite-state Attacker-Defender games with reachability
objectives. We prove the undecidability of checking for the existence of a winning strategy
in several low-dimensional mathematical games including vector reachability games, word
games and braid games. To prove these results, we consider a model of weighted automata
operating on infinite words and prove that the universality problem is undecidable for this
new class of weighted automata. We show that the universality problem is undecidable
by using a non-standard encoding of the infinite Post correspondence problem.
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1. Introduction

In the last decade there has been a steady, growing interest in the area of infinite-state
games and computational complexity of checking whether a winning strategy exists
[1, 2, 3, 4, 5, 6, 7]. Such games provide a powerful mathematical framework for a
large number of computational problems. In particular, they appear in the verification,
refinement and compatibility checking of reactive systems [8], analysis of programs with
recursion [4], combinatorial topology and have deep connections with automata theory
and logic [6, 7, 9].

In many cases of high-dimensional games, the problem of checking for the existence of
a winning strategy can be computationally hard and even undecidable. Answering the
same question for low-dimensional systems can also be a challenging problem. This is
either due to a lack of tools for analysis of complex dynamics or due to a lack of “space”
to encode directly the universal computations to show that the problem is undecidable.
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In this paper we present three variants of low-dimensional Attacker-Defender games
(i.e., word games, matrix games and braid games) for which it is undecidable to determine
whether one of the players has a winning strategy. In addition, the proof incorporates a
new language theoretical result (Theorem 2) about weighted automata on infinite words
that can be efficiently used in the context of other reachability games.

An Attacker-Defender game is played in rounds, where in each round a move of
Defender (Player 1) is followed by a move of Attacker (Player 2) starting from some initial
position. The aim of Attacker is to reach a target position while Defender tries to keep
Attacker from reaching the target position. Then, we say that Attacker has a winning
strategy if she can eventually reach the target position regardless of Defender’s moves.
We show that in a number of restricted cases of such games, it is not possible to decide
whether a winning strategy exists for a given set of moves, an initial position and a target
position.

In particular, we introduce matrix games on vectors, where we show that if both
players are stateless and the moves correspond to very restricted linear transformations
from SL(4,7Z), the existence of a winning strategy is undecidable. There exists a simple
reduction from known undecidable reachability games (robot games [10]) that leads to
undecidability for a game with linear transformations in dimension six. To prove the
undecidability in four-dimensional games, we first show undecidability of word games
where players are given words over a group alphabet and in an alternating, way concatenate
their words with a goal for Attacker to reach the empty word. The games on words, over
semigroup alphabets, are commonly used to prove results in language theory [11, 12, 13].
We, on the other hand, define word games over group alphabets.

Later we show that it is possible to stretch the application of the proposed techniques
to other models and frameworks. For example, we consider games on braids, which
were recently studied in [14, 15]. Braids are classical topological objects that attracted
a lot of attention due to their connections to topological knots and links, as well as
their applications to polymer chemistry, molecular biology, cryptography, quantum
computations and robotics [16, 17, 18, 19, 20]. In this paper we consider games on braids
with only three or five strands, where the braid is modified by a composition of braids
from a finite set with the target for Attacker to reach the trivial braid. We show that it
is undecidable to check for the existence of a winning strategy for three strands from a
given nontrivial braid and for five strands starting from the trivial braid. The reachability
with a single player (i.e., with nondeterministic composition from a single set) was shown
to be decidable for braids with three strands in [21].

The undecidability results of this paper are proved by using a new language-theoretic
result showing that the universality problem for weighted automata A on infinite words
is undecidable. The acceptance of an infinite word w intuitively means that there exists a
finite prefix p of w such that for the word p there is a path in A that has zero weight.
From an instance of the infinite Post correspondence problem we construct the automaton
A that accepts all infinite words if and only if the instance does not have a solution. As
the infinite Post correspondence is undecidable [22], so is the universality problem for
weighted automata on infinite words.

The considered model of automaton is closely related to integer weighted finite automata
as defined in [23] and [24], where finite automata are accepting finite words and have
additive integer weights on the transitions. In [23], it was shown that the universality
problem is undecidable for integer weighted finite automata on finite words by reduction
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from the Post correspondence problem. In the context of a game scenario it is important to
define acceptance of infinite words (which represent infinite plays in games) by considering
finite prefixes reaching a target value. On the other hand, non-acceptance means that
there exists an infinite computational path where none of the finite prefixes reach the
target value. Then the universality for weighted automata over infinite words is the
property ensuring that all infinite words are accepted (i.e., eventually reach a target in a
computation path). Please note that while the universality for weighted automata on
finite words implies universality for weighted automata on infinite words, the statement
does not hold the other way around. Therefore the universality problem for weighted
automata on infinite words is not equivalent to the universality problem for weighted
automata on finite words. Our undecidability proof for weighted automata on infinite
words follows the initial idea from [23] for mapping computations on words into a weighted
(one-counter) automata model, which is extended with new constructions and formal
proofs.

The paper is organized as follows. The next section contains basic notations and
preliminaries used in the rest of the paper. In the third section we prove our main result
that the universality problem is undecidable for weighted automata on infinite words.
This section is the most involved and provides a new non-standard encoding of the infinite
Post correspondence problem into the universality problem. Finally, in Section 4, we
apply the main result to several games on mathematical objects and show that it is
undecidable to check whether one of the players has a winning strategy. After each
game we provide an example to illustrate the main principles of the game. We also show
that the Attacker-Defender games are quite sensitive to the process of determinization.
We discuss and illustrate this effect in details in the case of matrix games. Moreover,
following our analysis, we formulate a problem of eventual reachability that is relevant in
the context of concurrent games.

2. Notation and definitions

Words. An infinite word w over a finite alphabet A is an infinite sequence of letters,
w = agaiasas - - - where a; € A is a letter for each 1 = 0,1,2,.... We denote the set of all
infinite words over A by A“. The monoid of all finite words over A is denoted by A*. A
word u € A* is a prefiz of v € A*, denoted by u < v, if v = uw for some w € A*. If v and
w are both nonempty, then the prefix u is called proper, denoted by v < v. A prefiz of an
infinite word w € A% is a finite word p € A* such that w = pw’ where w’ € A%¥. This is
also denoted by p < w. The length of a finite word u is denoted by |u|. By w[i] we denote
the ith letter of a word w, i.e., w = w[l]w[2]---. The reversed word of w = wll]---w(n]
is denoted by wf = w[n]---w[1], i.e., the order of the letters is reversed. Later in the
paper the finite words will be denoted by wu, v, infinite words by w and single letters by
a,bc,r,y,z.

Let T' = {a1,az,...,an,a7 a5, ... ,a; '} be a generating set of a free group Fr.
The elements of Fr are all reduced words over I, i.e., words not containing a;a; Lor
a;lai as a subword. In this context, we call " a finite group alphabet, i.e., an alphabet
with an involution. The multiplication of two elements (reduced words) u,v € Fp
corresponds to the unique reduced word of the concatenation uv. This multiplication
is called concatenation throughout the paper. Later in the encoding of words over a
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group alphabet we denote a~! by @ and the alphabet of inverse letters is denoted as
At ={a"1|ac A}

Weighted automata. Let A= (Q, A, 0, qo, F,Z) be a finite integer weighted automaton
with the set of states @, the finite alphabet A, the set of transitions 0 C Q X A X Q X Z,
the initial state qo, the set of final states F' C @) and the additive group of integers? Z
with identity 0, that is (Z,+,0). We write the transitions in the form t = (g, a,p, z) € o.

In a graphical presentation a transition ¢ is denoted by ¢ (a—z>) p. Note that A is a

non-deterministic complete automaton in a sense that for each ¢ € Q and a € A, there is
at least one transition (g, a,p, z) € o for some p € Q) and z € Z.

A finite word u is accepted by a weighted automaton if there is a computation path
labeled by w such that weights of the transitions add up to 0. In [23], it was shown that
the universality problem for finite words is undecidable. In order to analyse infinite runs
in concurrent games, we extend the model of weighted automata to infinite words.

A configuration of A is any triple (q,u,z) € Q x A* x Z. A configuration (g, u, z1) is
said to yield a configuration (p,ua, z1 + 22) if there is a transition (g, a,p, z2) € 0. This
is denoted by (q,u, 21) =4 (p,ua, z1 + 22). Let =% or simply |=*, if A is clear from the
context, be the reflexive and transitive closure of the relation |=4.

Let m = ti,t;, - -~ be an infinite path of transitions of A, where t;; = (g, as,, @i, %)
for j > 0 and ¢;, = go. We call such path © a computation path. Denote by R(7) the set
of all reachable configurations following a path 7. That is, for

™= <QO7ai07 Qi17Z0> <Qi1aai17qi27zl> <Qi27ai2a iz 22> R

the set of reachable configurations is

R(ﬂ-) = {(q07€70)7 (qiuaio,zo)v (qu; aigaiUZO + Zl)v

(qi37aioai1ai27 20 +z1 + 22), .. }

Define a morphism || - ||: 0¥ — A“ by setting ||t| = a if t = {q,a,p, z). Let ¢ = (q,u, z) €
R(7) for some computation path . The weight of the configuration ¢ is y(¢) = z and
we say that c is in the state g. When a computation path 7 reading the word w is fixed,
by the weight of prefiz «(p) we denote the weight of the configuration (g, p, z) € R(n),
where p < w.

Let us now define the acceptance condition for weighted automata on infinite words.
An infinite word w € A% is accepted by A if there exists an infinite path 7 such that at
least one configuration ¢ in R(7) is in a final state and has weight v(c¢) = 0. The language
accepted by A is

L(A)={we AY | Ir € ¢“: ||7|]| = w and J(q,u,0) € R(w): g € F}.

Universality problem. The universality problem for automata over infinite words is to
decide, given a weighted automaton A, whether the language accepted by A is the set
of all infinite words. In other words, whether or not L(A) = A“. The problem of

2While we restrict ourselves to the case where the weights of the automaton are elements of the
additive group of integers Z, we could define the model for any other group (G, -,¢) as well.
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non-universality is the complement of the universality problem, that is, whether or not
L(A) # A% or whether there exists a w € A such that for every computation path 7 of
w, all configurations (g, u, z) € R(m) in a final state do not have zero weight.

Let us compare the universality problem for automata over finite and infinite words.
Let B be a complete weighted automaton on finite words and by A we refer to the same
automaton on infinite words. If B is universal on finite words, then it is easy to see that
A is also universal on infinite words. Indeed, if B accepts A* then in particular it accepts
a and all infinite words starting with a are accepted by .A. But on the other hand, if B is
not universal on finite words, then it does not follow that A is non-universal on infinite
words as well. Consider the weighted automaton of Figure 1 over a unary alphabet. When
considering it as an automaton on infinite words, it is universal as it accepts the word
a®. On the other hand, the automaton is not universal when operating on finite words.
It is easy to see that the language accepted by the automaton is {a®" | n > 0}. Thus,
for acceptance conditions defined above, the universality problem for weighted automata
on finite words is not equivalent to the universality problem for weighted automata on
infinite words. Moreover, at the end of Section 3, we discuss another acceptance condition
under which the universality of a weighted automaton on finite words does not imply the
universality of a weighted automaton on infinite words.

(a,1)

-0 0O

(aa 71)

Figure 1: A weighted automaton over unary alphabet, A = {a}, which is universal over infinite words
but is not universal over finite words.

Post correspondence problem. An instance of the Post correspondence problem (PCP,
for short) consists of two morphisms g, h : A* — B* where A and B are alphabets. A
nonempty word u € A* is a solution of an instance (g, h) if it satisfies g(u) = h(u). It
is undecidable whether or not an instance of the PCP has a solution [25]. Also, the
problem is undecidable for all domain alphabets A with |A| > 5 [26]. The cardinality of
the domain alphabet A is said to be the size of the instance.

The infinite Post correspondence problem, w PCP, is a natural extension of the PCP.
An infinite word w is a solution of an instance (g, k) of the w PCP if for every finite prefix
p of w either

h(p) < g(p) or g(p) < h(p). (1)

In the wPCP, it is asked whether a given instance has an infinite solution or not. Note
that in our formulation, prefixes have to be proper. It was proven in [27] that the problem
is undecidable for all domain alphabets A with |A] > 9, and it was improved to |A| > 8
in [28] for a variant of the problem where the prefixes in (1) do not have to be proper.
However, it is easy to see that adding a new letter a to the alphabets and desynchronizing
the morphisms g, h, gives us a solution where all prefixes have to be proper. That is, we
add a to the left of each letter in the image under h, to the right of each letter in the
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image under g and g(a) = aa, h(a) = a for some a € A. Now the solution has to start
with «, a has to appear exactly once, and the images cannot be of equal lengths because
the image under g ends with « but not under h. Note that in fact, both constructions
already have this desynchronizing property. See [27, 28] for more details on the morphisms
g and h.

Consider an infinite word w € A“ that is not a solution of the w PCP. It is clear that
there exists (at least one) integer i such that g(w)[i] # h(w)[é]. That is, the letter in the
position ¢ of g(w) is different from the letter in the position i of h(w). We call this kind
of mismatch an error.

Games. Attacker-Defender games are two-player zero-sum games with perfect information.
Starting from some initial position, each move of Defender is followed by a move of Attacker.
Attacker aims to reach a target position, while Defender tries to keep Attacker from
reaching the target position. Attacker has a winning strategy if she can eventually reach
the target position regardless of Defender’s moves. The main computational question is
to check whether Attacker has a winning strategy for a given set of moves, initial and
target positions.

More formally, a game is played on an arena X, which is finite or infinite set of
locations, with two special elements — an initial location xy and a target location x.
Attacker has a set of moves U and Defender has a set of moves V such that for each
weUUV and x € X, z-w € X. Usually, the arena is clear from the context and
we do not state it explicitly. For example, in n-dimensional robot games [1, 5, 29] and
n-dimensional matrix games on vectors, the arena is X = Z", while in weighted word
games, the arena is X = Fr X Z.

The game proceeds as follows: starting from xg, first Defender chooses a move v from
his set V' and applies it to xg and then Attacker chooses a move from her set U and
applies it to xg - v. By repeating this process, the players create an infinite sequence of
elements of X called a play, m = (2o, Tov1, ToU1UL, ToU1UI V2, LU U VaUs, - . .), Where each
v; € V and u; € U. A play 7 is winning for Attacker if x; appears at some position of
the play. To make the special case x¢o = x; non-trivial, we require that for a play 7 to be
winning, x5 is not the first element of 7. A strategy of Attacker is a function fq : X = U
that tells Attacker which move to apply at each location. A strategy fp of Defender is
defined analogously. The strategy fa is said to be a winning strategy for Attacker if all
plays which follow f4 are winning. As a consequence of [30], Attacker-Defender games
are determined, that is, Defender has a winning strategy if Attacker does not. See [31]
for more details on games.

Note that the games are often considered on directed finite graphs where the vertices
are partitioned between two players, and the moves are labels of the graph. In our
formulation, the graph has two vertices, one for Attacker and one for Defender, no
self-loops, and the edges from Attacker’s (resp., Defender’s) vertex to Defender’s (resp.,
Attacker’s) vertex are labeled with elements of U (resp., V).

3. The universality problem for weighted automata on infinite words

In this section we prove that the universality problem is undecidable for integer
weighted automata on infinite words, by reducing the instances (of the complement) of
the infinite Post correspondence problem to the universality problem.
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Let (g,h) be a fixed instance of the wPCP. Then g,h: A* — B* where A =
{a1,a9,...,am—1} and B = {by,ba,...,bs_1}. In our encoding of the w PCP, we consider
the letters of the alphabet B as natural numbers from 0 to s — 1. We construct a
non-deterministic integer weighted automaton® A = (Q, 4,0, qo,{q},Z), where Q =
{40, 41, g2, 43,44}, corresponding to the instance (g, h) such that an infinite word w € A%
is accepted by A if and only if for some finite prefix p of w, g(p) £ h(p) and h(p) £ g(p).
That is, only the solutions of the w PCP will not be accepted by A and if all infinite
words are accepted by A (i.e., it is universal) then the given instance of the w PCP does
not have a solution.

In many existing reductions of the PCP or the w PCP (for given morphisms g and h)
to show undecidability of other problems, it is required to explicitly construct and store
images under g and h during the simulation of the PCP or the w PCP. In our proof, we
are only going to store some partial information about the difference between the lengths
of the images under morphisms g and h and some finite information that will allow us to
use the non-determinism of the automaton to guess and recognize a mismatch at some
position of the images.

In order to present the idea of the proof, we will first illustrate the encoding of the
w PCP into the universality problem for a weighted automaton with two weights. One
weight will be used for storing the distances between different positions of letters in images
under g and h, and another one to store information about a particular letter encoded as
an integer. The two weights are used only to make the intuition clearer and they will be
merged into a single weight by storing the second weights in the least significant digits of
the first one as the second weight is only used to store finitely many values.

Let us consider an instance of the w PCP where the image under h is always longer
than the image under g and assume that the automaton reads w € A¥. In the encoding
of the w PCP into a weighted automaton, we separate the run of the weighted automaton
into five parts (A,B,C,D and E).

In part A, the automaton reads some finite prefix u of w for which it assumes that
there are no errors in the images of letters of u under morphisms g, h. As there are no
errors, i.e., g(u) < h(u), it is not necessary to store the information on what the actual
images are, instead the automaton, for each letter a of u, only adds the differences of
lengths of the images h(a) and g(a) to the first weight. In part B, the automaton reads
the next letter of w, x, and guesses that an error will occur at the position k£ in the image
of h(z). The automaton adds to the first weight the difference of k and the length of the
image of z under g and also add jr = h(x)[k] to the second weight. Now the value of
the first weight corresponds to the number of letters in the image of g between positions
|g(uz)| and |h(u)| + k; see Figure 2 for an illustration. From now on, the rest of the image
of h(w) starting from the position |h(u)|+ k + 1 will not affect the acceptance of the word
w. For the word w to be accepted, the letter in position |h(u) + k of h(w) needs to be
different from the letter at the same position of g(w). This happens when both weights
are zero. Zero in the first weight guarantees that we consider letters of both h(w) and
g(w) in the position |h(u)| + k. On the other hand, zero in the second weight guarantees
that the two letters in the considered position are different. Next, in parts C and D, the
automaton will check whether both conditions can be met.

3Note that our automaton is complete, i.e., there is a transition labeled with (a, z) from each state g;
for every a € A and some z € Z.
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Figure 2: An illustration of a computation of the w PCP highlighting the first four parts, A,B,C and D.
Part E is not depicted.

In part C the automaton continues reading w by reading v, assuming that the letter
corresponding to the erroneous position under A has not been read yet. For each letter a
of v read, the length the image g(a) is subtracted from the first weight. Finally, in part D,
the automaton guesses that reading the next letter, y, the error will occur in the image of
g(y) at the position ¢. That is, the automaton subtracts ¢ from the first weight and from
the second weight, some letter iy # g(y)[¢], i.e., any letter that is not in the ¢th position
in the image of y under g. In the final part, E, the automaton is in the final state where
the weights are no longer modified and the rest of the word w is read.

From the above description, in part E, the first weight is zero if the lengths of the
images under h in part A, together with the position k, equal the lengths of the images
under g in parts A, B and C together with the position £. That is, |h(u)|+k = |g(uzv)|+L.
In other words, the automaton checked whether an error occurred in the same position
of h(w) and g(w). On the other hand, the second weight can be zero only if the letter
in the image under h differs from the letter in the image under g. In other words, both
weights are zero if the automaton made a correct guess that h(w)[i] # g(w)[i] for some
i € Z. The whole process is illustrated in Figure 3.

As mentioned previously, we can merge the two weights into a single one. The second
weight is bounded and is modified only twice (once to store a letter and once to compare).
By multiplying the integers stored in the first weight by s (where s is larger than the size
of the image alphabet B), we create enough space to store the second weight within the
first one.

Part A Part B Part C Part D Part E
input word: wu[l] - wu[2] -...- wn] - =z
h():
g(): 3 . CEH ... B £33 IR EGES
1st weight: o+ OM+...+ 0+ O @O —...—0 -0
2nd weight: O -

Figure 3: An illustration of a computation of the weighted automaton corresponding to an instance of
the w PCP. Here, [ represents any letter of the image alphabet, while I is the letter h(z)[k] and £ is
the letter g(y)[¢].



In the above description, we considered the case where the images under h were always
longer than the images under g. To make the construction work for all possible cases,
several computation paths need to be implemented in the automaton.

Now we are ready to formally define weighted automaton with a single weight. Let us
begin with the transitions of A. The automaton is depicted in Figure 4. Recall that the
cardinality of the alphabet B is s — 1. First for each a € A, let

(q0,a,q1,5(|h(a)| = [g(a)])), (g0, @, qs, s(|h(a)|] — |g(a)])
(q1,a,q1,s([h(a)] = |g(a)])), (q2,a,q2,s(—|g(a)])
(g3,0a,q3,s(|h(a)])), (q1,a,q94,0), (qa,a,q,

)
)
0)
be in o. For error checking we need the following transitions for all letters a € A: Let
h(a) = bj,bj, - -+ bj, , where bj, € B, for each index 1 <k <ny, and g(a) = b;, b, -+ b;,,,
where b;, € B. Then let, for each k = 1,...,n1 (le, jr € {1,...,s — 1} for all k =
1, ce ,nl),

(91,0, 42, 5(k = [9(a)]) + jr) » (90, @; 42, s(k = [g(a)]) + jx) € o (2)

For each £ =1,...,ny and for each letter b, € B such that b;, # b. € B, let

(q2,0,q4,—8L — ¢) € 0. (3)
Symmetrically we define transitions for each k =1,...,ns,
(a1, a,q3, s(=k + |h(a)]) = jk) » (g0, @, g3, s(—k + [h(a)]) — jk) € 0, (4)

and for each £ =1,...,n; and for each letter b, € B such that b;, # b. € B, let
<Q3,G,Q4,S€+ C> c€o. (5)

Next we define transitions that combine the effects of (2) and (3). For each k =1,...,m4
and £ =1,...,ny and for each letter b. € B such that b;, # b. € B,

(q1,a,q4, (k= l)s + jp — c) € 0. (6)
Finally, for each k =1,..., min{ni,no} and for each letter b, € B such that bj;, # b. € B,

(90,a,q4,ji — ) € 0. (7)

We call the transitions in (2) and (4), the error guessing transitions and in (3) and
(5), the error verifying transitions. Note that the transitions in (6) and (7) are both error
guessing and verifying transitions.

The idea is to keep track of differences in lengths of images under g and h multiplied
by s and then to guess and verify an error in the images by storing letters of the image
alphabet in the least significant digits of the integer weight. The difference in lengths of
the images is positive when the image under h is longer and negative when the image
under g is longer. For each case there are two possibilities for position of an error. Either
the difference is small enough that, after reading the next letter, there will be a position
in the images where the letters differ, or the difference is large enough that the image of

9



Figure 4: The weighted automaton A. In the figure a € A.

the second morphism has to catch up before the error can be verified. Also, from our
formulation of the w PCP, it is possible that the images are of equal length which means
that the word is not a solution of the w PCP.

The following lemma shows that for each case, there exists a path with zero weight
ending in the state q4.

Lemma 1. Let w € A¥. Then w is a solution of an instance (g, h) of the w PCP if and
only if w ¢ L(A).

PROOF. Assume first that w is a solution of the instance (g, h) of the w PCP and assume,
contrary to the claim, that there is an accepting path reading w in A.

We consider state transitions of the accepting path. Clearly the accepting path has to
visit the states qp and g4. There are five cases to be considered.

(i) No other states are visited, i.e., a transition from gy to g4 is used, or
(ii) the states ¢; and ¢o are visited, i.e., transitions from (2) and (3) are used, or

)

)
(iii) the states ¢; and g3 are visited, i.e., transitions from (4) and (5) are used, or
(iv) only the state go or g3 is visited, i.e., a transition from gy to g2 or to gs is used, or
)

(v) the state g; is visited but not g2 nor g¢s.
Assume first that w is accepted by a path 7 that goes to ¢4 directly from ¢o. To get
zero weight, either |h(w[1])| = |g(w[1])], meaning that w is not a solution, or jr —c=0
for some position k, but this is not possible because the letters at the position k are equal

under both morphisms.
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Consider the second case, where the path visits ¢o. In other words, w has a prefix
p = auzrvy, where a,z,y € A and u,v € A*, such that a is read using the transition
(qo,a,q1, s(|h(a)| — |g(a)])), u is read in the state g1, when reading the letter x the state
changes to ¢2, and v is read in the state g2, and when reading the letter y the state
changes to g4. The weight v(p) of p is now

s(lh(aw)| — lg(au)]) + s(k — lg(@)]) + i + s(—lg(@)]) + (=s¢ — ¢)
= s(|h(aw)| + k — |g(auav)| — £) + ji, — ¢

where h(z)[k] = b;, and g(y)[{] # be. As jr < s and ¢ < s, we have that y(p) = 0 if and
only if |h(au)| + k = |g(auzv)| 4+ £ and ji = c. Denote r = |h(au)| + k. Now, y(p) = 0 if
and only if h(w)[r] = bj, # b. = g(w)[r], which is a contradiction since w was assumed to
be a solution of (g, h).

The third case is proved analogously.

In the fourth case there are two symmetric subcases. Assume first that the path visits
G2, then the word w has a prefix p = zvy, where x,y € A and v € A*, such that z is read
using the transition (qo, z, q2, s(k — |g(x)|) + ji), v is read in the state g2 and y is read
using the transition (g2, y, g1, —s¢ — ¢) where h(z)[k] = b;, and g(y)[¢] # b.. Now

v(p) = s(k — |g(x)]) + jr — s(|g(v)]) — st — c.

Since this path is accepting, the weight has to be zero. That is, h(w)[k] # g(w)[|g(xv)|+¢]
and k = |g(zv)| + ¢. But this is not possible because w is a solution. The proof of the
subcase, where the path visits g3, is symmetric.

In the final case, where the accepting path visits ¢; but does not visit ¢o nor gz, there
are two possible paths. Either the final transition is (g1, a, ¢4,0) which means that for
some prefix p, |h(p)| = |g(p)], i-e., w is not a solution. The other possibility is that the
final transition is {q1, a, q4, (k — £)s + jr — ¢). In this case there is a prefix p = auz, where
a,z € A and u € A*, such that a is read using the transition {qo, a, q1, s(|h(a)| — |g(a)])},
u is read in ¢1, and z is read using the transition (q1,, q4, s(k — £) + jx — ¢). The weight
~(p) is now

s(|h(auw)| + k — |glau)| =€) + jr —c=10

if and only if |h(au)| + k = |g(au)| + £ and jr = c. Again, this is not possible since w is a
solution.

For the second half of the claim, assume that w is not a solution. We summarize the
possible cases for a word w € A% that is not a solution of the w PCP. For w, there exists
a prefix p such that at least one of the following cases holds:

(a) |h(p)| = lg(p)| and |p| =1, or
(

(b) |h(p)| # |g(p)|, h(p)[k] # g(p)[k] and this error is in the image of the first letter of p
under both h and g, or

(c) |h(p)| > |g(p)| and an error is in the images of different letters of p under h and g, or
(d) |g(p)| > |h(p)| and an error is in the images of different letters of p under h and g, or

)
(e) |h(p)| # lg(p)|, h(p)[k] # g(p)[k] and this error is in the image of the same letter of p,
but not the first, under both h and g, or
11



(f) [h(p)| = lg(p)| and [p| > 1.

Intuitively, the cases (a) and (b) have the same path as the case (i), the case (c¢) as (ii)
and (iv), the case (d) as (iii) and (iv), and the cases (e) and (f) as the case (v).

Let us consider the first case. Now the prefix p = a and w is accepted by using the
transition (qo, a, ¢4, s(|h(a)| — |g(a)])) = {(qo, a, ¢4,0).

Now consider the second case. Let the first letter of p be a. By using the transition
(90, a, qa, jr — c), where j = ¢, we get an accepting computation for w.

Let us consider the third case. There are two subcases for this case. Either state
q1 is visited, or not. Assume first that ¢; is visited. Let r be the minimal position for
which h(w)[r] # g(w)[r]. In other words, for p = ¢; - - - ¢, there exists a position t < n
such that r = |h(cico -+ - ci—1)| + k where k < |h(c)|, and r = |g(cica - - - ¢p—1)| + £ where
¢ <g(cn)|. Denote h(w)[r] = bj,. It is the kth letter of the image h(c;), and g(w)[r] is
the ¢th letter of the image g(cy,). Also, these letters are nonequal.

Now, w is accepted in the state g4 with the following path: First ¢; is read with the
transition {qo, c1, q1, s(|h(c1)| — |g(c1)])), and the prefix cq -+ - ¢;—1 is read in the state g1
with weight s(|h(c2---c—1)| — |g(cz2 - - ct—1)|). When reading ¢;, the automaton uses the
error guessing transition (g1, ¢, g2, s(k — |g(ct)|) + jx), and then the word ¢iqq -+ 1
is read in the state go with weight s(—|g(¢t41 - cn—1)]). Finally, while reading c¢,,, the
state g4 is reached by the error verifying transition {gs, ¢y, g4, —s¢ — ji). Note that such
an error verifying transition exists as the ¢th letter in g(c,) is not equal to the kth letter
bj, of h(c;). Naturally after reaching g, the weight does not change, as for all letters
there are only transitions with zero weight. Now the weight of the above path is

s([h(er - cra)l = lgler -+ co1)]) + s(k — [g(cr)])
+ik + s(=lg(ce1 - en1)]) = s€ = ji
=s(|h(cr )|+ k—glcr - cno1)| = 0)
=s(r—r)=0.
Therefore, w is accepted as claimed. The proof of the second subcase, where the state ¢;
is not visited, is analogous.
The fourth case is symmetric to the third and is proven in the similar manner.

Assume then that the fifth case holds. Let p = aub where a,b € A and u € A*. Using
the transition (qo, a, q1, s(|h(a)| — |g(a)])) followed by the transition

{gv, uli], gu; s(|h(uli])] = |g(u[i)]))

for each letter u[i] of w and finally the transition (g1, b, ¢4, (k — £)s + jx — ¢), where j; = ¢,
the computation reaches q4. The weight is

s(|h(au)| = [g(au)]) + s(k =€) + jx = jr =0

when k and ¢ are according to be the position of an error in both images.
Finally, assume that the sixth case holds. Now consider p = au where a € A and
u € A*. Using the transition {qgo, a, q1,s(|h(a)| — |g(a)])) followed by the transition

{qu, uli], qu, s([h(uli])] = lg(uli])]))
12



for each letter u[i] of u the automaton reads p. Finally using the transition (g1, b, g4, 0),
where b = w[|p| + 1], the computation reaches g4. By our assumption |h(p)| = |g(p)| and
thus the total weight is 0. (]

Theorem 2. It is undecidable whether or not L(A) = A“ holds for some 5-state integer
weighted automata A over its alphabet A.

PrOOF. The claim follows from Lemma 1 and the undecidability of the infinite PCP [22].
The automaton A is depicted in Figure 4. [

Corollary 3. It is undecidable whether or not for a weighted automaton A, there exists
a word w € A% such that for every computation path m of w, all configurations (q,u,z) €
R(m) in a final state do not have zero weight.

PRrROOF. The statement formulates the condition for non-universality. By the previous
theorem, the universality problem is undecidable, and thus so, is its complement problem.
O

Example 4. Let A = {a,b,¢,d} and B = {1,2}. Consider morphisms g¢,h : A* — B*
defined by

g: gla)=1, gb)=2, g(c)=21, g(d) =1,
h: h(a)=1, h(b)=12, h(c)=2, h(d)=12.

The corresponding automaton has 72 transitions and is not presented here.

Consider an infinite word starting with b. Clearly it is not a solution of the w PCP.
This word is accepted by the automaton by using the transition (go, b, g4, 0), which takes
automaton to the final state with weight zero. Consider an infinite word w beginning
with dbdbaca. It is easy to see that w is not a solution either since

g(dbdbaca) = 12121211 « 12121212121 = h(dbdbaca).

For the automaton to accept this word, we have to nondeterministically guess that the
error will occur in the second letter of the image of the final b and verify that it does
occur. The corresponding computation path starts with

<q07d7 q133> <q17b7 q173> <q1ada Q173> <Q1»b7 q2, 5>
<q25 a, q2, 73> <q23 ¢, q2, 76> <q23 a, 44, 75>

and the weight is 3+3+3+4+5—3 —6 — 5 =0, that is, the word is accepted.

Now consider the word caa--- = ca”. It is easy to see that it is a solution of our
instance of the w PCP. We will show that no path starting from ¢g and ending in g4
has weight 0. Paths starting with transitions (qo, ¢, ¢4, 1) and {qo, ¢, g4, —3) have non-zero
weights. The other paths not visiting g3 have negative weights, so the computation has
to visit g3. But in that case the path is either

<QO7 C, (g3, _3> <q37 a, gqs, 3>k <q37 a, g4, 5> <Q4a @, 44, 0>W or
<q07 ¢, q1, _3> <Q17 a,qi, O>n <q17 a, qs, _1> <(J37 a, g3, 3>m <QS7 a, qq, 5> <q4a a, 44, 0>UJ
for some k,n, m € N. The weights are respectively either —3 +3k +5# 0 or —3 + 0n —

14+3m+5#0.
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The result of Theorem 2 also holds for a more restricted acceptance condition, similar
to that of Biichi automata, where an infinite word is accepted if and only if there is a
computation path with an infinite number of prefixes with weight zero. This is clear from
the construction of the automaton. If the state g4 is reached with zero weight, then it
remains unchanged when additional letters are read. For this acceptance condition the
universality of a weighted automaton on finite words does not imply the universality for
a weighted automaton on infinite words. However, for simplicity, we use the original
acceptance condition in the proofs in Section 4.

4. Applications to Attacker-Defender games

In this section we provide a number of applications for our new result on the universality
of weighted automata on infinite words. We connect the idea of a one-weight computation
with games on different mathematical objects such as words, matrices, vectors and braids.

Following the result for the weighted automata on infinite words (Theorem 2) we can
now define a simple scenario of an undecidable infinite-state game that can be also applied
to other game frameworks. Let A be a weighted automaton. In the game, Defender will
play an input word letter-by-letter and Attacker will simulate a run on A using the letters
provided by Defender. In other words, Attacker has to verify whether the provided word
is accepted by A.

In the above framework Defender will have a winning strategy if there is a solution
for the infinite PCP and Attacker will have a winning strategy otherwise.

4.1. Weighted word games

Let us define the Attacker-Defender game on words where the moves of Attacker and
Defender correspond to concatenations of words (over free group alphabet). This game will
allow us to prove nontrivial results for games with low-dimensional linear transformations
and topological objects just by using injective homomorphism (i.e., monomorphism) to
map words into other mathematical objects.

A weighted word game consists of two players, Attacker and Defender having sets
of words {uy,...,u,} C Fr and {v1,...,vs} C FT respectively, where T is a finite group
alphabet, and integers ..., %y, Ty, - - -, Ty, corresponding to each word. That is,

U= {(Ulyxul)a R (uT?xur)}

and
V=A{(vi,zp,),-.., (vs,2,)}

An initial position is the pair (w,0), where w € Fr and 0 is the initial value of the weight,
and the target position of this game is the group identity, i.e., the empty word, with zero
weight. A configuration of a game at time ¢ is denoted by a word w,; and integer x as a
weight. In each round of the game both Defender and Attacker concatenate their words
and update the weight. Clearly w; = w - viy - U4, - iy - U4y - ... - Vi, - U, after ¢t rounds
of the game, where u;; and v;, are words from the sets U and V respectively, and the
weight is Z;Zl(xvij + T, ). The decision problem for the word game is to check whether
there exists a winning strategy for Attacker to reach the empty word with zero weight.

14



Before proving the main theorem, we consider two auxiliary results. In the first lemma,
we present an encoding from arbitrary group alphabet to binary group alphabet. In the
second lemma, we modify the automaton of Theorem 2 in order to remove loops.

Lemma 5. Let ¥ ={z1,...,2¢,%1,...,Z¢} be a group alphabet and Yo :,{C’ d,e,d} be a
binary group alphabet. Define the mapping a : X' — X3 by: a(z;) = c'de*, a(z;) = ¢tde,
where 1 <4 < ¢. Then «a is a monomorphism. Note that o can be extended to domain

X in the usual way [32, 35].

Lemma 6. It is undecidable whether or not L(B) = A% holds for 9-state integer weighted
automata without self-loops over an alphabet A.

Proor. Let A = ({q90,¢1,92,93,q4}, A, 0,90, {qa},Z) be the automaton of Theorem 2.
We construct an automaton B = (Qg, 4, 0’,qo,{qs},Z) where

Qs ={90,91,92,43,94, 95,96, 7, 43 } -

The idea is to have two copies of A and, instead of self-loops, we switch between the
copies. In B, the set of transitions ¢’ is defined as follows:

U/ = {<q07a7q7'z> € U}
) {<Qi,a7Qj7Z> ) <Qi+4aa7Qj+4az> | <Qi7aan>Z> S Jai 7é O,Z 7é ]}
) {<qi7aa qi+4, Z> ) <Qi+47a7 qis Z) | <Qi7a7 qi, Z) € U}'

It is easy to see that both automata accept the same language. ([
We are now ready to prove the first result on Attacker-Defender games.

Theorem 7. It is undecidable whether Attacker has a winning strategy to reach the target
position (€,0) from a given initial position (w,0), where w € Fr, in the weighted word
game with words over a binary group alphabet.

PROOF. The proof is based on the reduction of the universality problem for weighted
automata on infinite words to the problem of checking for the existence of a winning
strategy in the weighted word game. Let B = (Qp, A,0’,q0,{q4},Z) from Lemma 6.

Let us define the following initial instance of the weighted word game. Defender’s words
are just single letters from the alphabet A with weight 0. That is, V = {(a,0) | a € A}.
Attacker has three types of moves. Either she appends the dummy letter #, begins the
simulation of B, or continues the simulation. More precisely, Attacker’s words are over
the group alphabet ' = AU A~ UQp U Q5" U {#,#} and

U={#0}u{@g,2) | (g, a,q,2) €0’}
U{(bg;#aq, 2) | (gi,a,qj,2) € o', b€ A}

The initial position is (g4#,0) and the target position (¢4#7g,0). Then in the above
game Defender can avoid reaching the configuration (g4#dg, 0) if and only if there is an
infinite word that is not accepted by the weighted automaton B. Note that Attacker is
simulating B in reverse, from the final state g4 to the initial state gg following all edges of
B in the opposite direction.
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Let us assume that Defender has played a word p, where |p| = n, and Attacker decides
to simulate B, that is, she wants to show that pw € L(B) for any w € A¥. Prior to this
decision Attacker had played only # and so the current configuration is

(qa#t-p[1] - # - pl2] - ... # - p[n],0).

Let m be a computation path such that (q,p,z) € R(xw) for some ¢ € Qp and z € Z.
First, we assume that Attacker follows m and show that the target word is reachable if
(q4,p,0) € R(r), then we show that the target word is not reachable if Attacker does
not follow 7. Let (giy,p[l], ¢ins 21), - - - (¢, D[N, g4, 2n) be the n elements of 7 before
the computation reaches the final state. After playing moves corresponding to these
transitions, the configuration is

{qzx#} [p[l}] {#] [p[n}] {p[n]qin} [%} [%qin,#p[n 1]%_1] [ajn] {%qil#p[l}qu]
0 0 0 0 Zn 0 Zn—1 0 21 ’

where the letter D indicates a move of Defender and the letter A indicates a move of

Attacker. In the first component, we have the reduced word ¢4#g¢;, and in the second
component we have weight > ! | z; = z. Note that any letter a;, , which are played by
Defender after Attacker has started the simulation of the automaton, plays no role in the
computation as it is immediately canceled by Attacker. If the configuration (g4, p,0) is
reachable, then ¢;, = qo and z = 0, so the configuration is (q4#¢;,,0) and Attacker wins.
On the other hand, if the configuration (g4, p,0) is not reachable, then either ¢;, # go or
z # 0. This means that the current configuration is not the target configuration, therefore
Attacker has not won (yet).

Next we show that Attacker does not have a winning strategy if she does not follow a
computation path of automaton B. We focus on the first component of the game. There
are three (not mutually exclusive) cases to consider when Attacker does not follow a
computation path. Attacker can play a move such that, in the reduced word,

e there are at least two inverse letters corresponding to the states of B, or
e there is an inverse letter @, or
e there is an inverse letter corresponding to a state of B followed by #.

In the first case Attacker does not have a winning strategy because the available moves
of Attacker do not decrease the number of inverse letters corresponding to the states.
The second case is also straightforward. Attacker’s moves do not contain letters a € A,
so only Defender can cancel the inverse letter. Therefore, Defender will play b # a,
ensuring that the reduced word q4#¢qy cannot be reached. In the final case, after Attacker
playing (#,0) and Defender playing a € A, the reduced word is of the form g #wg;a’#a.
Attacker cannot reduce the length of this word as the only moves that cancel the final
letter a contain an inverse letter corresponding to the states, after which the reduced
word contains two inverse letters corresponding to the states of B and Attacker does not
have a winning strategy as shown in the first case.
We have analysed all the possible ways Attacker can deviate from a faithful simulation
of B and showed that Defender has a winning strategy in them. That is, Attacker has a
winning strategy if and only if B is universal.
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In order to get a game where the word of a winning configuration is the empty word,
rather than ¢4#qo, we need to have an extra move for Attacker, and to make sure that no
false solutions are added. The simple construction of adding words ago#q for all a € A
creates no new solutions as there is no way to reach ¢, after g4# has been canceled out
and this is the only way to cancel g4#.

In order to complete the proof, we will require the encoding of Lemma 5 between
words over an arbitrary group alphabet and a binary group alphabet. The lemma’s
morphism gives a way to map words from an arbitrary sized group alphabet into the set
of words over a free group alphabet with only two letters. (I

Example 8. Let A be a weighted automaton depicted in Figure 5 where ¢q is the initial
state and ¢3 is the final state. We construct the corresponding weighted word game.
To keep the example clearer, we refrain from doing the final step of the proof. That is,
instead of a binary group alphabet, we use a larger group alphabet. Defender has two
moves (a,0), (b,0) and Attacker has the following set of 28 moves

5 75 . e P o o [

| [
[aqs#b Qﬂ [b #Q] [aq WHaq 3] [b% #a %] [GCJz#b qz«;] {bcm#b (13}
9 O b 0 b 0 b O b

-2

_QQS#aql} [bQS#aql} [aqs#bql [bqs#bql] {G%#GQO] FQS#GQO]
) O b) 2 bl 2 b
[G%#bl]o} [b%#bflo] {aql#aqo {bfh#a(ﬂ)] {GQO#‘M] {bQO#(M]

0 ’ 0 ’ 1 ’ ’ 0 ’ 0

Let us consider a word starting with abab and how the weighted word game follows.
Starting from the initial element (gs#,0), which represents the final state g3 of A and
weight zero, Defender plays (a, 0), (b,0), (a,0) and (b, 0), while Attacker plays (#,0) thrice
until Attacker plays (b, 0) to start the simulation of the automaton:

oA ALl

After this moment of the play, it does not matter which letter Defender plays as Attacker
can always cancel it. Let ¢1,co € {a,b} be the letters Defender plays. Now Attacker
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follows the computation path visiting ¢1, g3, g2 and ending in g3 in the reverse order:

] PR - %+
qg#-a~#-b-#~quc1 _#167 'qg#-ci-l#m}

= |-

-l
-1

G a#aq [g3# - Qo
1 —1+1|
! L

Figure 5: Weighted automaton .A.

4.2. Word games on pairs of group words

We now modify the game of the previous subsection by encoding the weight as a
separate word over a group alphabet F{.. This encoding, with additional tricks, allows us
to construct a word game, where both the initial and final positions are (e, ).

This variant of the word game consists of Attacker and Defender having sets of pair
of words

{(ur,uy), .., (up,ul)} € Fr x Frv and  {(v1,€),..., (vs,6)} C Fr x Fp

respectively, where I" and I are binary group alphabets. A configuration of a game after
t rounds is an element w; = (vs,,€) - (wiy, uj, ) - (Viy,€) - (Wi, uz,) oo (viy, €) - (wi,, ug,),
where (u;;, uz,) and (v;;, ) are elements from above defined sets of Attacker and Defender.
The initial position is an element (w, ) and the target position of this game is the identity
element (g,¢). The decision problem for the word game is to check whether there exists a
winning strategy for Attacker to reach the identity element (¢, ¢).

Undecidability of existence of a winning strategy in the word game where elements
are generated by I x {p,p} follows from Theorem 7. This follows from the fact that the
free group with one generator is the same thing as the integers (Z,+). Indeed, consider
a move (w, z) of a player in the weighted word game G. In the word game on pair of
words, the same player has the move (w, p?). It is easy to see, that the same player has a
winning strategy in both games. In the next theorem, we construct a word game, where
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both the initial and target elements are (¢,¢). We construct a game where Attacker has
four copies of moves of G, each encoded over a disjoint group alphabet. We use the idea
of the encoding of [34] to ensure that there are four plays of G played in a particular order
and (g, ) is reached in the new game if and only if (g, ) is reached in all four plays of G.

Theorem 9. It is undecidable whether Attacker has a winning strategy to reach (e, €)
from (g, €) in the word game where elements are generated by I' XI’, where both T' and T’
are binary group alphabets, i.e., T = {c,d,¢,d} and T’ = {e, f,e, f}.

ProoOF. Let G be the word game of Theorem 7 for which deciding whether Attacker
has a winning strategy is undecidable. Let U and V' be moves of Attacker and Defender
of GG, where the first component of the move is over a binary alphabet and the second
component is over the unary alphabet, and the initial position is (w,e). Consider the
weighted automaton B of Lemma 6 with a single final state, Q5 is the set of states and A
is its input alphabet.

We want to make sure that the four consecutive plays will be played one after another.
For this we introduce eight border letters [y, o, O, [y, O1, O2, O3, 04 from a fresh
group alphabet. Attacker’s first component consists of words over the group alphabet
I =AUAYU{#, #} Ui:1(QBk U QB,;l) and the second component is over the group
alphabet {0, pi, Ok, Uk, P&, Ok | k € {1,2,3,4}}. We construct Attacker’s set of moves
U’ which encode the original moves in U over the four alphabets in the following manner:

e Dummy move: (#,¢) € U is added to U’ as it is;

e Initialization moves: for each move (ag;, p*) € U, we add moves (@q;y,01p701),
(@Tig; D20502), (@ Tz, U3p30s), (@ig, HapiQa) to U

e Simulation moves: for each move (Eqiﬁaqu, p?) € U, where g; is not the initial state

of B, we add moves (qu,ﬁa@, OkpiQk), for each k € {1,2,3,4}, to U’ ;

e Finishing moves: for each move @iﬁdqu, p?) € U, where ¢; is the initial state
of B, we add moves (bgi,#aq;,, OxpiOr+1), for each k € {1,2,3}, and a move

(bgi#aqyy, Oapi01) to U's
e Finally, to finish the game, we add (ag; ,4;54j,9;,,€), where g; is the initial state of
B, to U'.

From the way how the moves are constructed, it follows that the only way to cancel all
the border letters (i.e., O;, O; and g, for i = 1,...,4), is to have four consecutive plays of
game G followed by the move (ag;,qj5q;,4;;,€). Namely, first using the moves containing
letters from the alphabet Q)g,, then @)p,, followed by Qp5 and finally Q)p,, or a cyclic
permutation of the order. If the moves are played in a different order, then the border
letters will create non-cancellable pair of elements from two distinct alphabets. From the
way the moves are constructed, it is impossible to reach (e, ¢) afterwards.

Then, if Attacker has a winning strategy to reach (e, &) in the weighted word game G,
she also has a winning strategy to reach (g,¢) in the word game on a pair of words. On
the other hand, if Defender has a winning strategy in the weighted word game, then no
matter how Attacker plays each of the four plays, either the first or the second component
will remain non-empty (or both). After the whole cycle is played, in the two components,
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there will be letters over at least four distinct alphabets. Since Attacker does not have a
winning strategy in G and due to the usage of the border letters, no matter how Attacker
will play a second cycle, the number of distinct alphabets will not decrease. So the identity
element (g,¢) cannot be generated by a concatenation of four plays of G unless, Attacker
has a winning strategy in GG. A similar idea of encoding generators over four alphabets
has been used in [34].

Finally, we encode the words in both components using the monomorphism of Lemma 5
to have the game over binary group alphabets I and I". O

Example 10. Consider the weighted word game G of Example 8 from which we construct
the set U’ as in the previous theorem. To illustrate the idea of the encoding, let us
consider a prefix of a play

I 1 oo L e ] 2
€ € el |Oipyto1] e O1p10s el’

where moves of Defender are indicated with the letter D and moves of Attacker with the
letter A. The reduced element of this prefix is (goya,d:03). The only moves that cancel
[, in the second component have letters over Bs in the first component. That is, a new
play of GG is simulated using the second alphabet.

4.3. Matriz games on vectors

We extend the domain of the game and a set of rules to the class of linear transfor-
mations on integer lattice Z*. A matriz game on vectors (or a matriz game for short)
consists of two players, Attacker and Defender, having sets of linear transformations
{U1,...,U0.} CZ"™ and {V4,...,Vs} C Z"*" respectively, an initial vector xg € Z™ of
the game representing the starting position, and a target vector y € Z™. The dimension
of the game is the dimension of the integer lattice n. Starting from xg, players move the
current point by applying available linear transformations (by matrix multiplication) from
their respective sets in turns. The decision problem of the matrix game is to check whether
there exists a winning strategy for Attacker to reach the target from the starting point
(vectors in Z™) of the game. Note that in our formulation the vectors are horizontal and
players multiply them from the right. Recall that SL(n,Z) = {M € Z"*" | det(M) = 1}.

In a game where each player has only one possible move (i.e., when the game is
deterministic), the existence of a winning strategy for Attacker or Defender can be
trivially reduced to the orbit problem by combining the two matrices into one. The orbit
problem is decidable in polynomial time for any matrix size over integers, rationals and
even algebraic numbers [35].

If Defender has a single move, the problem of checking whether Attacker has a
winning strategy corresponds to the standard vector reachability problem which has
been extensively studied in the literature [36, 37, 38, 39, 40, 41, 42]. Indeed, let A =
{U1,...,Ur} be a matrix set for which the vector reachability problem is undecidable
(for vectors x,y) and B = {V} (V € SL(n,Z)). Then let us consider the matrix game
with Attacker’s set {V~1Uj,...,V~1U,}, Defender’s set B, the initial position x, and
the target y. In this game, Attacker has a winning strategy if and only if y is reachable
from x in the vector reachability problem. Thus, a game where Attacker has 6 matrices
in Z3*3, and Defender has a single matrix from SL(3,Z) is undecidable, following the
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undecidability of the vector reachability problem for 6 integer matrices in dimension three
[40].

In the symmetric case when Attacker has a single matrix and Defender has m matrices,
we can reduce the problem of checking for the existence of a winning strategy to a different
reachability problem for matrix semigroups with a stronger reachability objective. That
is, Attacker’s set is A = {U}, Defender’s set is {V1,...,V,,}, the initial position x, and
the target position y. Again we can combine sets A and B into one generating set
B'={WU,...,V,,U} of a semigroup S. However, the question whether Attacker has a
winning strategy would require for us to check that on any infinite trajectory of reachable
points starting from the initial point x and transformed by elements of S, the point y is
eventually reachable. Let us now formally define this problem.

Problem 11. Let S be a matriz semigroup generated by B = {V1,...,V,,} and x,y €
Z"™. In the eventual reachability problem, we are asked whether for every element
M =V, ---V;, either there exists j < k such that xV;, ... V;, =y or there exists N € S
such that xM N =y. In other words, y appears in every trajectory starting from x.

To the authors best knowledge, this problem has not been studied previously. The
problem is illustrated in Figure 6. The solution of this problem gives the answer to
whether a winning strategy exists in a matrix game where Attacker has one move and
Defender has several moves.

Figure 6: An illustration of traces in the eventual reachability problem.

Let us consider a case where both Attacker and Defender have at least two moves.
Let us assume that B = {V4,V2} C SL(n,Z) and A = {U;,Uz}. Consider a game where
Defender’s set is B and Attacker’s set is

A = {0 VLUV, L UV Ua V)

The previous reasoning of reducing the problem to the standard vector reachability for
matrix semigroups is not directly applicable. The reachability of y from x using matrices
from A implies that there exists a winning strategy in the matrix game. Attacker’s
strategy is to follow the solution of the reachability problem with the moves that cancel
the matrix played by Defender (i.e., if Defender played V;, then Attacker plays U;V; ).
On the other hand, the existence of a winning strategy does not imply that y is reachable
from x. Indeed, unlike previously, Attacker might follow V; with V2_1U1 and can still
reach the target position. If we try to consider the reachability using matrices from
A’, containing all the possible moves of Defender followed by all the possible moves of
Attacker, then from the fact that y is reachable from x, it would not follow that Attacker
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has a winning strategy. Indeed, this kind of trick eliminates the role of Defender and says
very little in relation to the game.

Next we prove the main theorem regarding the matrix game, where both Attacker
and Defender have at least two moves.

Theorem 12. Given two finite sets of matrices {Uy,Us, ..., U} CZ™*" for Attacker
and {V1,Va,...,Vi} C Z™*™ for Defender, where r,s > 2, an initial starting vector
Xg € Z"™ and a target vector'y € Z™, it is undecidable whether Attacker has a winning

strategy in the matriz game. Furthermore, the claim holds even when the matrices are
from SL(4,Z).

PROOF. Let ¥y = {c,d,¢,d} be a binary group alphabet and define f : 35 — SL(2,7)
by: £(0) = (53), 7€) = (532, £d) = (39), /@ = (2 9)-

Then mapping f is a monomorphism [33] and f(e) corresponds to the identity matrix
in Z2*2. Let a be a function defined in Lemma 5, then by the following straightforward
matrix multiplication we have:

ot = e = (151 7V,

Let us show that if (1,0)M = (1,0), where M is an image of a word over binary
group alphabet under f, that is, M € {f(a(w)) | w € Fr}, then M is the identity
matrix. The reasoning follows [33]. Let M = (it maz ), now (1,0)M = (mq1, m12) which
implies that m1; = 1 and my2 = 0. By the previous observation, msgs = 1. The final
letter of a(w) is € which is (§ 7?) under f. Let Y = f(a(w))f(e)~' = (£¥). Now
fla(w)) = (29)(52) = (zgigﬁ) Since x =1, y — 2z = 0 and z — 2z = 1, we see
that f(a(w)) = (19) = f(d)*/? but by the definition of the encoding this is possible only
when z = 0. This implies that f(a(w)) is the identity matrix.

Let us encode the word game into the matrix game. Recall that by Theorem 9, it
is undecidable whether Attacker has a winning strategy to reach (g,¢) from (e,¢) in a
word game. We construct 4 x 4 matrices with words of the first component encoded by
f in the upper left corner and words from the second components encoded by f in the
lower right corner. The direct application of the above function to the elements of the
word game gives us a set of matrices for Attacker and a set of matrices for Defender from
SL(4,Z). By previous considerations for vector o = (1,0, 1,0), the equation o = ¢ - M,
where M € SL(4,7Z) has only one matrix M satisfying the above statement, the identity
matrix in Z4*4. Therefore, for every matrix game, where the initial vector zq is (1,0, 1,0),
the question about the winning strategy of reaching zq is equivalent to the question of
reaching the identity matrix in the product with alternation in applications of Defender’s
and Attacker’s linear transformations, which in its turn corresponds to reaching the
identity element in the word game. O

Example 13. Consider a matrix game where Defender has matrices ($3) and (51 j)
and Attacker has (_12 }2), (é :3), (_75 ]127), (é :3)

Consider a play from xo = (1,0) where Defender plays M; = (
Ms = (_01 j) and Attacker plays My = (,12 _32) followed by My = (é

ot 3 (5 D)0 )6 F)-eo

22

§ ) followed by
7)-



From this computation, we see that the play is winning for Attacker. With similar
computations we can see that in fact Attacker has a winning strategy in this game. The
play xoMj;MsMsM, is depicted in Figure 7.
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Figure 7: The play xoMiMaM3My of a matrix game.

4.4. Braid games

In this subsection we consider the Attacker-Defender games on topological objects,
braids in B,,. The moves of the game are compositions of braids in Bs (a class of braids
with only three strands) and By (a class of braids with only five strands) [21]. Braids are
classical topological objects that attracted a lot of attention due to their connections to
topological knots and links, as well as their applications to polymer chemistry, molecular
biology, cryptography, quantum computations and robotics [16, 17, 18, 19, 20]. There is
also recent interest about the complexity and termination of the games on braids [14, 15]
that are defined with specific rules of adding and removing crossings. In this paper we
consider very simple games on braids with only three or five strands (i.e., Bs or Bs)
where the braid is modified by a composition with a finite set of braids. We show that
it is undecidable to check the existence of a winning strategy in such games, while the
reachability with a single player (i.e., with nondeterministic composition from a single
set) was shown to be decidable for Bs and undecidable for Bs in [21].

Definition 1. The n-strand braid group B, is the group given by the presentation with

n — 1 generators o1, ...,0,—1 and the following relations o;0; = ¢;0;, for i — j| > 2 and

00,4103 = 0;410;0;41 for 1 < i <mn — 2. These relations are called Artin’s relations.
Elements of the braid group B,, will be represented by words in the alphabet

-1 -1
{o1,.- yOn_1,00 ",...,0, 4

23



and we refer to them as braid words?.

A composition of two braids with four strands is illustrated in Figure 8.
The fundamental braid of B, is

An = (O‘nflo'nfg e 0‘1)(0’,},10’,,1,2 N 0’2) e Op—1-

Geometrically, the fundamental braid is obtained by lifting the bottom ends of the identity
braid and flipping (right side over left) while keeping the ends of the strings in a line.

y y x N
\H\J //J

Figure 8: An example of a composition of braids in By.

[ =

The braid game can be defined in a way, where the sets of braid words {a1, ..., a,} and
{dy,...,ds}, for Attacker and Defender respectively, will correspond to braids in B,,. The
initial braid of the game is given and each following configuration of the game is changed
by Attacker or Defender by composing braids from their corresponding sets. Given two
geometric braids, we can compose them, i.e., put one after the other making the endpoints
of the first one coincide with the starting points of the second one. There is a neutral
element for the composition: it is the trivial braid, also called the identity braid, i.e., the
class of the geometric braids where all the strings are straight. Two geometric braids are
isotopic if there is a continuous deformation of the ambient space that deforms one into
the other, by a deformation that keeps every point in the two bordering planes fixed.

Finally, the goal of Attacker is to unbraid, i.e., to reach a configuration of the game
that is isotopic to the trivial braid (empty word) and Defender tries to keep Attacker
from reaching it. Two braids are isotopic if their braid words can be translated one into
each other via the relations from Definition 1 plus the relations o;0; ' = o 'o; = 1 where
1 is the identity (trivial braid).

Theorem 14. The braid game is undecidable for braids from Bs starting from a non-
trivial braid and for braids from By starting from the trivial braid.

PROOF. We encode the undecidable weighted word game of Theorem 7 into a braid game
with three strands and the undecidable word game of Theorem 9 into a braid game with
five strands and show that the respective braid games are undecidable as well.

1

4Whenever a crossing of strands i and i+ 1 is encountered, either o; or o; ~! is written down, depending

on whether the strand 7 moves under or over the strand 7 + 1.
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Let ¥y = {c,d,¢,d} be a binary group alphabet and define f : 5 — Bz by: f(c) =
o4, f(€) = o174, f(d) = 02*, f(d) = 02~*. Then mapping f is a monomorphism [43]. Let
« be the mapping from Lemma 5 then:

flal(z)) = f(ddd) = 1Y oyt o~V

and the length of a braid word from Bj corresponding to a letter z; € X' is 85 + 4. The
above morphisms give a way to map words from an arbitrary sized group alphabet into
the set of braid words in Bs.

Now we again can use the weighted word game as any word over a binary group
alphabet can be uniquely mapped into a braid, where the empty word will correspond to
a braid which is isotopic to the trivial braid and the concatenation of words over group
alphabet corresponds to the composition of braids in Bs. The weight « € Z is mapped
into the braid word A3® where AZ = (010201)? is a central element of Bj.

Subgroups (01, 04), (02, d) of the group Bs are free and Bs contains the direct product
(o,03) x (02,d) of two free groups of rank 2 as a subgroup where d = 0403020202030,
[43]. Now we can uniquely encode pair of words of the word game into Bs. Using the word
game, where the initial word is (g,¢), we can construct a braid game from Bs starting
from the trivial braid.

It is easy to see that Attacker has a winning strategy in a braid game on B3 and Bj
if and only if she has a winning strategy in a weighted word game and a word game on
pairs of group words, respectively. O

Example 15. Consider a braid game on B3 where Defender has braid words oj05 L and
oy toy tor ! and Attacker has braid words 20109 and o90y. Starting from oy 'oy !, we
have the following play:

[0{10;1] . [01051} - oa0103] - [0;10;10;1} < Jo20q] = [Uzoflagloflagal}
D A D A

= [0202_101_102_10201} =[1],

where the second equality follows from the relation 10901 = 020102 of Definition 1. This
play is depicted in Figure 9.

From the definition of braids, braids with two strands represent integers with a braid
word of corresponding to an integer z € Z. From the decidability of robot games in
dimension one [1], it follows that the braid game on By is also decidable. The braid game
on Bs is the first non-trivial case that is undecidable. In Bs, the game starting from the
trivial braid was shown to be undecidable. The status of the braid games on B3 and By
starting from the trivial braid are open.

5. Conclusions

The results of the paper are twofold. We have proven a new language-theoretic result
for weighted automata on infinite words. We constructed an automaton that, for a given
instance of the w PCP, accepts all the infinite words that are not the solutions of the
instance of the w PCP. In other words, the non-universality of the automaton corresponds
to the instance of the w PCP having a solution. Secondly, we have shown how to encode
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Figure 9: An example of a braid game, where the initial braid is dotted, braids played by Attacker dashed
and braids played by Defender in solid.

the automaton into the framework of Attacker-Defender games, from which we obtained
undecidability results for checking for the existence of a winning strategy in word games,
matrix games on vectors and braid games.

For weighted automata on infinite words, the status of the universality problem
remains open for automata with less than five states. For the matrix game on vectors,
it is unknown whether deciding the winner is decidable for dimensions two and three.
The braid games on B3 and By, where the initial braid is trivial, remain open. However,
the direct application of the word game is not applicable due to the fact that there is
no faithful representation of the direct product of two free groups of rank two into By
[44]. Furthermore, it would be interesting to see whether similar encoding techniques of a
weighted automaton are applicable to other games such as robot games with states.

The complexity of Attacker-Defender games considered in this paper is quite sensitive
to the process of determinization for one or both players, as it was shown in the case of
matrix games in Subsection 4.3. The case where both players have a deterministic single
move can be reduced to the well-studied orbit problem which is decidable in polynomial
time. The case where Defender has a deterministic move, leads to a reduction to the
vector reachability problem which is undecidable starting from dimension three. The
opposite case where Attacker has no choice leads to a new question that we call “eventual
reachability”. Finally, when both Attacker and Defender have more than one move,
the game is not directly reducible to previously studied problems and it is shown to be
undecidable in general following a new language-theoretic result for weighted automata
on infinite words. The above scenarios about determinism in moves have similar effects
on other games from this paper and remain a subject for further study.
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