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Abstract

For any graph F' and any integer r > 2, the online vertex-Ramsey den-
sity of F' and r, denoted m*(F,r), is a parameter defined via a deterministic
two-player Ramsey-type game (Painter vs. Builder). This parameter was in-
troduced in a recent paper [arXiv:1103.5849], where it was shown that the
online vertex-Ramsey density determines the threshold of a similar probabilis-
tic one-player game (Painter vs. the binomial random graph G, ;). For a large
class of graphs F', including cliques, cycles, complete bipartite graphs, hyper-
cubes, wheels, and stars of arbitrary size, a simple greedy strategy is optimal
for Painter and closed formulas for m*(F,r) are known.

In this work we show that for the case where F' = P, is a long path, the
picture is very different. It is not hard to see that m*(Pp,r) = 1—1/k*(P,r) for
an appropriately defined integer k*(FP, ), and that the greedy strategy gives
a lower bound of k*(Pp,r) > ¢". We construct and analyze Painter strategies
that improve on this greedy lower bound by a factor polynomial in ¢, and we
show that no superpolynomial improvement is possible.

*An extended abstract of this work will appear in the proceedings of EuroComb ’11.
fThe author was supported by a fellowship of the Swiss National Science Foundation.
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1 Introduction

1.1 The online vertex-Ramsey density

Consider the following deterministic two-player game: The two players are called
Builder and Painter, and the board is a vertex-colored graph that grows in each step
of the game. Painter wants to avoid creating a monochromatic copy of some fixed
graph F', and her opponent Builder wants to force her to create such a monochro-
matic copy. The game starts with an empty board, i.e., no vertices are present at the
beginning of the game. In each step, Builder presents a new vertex and a number of
edges leading from previous vertices to this new vertex. Painter has a fixed number
r > 2 of colors at her disposal, and colors each new vertex immediately and irrevoca-
bly with one of these colors. She loses as soon as she creates a monochromatic copy
of F. So far this game would be rather trivial; however, we additionally impose the
restriction on Builder that, for some fixed real number d known to both players, the
evolving board B satisfies m(B) < d at all times, where as usual we define

and e(H) and v(H) denote the number of edges and vertices of H, respectively. We
will refer to this game as the F'-avoidance game with r colors and density restriction d.

We say that Builder has a winning strategy in this game (for a fixed graph F, a
fixed number of colors r, and a fixed density restriction d) if he can force Painter to
create a monochromatic copy of F' within a finite number of steps. For any graph F
and any integer 7 > 2 we define the online vertezr-Ramsey density m*(F,r) as

m*(F,r) = inf {d cR ‘ Builder has a winning strategy in the F—avmdance} ()

game with r colors and density restriction d

The parameter m*(F,r) was introduced in [I1], where together with T. Rast
we established a general correspondence between the above deterministic two-player
game and a similar probabilistic one-player game. We will explain this correspon-
dence in the next section. In [11] also the following result was proved.

Theorem 1 ([I1]). For any graph F' with at least one edge and any integer r > 2,
the online vertez-Ramsey density m*(F,r) is a computable rational number, and the
infimum in 15 attained as a minimum.

To put Theorem (1 into perspective, we mention that none of its three statements
(computable, rational, infimum attained as minimum) is known to hold for the offline
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counterpart of m*(F,r), i.e., for the vertez-Ramsey density

m(F,r) = inf {m(G)

every r-coloring of the vertices of G
contains a monochromatic copy of F

introduced in [5]. It is also not known whether such statements are true for two
analogous parameters related to edge-colorings (see [2], [6]). In fact, even the value
of m°(Ps,2) is unknown — the authors of [5] offer 400,000 zloty (Polish currency in
1993) for its exact determination. Here P; denotes the path on three vertices.

1.2 Background: a probabilistic one-player game

The main motivation for investigating the deterministic two-player game introduced
above comes from the theory of random graphs. More specifically, following work
of Luczak, Rucinski, and Voigt [7] on vertex-Ramsey properties of random graphs,
the following one-player game was studied in [9]: As usual, we denote by G,,, the
random graph on n vertices obtained by including each of the (’g) possible edges with
probability p = p(n) independently. The vertices of an initially hidden instance of
G are revealed one by one, and at each step of the game only the edges induced by
the vertices revealed so far are visible. As in the deterministic game introduced above,
the player Painter immediately and irrevocably assigns one of r available colors to
each vertex as soon as it is revealed, with the goal of avoiding monochromatic copies
of a fixed graph F'. We refer to this game as the probabilistic F-avoidance game with
r colors.

It follows from standard arguments (see [8, Lemma 2.1]) that this game has a
threshold po(F, 7, n) in the following sense: For any function p(n) = o(pg) there is an
online strategy that a.a.s. colors the vertices of G,,, with r colors without creating
a monochromatic copy of F', and for any function p(n) = w(py) any online strategy
will a.a.s. fail to do so. Here a.a.s. stands for ‘asymptotically almost surely’, i.e.,
with probability tending to 1 as n tends to infinity.

In [T1], the results of [9] on this probabilistic game were extended to the following
general threshold result.

Theorem 2 ([I1]). For any fixed graph F with at least one edge and any fized integer
r > 2, the threshold of the probabilistic F-avoidance game with r colors is

pO(Fa r, n) = n_l/m*(Fﬂ")

Y

where m*(F,r) is defined in ([1)).
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Theorem [2| reduces the problem of determining the threshold of the probabilistic
F-avoidance game to the purely deterministic combinatorial problem of computing
m*(F,r). Moreover, we can bound the threshold of the probabilistic game by de-
riving bounds on m*(F,r), which in turn can be done by designing and analyzing
appropriate Painter and Builder strategies for the deterministic F-avoidance game.

1.3 Closed formulas for the online vertex-Ramsey density

The algorithm presented in [I1] to compute m*(F,r) for general F' and r is rather
complex and gives no hint as to how the quantity m*(F, r) behaves for natural graph
families. However, for a large class of graphs F', a simple closed formula for the
parameter m*(F,r) follows from the results in [9]. This class includes cliques K,
cycles Cy, complete bipartite graphs K, d-dimensional hypercubes ()4, wheels W,
with ¢ spokes, and stars S, with ¢ rays. In all those cases, the online vertex-Ramsey

e(F)(A—v(F)7")

density is given by m*(F,r) = , 1.e., we have

v(F)—1
m*(Ke,T) = K(l_;ir) ) m*(CbT) = Z(IK__K;T) )
m*([(&t’r) — % , m*(Qd,T) _ W , (2)
m(Wer) =21 ((+1)77) , m(Ser) =1— (C+1)" .

The reason why the parameter m*(F,r) has such a simple form in all these cases is
that for those graphs F the following simple strategy is optimal for Painter: Assuming
the colors are numbered from 1,...,r, the greedy strateqy in each step uses the
highest-numbered color that does not complete a monochromatic copy of F', or color
1 if no such color exists.

In this work we show that the situation is much more complicated in the innocent-
looking case where F' = P, is a path on ¢ vertices. As it turns out, for this family
of graphs the greedy strategy fails quite badly, and the parameter m*( P, r) exhibits
a much more complex behaviour than one might expect in view of the previous
examples.

1.4 Forests

We first introduce a more convenient way to express m*(F,r) for the case where F
is an arbitrary forest. Note that a density restriction of the form d = (k — 1)/k for
some integer k > 2 is equivalent to requiring that Builder creates no cycles and no
components (=trees) with more than k vertices. We call this game the F-avoidance
game with r colors and tree size restriction k.
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e [ 2,...,27] 28] 29] 30] 31] 32[ 33[ 34] 35[ 36[ 37[ 38] 39] 40[ 41] 42[ 43[ 44 45|
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Table 1: Exact values of k*(P;,2) for ¢ < 45.

It is not too hard to see that for any forest F' and any integer r > 2, Builder has
a winning strategy in the F-avoidance game with r colors and tree size restriction k
if k is large enough. The results of this paper prove in particular that this is true if
F is a path; the arguments for general forests are similar. We denote by k*(F,r) the
smallest integer k for which Builder has a winning strategy in this game.

Noting that for any forest F' we have

K (Fr) — 1

M) = ey

we obtain the following corollary to Theorem 2]

Corollary 3 ([I1]). For any fized forest F with at least one edge and any fized integer
r > 2, the threshold of the probabilistic F-avoidance game with r colors is

po(F.rym) =)

For the rest of this paper, we restrict our attention to forests and focus on the
parameter k*(F,r). It follows from the results in [9] that for any tree F' and any
integer r > 2 the greedy strategy guarantees a lower bound of k*(F,r) > v(F)". For
the sake of completeness we give the argument explicitly in Lemma |8 below.

1.5 Our results

For the rest of this introduction we focus on the case where F' = P, and r = 2 colors
are available. Table || shows the exact values of k*(P;,2) for ¢ < 45. These were
determined with the help of a computer, based on the insights of this paper and using
some extra tweaks to improve running times, see Section below. The bottom row
shows the difference k*(P;, 2) — £2, i.e., by how much optimal Painter strategies can
improve on the above-mentioned greedy lower bound v(FP)? = (2.

In stark contrast to the formulas in , the values in Table |1/ and the correspond-
ing optimal Painter strategies exhibit a rather irregular behaviour and seem to follow
no discernible pattern. In particular, the greedy strategy turns out to be optimal for

Ce{2,...,27} U{29,31,33,34,35,39}, but not for the other values of ¢ < 45. (In
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fact, for all £ > 46 we have k*(P,,2) > (2, so the listed values are the only ones for
which the greedy strategy is optimal.)

These numerical findings raise the question whether and by how much optimal
Painter strategies can improve on the greedy lower bound asymptotically as ¢ — oo.
Our main result shows that there exist Painter strategies that improve on the greedy
lower bound by a factor polynomial in ¢, and that no superpolynomial improvement
is possible.

Theorem 4 (Main result). We have
(M) < k*(P,2) < O£ .

We prove the bounds in Theorem [4| by analyzing a more general asymmetric
version of the path-avoidance game, where Painter’s goal is to avoid a path on /¢
vertices in color 1, and a path on ¢ vertices in color 2. We denote by k*(P, P.)
the smallest integer k& for which Builder has a winning strategy in this asymmetric
(Py, P.)-avoidance game with tree size restriction k.

In the following we present our results for this asymmetric game. The next
theorem shows in particular that for any fixed value of ¢, the parameter k*( P, P.)
grows linearly with £.

Theorem 5. For any ¢ > 1 there is a constant §(c) such that for any ¢ > 1 we have
k*(Py, Pe) = (6(c) —o(1)) - £,

where o(1) stands for a non-negative function of ¢ and ¢ that tends to 0 for c fized
and { — 0.

Note that Theorem [5{ does not imply that k*(FP,2) = (6(£) —o(1)) - £ as { — oc.

Similarly to the symmetric game, the greedy strategy guarantees a lower bound
of k*(P;,, P.) > c-{, and it is not hard to see that this is an exact equality for
c € {1,2,3}, see Lemmas |8 and @ below. Thus the greedy strategy is best possible,
and the constant d(c) from Theorem [5| satisfies d(c) = ¢ for ¢ € {1,2,3}. The next
theorem states the exact value of d(c) for ¢ € {4,5,6}. Perhaps surprisingly, these
values turn out to be irrational.

Theorem 6. For the constant §(c) from Theorem [5| we have
V13+5)=4302... ,

)
(
(\/_+6)—5449 :
(V37T +17) =6.541 ..

<
—
Ot
S~—
NI NI N
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Our last result bounds the asymptotic growth of the constant §(c) from Theo-
rem [5]

Theorem 7. As a function of ¢, the constant §(c) from Theorem satisfies
@(01'05) S 5(0) S @(01’59) ]

Note that the upper bound in Theorem [ follows immediately by combining The-
orem [5| with the upper bound on d(c) stated in Theorem m, using the non-negativity
of the o(1) term in Theorem [

1.6 About the proofs

We conclude this introduction by highlighting some of the key features in our proofs
in an informal way.

As it turns out, the family of all ‘reasonable’ Painter strategies in the Py-avoidance
game with r = 2 colors is in one-to-one correspondence with monotone walks from
(1,1) to (¢,¢) in the integer lattice Z%. Such a walk is interpreted as follows: If
the walk goes from (x,y) to (x + 1,y), Painter will use color 1 when faced with the
decision of either creating a P, in color 1 or a P, in color 2. Conversely, a step from
(z,y) to (x,y+1) indicates that Painter uses color 2 in the same situation. Note that
there are (2(;__11)) = 40+ guch walks, and thus the same number of ‘candidate
strategies’ for Painter. The greedy strategy corresponds to the walk that goes from

(1,1) first to (1,¢) and then to (¢, 7).

For any fixed such walk, we can compute the smallest tree size restriction that
allows Builder to enforce a monochromatic copy of P, against this particular Painter
strategy by a recursive computation along the walk. This recursion involves only
integers and no complicated tree structures. We can then compute the parameter
k*(P;,2) by performing this recursive computation for all (exponentially many) walks
of the described form, and taking the maximum. This entire procedure can be
seen as a highly specialized form of the general algorithm for computing m*(F,r)
given in [II]. With these insights in hand, understanding the vertex-coloring path-
avoidance game reduces to the algebraic problem of understanding this recursion
along lattice walks.

The lattice walks (i.e. Painter strategies) yielding the lower bounds in Theo-
rem [ and Theorem [7] have an interesting self-similar structure: essentially, they
are obtained by nesting a large number of copies of a nearly-optimal walk for the
asymmetric (P, Py)-avoidance game at different scales into each other, see Figure
below.
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1.7 Organization of this paper

In Section [2] we collect a few general observations about the F-avoidance game for
the case where F' is a forest. In Section [3| we turn to the case of paths and present the
recursion that allows us to compute the parameter k*(FP,2) (or more generally, the
parameter k*( P, P.)). This recursion is analyzed in Section [4] to derive Theorems
[l

2 Basic observations

For our proofs we will consider the general asymmetric (F},. .., F,)-avoidance game,
where Painter’s goal is to avoid a possibly different forest Fy in each color s € [r].
We denote by k*(F}, ..., F,) the smallest integer k for which Builder has a winning
strategy in this asymmetric (F}, ..., F,)-avoidance game with tree size restriction k.

In Lemma [§ and Lemma [9] below we prove straightforward lower and upper
bounds for this parameter. These lemmas show that the constant §(c) from Theo-
rem [5| satisfies d(c) = ¢ for ¢ € {1,2,3}, and their proofs also serve as a warm-up
for the reader to get familiar with the type of reasoning that is used throughout the

paper.
The definition of the greedy strategy extends straightforwardly to the general
asymmetric (Fy, ..., F,)-avoidance game: This strategy in each step uses the highest-

numbered color s € [r] that does not complete a monochromatic copy of Fy, or color
1 if no such color exists.

Lemma 8 (Greedy lower bound). For any trees Fi, ..., F,, we have k*(Fy, ..., F,) >
v(Fy) - u(F).

Proof. We show that the greedy strategy is a winning strategy for Painter in the game
with tree size restriction v(F}) - - - v(F,.)—1. Suppose for the sake of contradiction that
Painter loses this game when playing the greedy strategy. Then, by the definition of
the strategy, the board contains a copy of F} in color 1. Moreover, each vertex v in
color 1 in this copy is adjacent to a set of trees in color 2 which together with v form
a copy of Fy, so the board contains a tree on v(F}) - v(Fy) vertices in the colors 1
or 2. Continuing this argument inductively, we obtain that for all £ = 2,...,r each
vertex v in one of the colors {1,...,k — 1} is adjacent to a set of trees in color k
which together with v form a copy of F, and that consequently the board contains
a tree on v(F})---v(F}) vertices in colors from {1,...,k}. For k = r this yields the
desired contradiction. [
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Observe that if Builder confronts Painter several times with the decision on how
to color a new vertex that connects in the same way to copies of the same r-colored
trees, then by the pigeonhole principle, Painter’s decision will be the same in at
least a (1/r)-fraction of the cases. As a consequence, we can assume w.l.o.g. that
Painter plays consistently in the sense that her strategy is determined by a function
that maps unordered tuples of r-colored rooted trees to the set of available colors
{1,...,7}, with the obvious interpretation that Painter uses the corresponding color
whenever a new vertex connects exactly to the roots of copies of the trees in such a
tuple. This assumption is very useful when proving upper bounds for k*(Fy, ..., F,)
by describing explicit strategies for Builder, as it implies that if Builder has enforced
a copy of some tree on the board, then he can enforce as many additional copies of
this tree as he needs. We thus avoid the hassle of making the repetitive pigeonholing
steps for Builder explicit. A more formal treatment of this standard argument can
be found in 3] and [I]; it is also used e.g. in [4] and [2].

For the following lemma recall that we denote by S, the star with ¢ rays.

Lemma 9 (Tree versus star upper bound). For any tree F' and any ¢ > 1 we have
E*(F,Sp) <v(F)-v(Se) =v(F)-(L+1).

Note that this bound matches the greedy lower bound given by the previous
lemma. It follows in particular that k*(P, P.) = ¢- ¢ for any £ > 1 and ¢ € {1, 2, 3}.

For the proof of Lemma [9] we use the following auxiliary lemma. For a proof see
e.g. [12].

Lemma 10 (Tree splitting). For any tree F' and any integer s > 1 there is a subset
S C V(F) with |S] < L@j such that when removing the vertices of S from F' all
remaining components (=trees) have at most s — 1 vertices.

Proof of Lemma 9 In the following we describe a winning strategy for Builder in
the (F, Sy)-avoidance game with tree size restriction v(F) - v(Sy). We may and will
assume w.l.o.g. that Painter plays consistently as defined above, implying that if
Builder has enforced a copy of some tree on the board, then he can enforce as many
additional copies of this tree as he needs.

Builder’s strategy works in two phases. The first phase lasts as long as Painter
continues using color 1, and ends when she uses color 2 for the first time. In the first
phase, for n = 1,2, ... Builder enforces copies of all trees with exactly n vertices in
color 1: first all trees with one vertex, then all trees with two vertices, and so on.
All those copies are isolated, i.e., they are not connected to other parts of the board.
Let s denote the value of n when Painter uses color 2 for the first time. At this point
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Builder has enforced, for each n < s—1, a copy of every tree on n vertices in color 1,
and a single vertex in color 2 that is contained in a tree T" with v(T") = s vertices.

For the second phase, apply Lemma (10| and fix a subset S C V(F) with |[S| <
L@J such that when removing the vertices of S from F' all remaining components
(=trees) have at most s — 1 vertices. In this phase Builder uses copies of the compo-
nents in F'\ S in color 1 from the first phase and connects them with |S| many new
vertices in such a way that assigning color 1 to all of these new vertices would create
a copy of I’ in color 1. At the same time, Builder also connects each of these new
vertices to the vertex in color 2 of ¢ separate copies of T', such that assigning color 2
to any of the new vertices would create a copy of S, in color 2. In total Builder uses
¢ -|S| many copies of T. Hence the game ends either with a copy of F in color 1 or
a copy of Sy in color 2, and the number of vertices of the largest component (=tree)
Builder constructs during the game is

k)

o(F) + 0[S - o(T) < o(F) + £+ | =

J-s§v(F)-(€+1):v(F)-v(Se) :

proving the lemma. ]

3 A general recursion

In this section we derive a general recursion that allows us to compute the parameter
k*(Py,, ..., Py,) for arbitrary values ¢q,...,¢. > 1, see Proposition below. This
turns the problem of analyzing the (P,,..., P, )-avoidance game into the algebraic
problem of analyzing this recursion. As innocent as this recursion may look, it
generates surprisingly complex patterns, which surface only for relatively large values
of 01,..., L, (recall Table (1] for the special case r = 2, ¢; = {5 = (). Understanding
the asymptotic features of this recursion will be the key to proving Theorems 7]

Throughout this section we include the case with more than two colors. There is
little overhead for doing so, and it is notationally convenient to distinguish indices
s € [r] referring to colors from certain indices 1 and 2 that appear otherwise.

3.1 A recursion along lattice walks

Let o = (a);>1 be an infinite sequence with entries from the set [r]. For any ¢ > 0
and any s € [r] we define

visi=1+{1<j<i|a;=s} . (3a)
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It is convenient to think of v as an increasing axis-parallel walk in the r-dimensional
integer lattice Z" with starting point (1, 1,...,1), where in the i-th step of the walk
the current position changes by +1 in the coordinate direction «a;. Note that v; =
(Vias ..., Viy) as defined in denotes the position of the walk after the first 7 steps.

The recursion defined below is parametrized by such a sequence a = (a;);>1,
a; € [r], where this sequence can be interpreted as a strategy for Painter in some
(P, ..., P )-avoidance game as follows: For any point v;, i > 0, on the walk cor-
responding to «, whenever the longest path that would be created by assigning
color s to a new vertex on the board is v; ; for each color s € [r], Painter chooses
color o := ;41 (i.e., she prefers completing a path on v;, vertices in color ¢ over
the other alternatives). To obtain a fully defined Painter strategy we will extend
this criterion using certain natural monotonicity conditions: If e.g. Painter prefers a
Ps5 in color 1 over a P; in color 2, she will also prefer a Ps in color 1 over a Py in
color 2. The precise strategy definition is given below in the proof of Proposition
The recursion defined in the following evaluates the performance of the strategy
corresponding to the given sequence a.

For a given sequence a = (a;);>1, o € [r], the recursion computes an infinite
sequence of integers (k;);>o. As auxiliary variables it maintains sequences of integers
Ty, Tg,...,T,, where for each s € [r] we write 3 = (250, %s1,...). To simplify
notation we suppress the dependence of the values k;, of the sequences x and of the
values v; 5 defined in from the parameter a.

For each i > 0, first k; is computed, and then this value is appended to exactly one
of the sequences x1,...,x,, namely to the sequence specified by a;.;. Specifically,
for each s € [r| we define

.CL’S,O = O s (Bb)
and for any ¢ > 0 we define
=1+ Z Jlr;lggo :USJI + $57j2) (3(3)
]1"".72 =V, s—1
and
xS,Vi,s = kl if iyl =S, (Bd)
where the values v; ; are defined in for the given sequence a.. (One can check
that after step ¢ of the recursion exactly the values ko, ..., k; and, for each s € [r],
the values x,0,...,%s,,,, -1 have been computed.) An example illustrating these

definitions is given in Figure
Note that we can think of the sequence (k;);>0 as being computed along the walk
corresponding to «, and for each s € [r] the entries of the sequence z; are obtained by
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selecting those values (k;);>0 where the walk takes a step in direction s, see Figure
As we shall see in Lemma [14] below, for any s € [r] and any j > 0 the number xz, ;
equals the number of vertices in the smallest component (=tree) containing a path
on j vertices in color s if Painter plays according to the strategy corresponding to
the sequence a.

The following lemma is an immediate consequence of the definitions in ({3]).

Lemma 11 (Monotonicity along the recursion). For any o = (o;)i>1, oy € [r], the
sequence (k;)i>o0 and in particular each of the sequences w1, ..., x, defined in 18
strictly increasing.

In the following we are only interested in evaluating the above recursion for a
finite number of steps. More specifically, for integers ¢1,...,¢, > 1 we denote by
W(ly,...,L.) the set of finite sequences of length

d=d(ly,....0;) =Y (,—1) (4a)

s€|r]

with the property that for each s € [r], exactly £; — 1 entries are equal to s. Thus
the walk corresponding to such a sequence ends at ({1, ..., /¢, ), see Figure . For any
such o € W(¥y,...,4,), we may evaluate the recursion for the first d 4+ 1 steps
(i.e., for i = 0,...,d), and define

k(o) :==kq . (4b)

(In the last step i = d, should be ignored.)

The following proposition is the main result of this section and characterizes the
parameter k*(P,,..., P, ) from the (Pp,,..., P, )-avoidance game in terms of the
recursion defined above.

Proposition 12 (General recursion). For any integers (1, ..., ¢, > 1, we have
kK (Py,....P) = k 5
( Ly ) Zr) aewn(lf?,}.(..,ér) (Oé) ) ( )

where k(o) is defined in and ().

3.2 Proof of Proposition

We begin by proving that the right hand side of bounds k*(Fy,, ..., P,) from
above. We do so by describing a Builder strategy that closely resembles the structure
of the recursion (3]).
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Color 2 %4 a=(a,a,...)=(1,1,2,2,1,1,1,2,..))
Do wofrmmm e e O kg

e ._._

N Uy Us Vg vy ' '

& R PR [ ® [ 0 k7 =1+min(0+ 11,1+ 10,2+ 9)
ky =9 k5_:10 k7_6:115 ++ min(0+ 6,3+ 3) = 18
& PANE EEREEEEEE vs O ks =6 : :

A W v | gy = 5 . Color 1
~e 1-o ® . . >
o'\ ko =1 kl =2
i 1 2 3 4 5 6 4l
gg I = (0, k?(), ]{31, ]{?4, ]{35, kﬁ, c. )

Figure 1: Illustration of the definitions in and for the case r = 2.

Proof of Proposition (12| (upper bound). We describe a winning strategy for Builder

in the (P, ..., P, )-avoidance game with tree size restriction
k:= max k(o) . 6
Q€W (€1, (@) (6)

We may and will assume w.l.o.g. that Painter plays consistently in the sense of
Section [2, implying that if Builder has enforced a copy of some tree on the board,
then he can enforce as many additional copies of this tree as he needs. Moreover,
we will ignore such repeated steps when counting the number of steps it takes until
Builder has enforced a copy of some tree on the board. Intuitively, Builder’s strategy
follows the recursion defined in for a sequence o = (a;);>1, a; € [r], that is
extracted step by step from Painter’s coloring decisions during the game.
Specifically, Builder maintains in each color s € [r] a list Ty = (T, ..., Ts0,-1),
where T is the null graph (v(Ts0) = 0) and T} ;, 1 < j < v, —1, is a tree containing
a monochromatic P; in color s for which Builder has already enforced a copy on the
board. Initially, we have Ty = (T,) for all s € [r]. In each step, Builder does the
following: Given the lists Ts = (Tsp,...,Ts.-1), S € [r], he adds a new vertex v to
the board and, for each color s € [r], connects it to copies of two trees from the list
T for which the sum v(T j,) +v(Tsj,), J1 + j2 = Vs — 1, is minimized, in such a way
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that if Painter assigns color s to v, a path on j; + jo + 1 = v, many vertices in color s
is created (if one of the contributing graphs is the null graph, then no corresponding
edge is added). Let o € [r] denote the color Painter assigns to v, thus creating a
tree that contains a copy of P, in color o. If v, < ¢,, then Builder adds this tree
to the end of the list T,,, which therefore grows by one element. Otherwise the game
ends with a monochromatic Py, in color o. Let d' + 1 denote the number of steps
until the game ends. We consider these steps indexed from 0 to d’. Moreover, let
o €[]I} denote the sequence of all coloring decisions of Painter except the last
one during Builder’s strategy. (Thus Painter’s decision in step i, 0 < i < d' — 1, is
given by o/, in line with (3d).) As each time Painter uses some color s € [r| the
length of the list T, grows by exactly one, the sequence o’ has at most £, — 1 entries
equal to s.

It follows easily by induction that this Builder strategy satisfies the following
property: For each 0 <1 < d' the lists Ty = (T, ..., Tsp, 1), 5 € [r], satisfy

(U<TS,0)7 s 7U(TS,VZ'7S—1)) — (25370, s 7'/L‘S,1/i’s—1) 3

and the tree constructed in step ¢ has k; many vertices, where v;,, k; and the se-
quences x1,...,Ts are defined in for the given «/'.

From this property it follows with Lemma (11| that the largest tree Builder con-
structs is the one in the last step of the game, and that it has ky many vertices.
Letting o denote any sequence from the set W (¢y, ..., £,) with prefix o/, and k4 (with
d as in (4a)) the value defined in for this a, we obtain with Lemma [11] that

ke < kB 2n

showing that Builder adhered to the given tree size restriction. ]

For proving the lower bound in Proposition [12[ we will need the following obser-
vation. If the reader is deterred by the technical-looking statement, we recommend
looking at the very elementary proof first.

Lemma 13 (Choosing a color). Let ¢,...,¢, > 1 be integers and o € W (ly,...,¢,).
Then for any integers Ai,..., A\, with 1 < X\; < ls, s € [r], and \s < Uy for at least
one s € [r], the following holds: There is a unique integer 0 < i < d — 1 such that
for o := ;1 we have
Vie = Ao (7a)
vis <A, se[r]\{o} (7b)

where v; 5, s € [r], is defined in for the given o and d = d(t4,...,¢,) is defined
m . Moreover, we then have A\, < {,.
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Proof. Geometrically, the box B := [1, \{] X - - - x [1, \,] is contained in the larger box
[1,01] x -+ x [1,4,]. As the walk corresponding to the sequence « starts at (1,...,1)
and ends at ({1,...,¢,), there is a unique first step where it leaves the box B. It is
easy to see that the starting point v; of this step (which lies on the boundary of B)
is the unique integer 7 that satisfies the conditions of the lemma. ]

Consider now the following Painter strategy for the (P, ..., P, )-avoidance game,
which is defined for an arbitrary fixed a € W ({y,...,¢,), and which we denote by
AVOIDPATHS, (P, . .., P,). For each new vertex v, Painter determines for each color
s € [r] the number of vertices A, of the longest monochromatic path in color s that
would be completed if that color were assigned to v, and defines Ay := min(\,, £;).
If (A,...,A) = (f1,...,4.), then she assigns an arbitrary color to v, and the game
ends. Otherwise one of the values A is strictly smaller than ¢,. Painter then chooses
an 0 < ¢ < d — 1 such that for ¢ := ;.1 the relations hold (such a choice is
possible by Lemma , and assigns color o to v. As we have A\, < {, in this case,
this does not create a monochromatic P, in color o, and the game does not end in
this step.

For the rest of this paper we usually refer to a sequence o € W({y,...,(,.) as
a strateqy sequence, having the above interpretation in mind. Note that the greedy
strategy analyzed in Lemma[§]is exactly AVOIDPATHS,(P,,, ..., P,) for the strategy
sequence a = (1) to (r—1)%-171o... 0 (1)471. Here and throughout we use o to
denote concatenation of sequences, and integer exponents to indicate repetitions.

The next lemma states the strategy invariant that we already briefly mentioned
when we introduced the recursion ((3)).

Lemma 14 (AvOIDPATHS() strategy invariant). Playing according to the strategy
AVOIDPATHS, (P, , ..., Py,) ensures that the following invariant holds throughout,
except possibly in the last step when the game ends: For each s € [r] and each
0 <t </t,—1, each monochromatic P, in color s on the board is contained in a
component (=tree) with at least x4, vertices, where xs; is defined in for the given
a.

As we shall see, the above invariant is also maintained in the last step when the
game ends, but for technical reasons we do not prove this here.

Proof. To show that this invariant holds, we argue by induction over the number of
steps of the game: Initially, no graph is present on the board, and the statement is
trivially true (with ¢ = 0 and 9 = 0). For the induction step consider a fixed step
where the game does not end, and let A, s € [r|, be as defined in Painter’s strategy.
Furthermore, let ¢ denote the index guaranteed by Lemma (13| for these values Aq,
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and let ¢ = «; 1 denote the color Painter assigns to the new vertex v in this step.
Clearly, the invariant is maintained for all colors s € [r]\ {¢}, and it remains to show
that it holds for 0. By Lemma (11| we have

Zs,0 < To1 <--- < Toly—1 >

implying that it suffices to consider a longest monochromatic path in color ¢ that is
completed by Painter’s decision to assign color o to v. Let @), denote such a path,
and set t := v(Q,). As the game does not end in the current step, we have t < ¢, —1.
By definition of Painter’s strategy, we have

A =t (8)

and for each s € [r] \ {o}, assigning color s to v would have completed some (not
necessarily maximal) path @), in color s on A, vertices. Note that the paths Q1,...,Q,
only share the vertex v, and that v divides each of these paths into two paths Q)1
and )52 which for js; := v(Qs1) and js 2 := v(Qs2) satisfy

_ ‘ @

Js,1 +]8,2 = )\5 - 12Vi,s -1. (9)
Furthermore, observe that the 2r paths Q1 and Qs2, s € [r], were contained in 2r
distinct components (=trees) T, ; and T2 before being joined by the vertex v in the

current step. (If Q1 or Q2 has no vertices, then we also let T ; or T 2 be the null
graph, i.e., the graph with empty vertex set.) By induction we have

U(Ts,1> Z T

»js 1 9
' 10
U(TS,Z) Z Tg ( )

7js,2 :
Combining our previous observations, we obtain that the vertex v is contained in a
tree T satisfying

v(T) =1+ (v(Tu) + U(Ts,2))1 + Y (Tajo, + xs,js,z)@ki ; (11)

se(r] s€[r]

where we also used Lemma [11|in the last step. Combining , and shows
that the right hand side of equals z,;, proving that the claimed invariant holds.
]

We are now in a position to prove the lower bound in Proposition |12 The
argument is very similar to the inductive argument in the previous proof, but due to
some subtleties we have to treat the step in which the game ends separately.
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Proof of Proposition (lower bound).  We will argue that the strategy AvoOID-

PATHS, (P, . .., P,.) is a winning strategy for Painter in the (P, ..., P, )-avoidance
game with tree size restriction k(a) — 1, where k(«) is defined in and (4). Op-
timizing over the choice of & € W (¢4, ..., £,), we thus obtain a winning strategy for

Painter in the game with tree size restriction maxaews,,..s,) k() — 1, as required.

Let « € W ({4, ..., £,.) be fixed and suppose Painter plays according to the strategy
AVOIDPATHS, (P, . . ., Ps,). Suppose for the sake of contradiction that Painter loses
with a monochromatic path P, in some color s € [r]. By the definition of Painter’s
strategy, this means that in the last step of the game assigning any of the colors
s € [r] to the last vertex v would complete a path Py, in color s. This implies that
in each color s € [r| the vertex v joins two (not necessarily maximal) paths Q)51 and
()s2 in color s which for js; :=v(Qs1) and js o = v(Qs2) satisfy

Jsa+tJso=0s—1. (12)

Denoting for every s € [r] by T and T 5 the components (=trees) that were joined
by v and that contain )51 and @, 2, respectively, we obtain from Lemma [14] that the
vertex v is contained in a tree T satisfying

E9.(0).@
v(T) =1+ (0(Ta) +0(Te2)) Z 1+ Y (Tajo, +2ajn) = kla)

s€(r] s€|r]

where in the last step we also used that for d defined in (4a)) we have vy = (01, ...,4,).
This yields the desired contradiction and completes the proof. O

3.3 Exact values of k*(FP;,2) for small values of /¢

The values in Table [1f were found by implementing the recursion in and and
using Proposition (12} The computationally most expensive part in this approach is
the maximization in (j5)), as e.g. for the (symmetric) Piavoidance game with r = 2
colors it requires maximizing over all strategy sequences from W (¢, £), of which there
are (2(;:11)) = 40+e()f many. However, by using an appropriate branch-and-bound
technique, the set of strategy sequences to be considered in the maximization can be
reduced substantially. A program that implements this and further optimizations to
compute k*(Fp,2) is available from the authors’ websites [1].

We conclude this section by giving an example of a Painter strategy for the
Pp-avoidance game with » = 2 colors that outperforms the greedy strategy. For
¢ = 28, there are four strategy sequences from the set W (28,28) achieving the
optimal performance k*(P,2) = 282 + 7 = 791 (cf. Table . They are given
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by a = (1)50(2,2) 0 (1)70(2) 0 (1)* 0 (2)*, o/ = (1,1,2,1,2,2) o (1)** 0 (2)*, and
the sequences @ and @’ that are obtained from « and o' by interchanging the 1 and
2 entries, exploiting the obvious symmetry.

4 Analyzing the recursion

In this section we prove Theorems by analyzing the recursion defined in and
and using Proposition . We focus on the asymmetric path-avoidance game in
most of the upcoming arguments, and derive our results for the symmetric game at
the very end. For the rest of this paper we restrict our attention to the case of r = 2
colors.

4.1 Asymptotic behaviour

A crucial ingredient in our analysis of the recursion in and (4] is the study of
its asymptotic behaviour along a walk as described in Section [3.1] which after some
initial turns moves towards infinity only along one coordinate direction (think e.g.
of infinitely extending the walk in Figure |l|in coordinate direction 1). The following
completely self-contained lemma is the basis for this approach.

For any sequence (z,),>0 we define the corresponding sequence of first differences

as A(x) := (Ty41 — Ty)u>0-

Lemma 15 (Recursion becomes periodic). Let xq, ..., x; and 3 be arbitrary integers,
and recursively define

z, =0+ min (z;, +xj) , v>t+1. (13)
J1,j220:
Jit+ja=v—1
Furthermore, let p be an integer from the set arg mingc;, ”?+—+1ﬂ Then the sequence

A(x) = (241 —x,)u>0 becomes periodic with period length p+1, and for allv > t+1
we have

Ty — Ty_(pp1) < Tp + (14)
with equality for all large enough v. Moreover, for all k > 1 we have
Tpth(p+1) — Tp = k(Tp + 0) (15)

Note that Lemma [15| quantifies the asymptotic behaviour of the recursion ([13)):
In the long run, the values will change by z, + 3 every p + 1 steps, i.e., for v — oo
we have

2, = (5+0(1))-v ,

THE ELECTRONIC JOURNAL OF COMBINATORICS 18 (2011), #P163 18



where

_ B T
0 =0(xg,..., 2z, 0) = Min, . (16)
Proof. For any two integers a > 1 and b, applying the transformation
Yo = Cl(ﬂ?l, + 5) - b(l/ + 1) (17)
to (13]) yields an integer sequence (y,),>o that satisfies the recursion
Y = .min (yjl +yj2) ) v>t+1. (18)
J1,J220:
Jit+je=v—1

Furthermore, by the first differences of the sequences (z,),>0 and (y,),>¢ are
related via
Aly) =aA(z) —b . (19)

Applying the transformation with
a:=p+1 and b=x,+0 , (20)

we obtain with the definition of p in the lemma that y, = 0 and y, > 0 for all
0 < v < t. By these initial conditions and by , all elements of the sequence
(Y )v>0 are non-negative. Furthermore, using that y, = 0 it follows from that

Yo < Yp—(py1y forallv >t4+1 . (21)

Combining this with the non-negativity of the sequence (y,),>0, we obtain that for
each residue class modulo p + 1 the corresponding subsequence of (y,),>¢ becomes
constant, and that consequently the sequence itself becomes periodic with period
length p + 1. It follows that the sequence A(y) and by also the sequence A(x)
become periodic with period length p + 1.

Note that for all v > ¢t + 1 we have

@Yy — Yo—p+1) + 0(p + 1) BDb(p + 1)
Ty = Ty—(p+1) = a < a = Tp

+6,

with equality for all large enough v, proving .
Similarly, using the non-negativity of the sequence (v, ),>¢ and y, = 0 we obtain
forallk>1

@) Yp+k(p+1) — Yp T bk(p+1) > bk(p +1) k(
B > =

a a l'p+ﬁ) )

proving . O]

Tpt+k(p+1) — T
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4.2 Explicit version of Theorem

Using Lemma [15| we will show that asymptotically optimal Painter strategies for the
asymmetric (P, P.)-avoidance game (i.e., strategies achieving the lower bound stated
in Theorem [5)) can be constructed as follows. Intuitively, we distinguish two phases of
the corresponding walks: a short initial ‘preparation’ phase and a long ‘payoft’ phase,
which is just a straight segment of the walk extending into coordinate direction 1.
The goal of the preparation phase is not to directly optimize the resulting recursion
values during this phase, but to optimize the constant ¢ as defined in that arises
when applying Lemma [15] to the payoff phase.

These ideas lead to the following definition of the constant §(c) appearing in
Theorem . For any strategy sequence o € W (¢, ¢) we define

Bla) =1+ jlnjzigoz (w2, + T2j,) (22a)
j1+’jg:_c—1
d(a) == min 215+ 0(0) , (22b)

0<j<e-1 g +1

where 1 = (219, ...,210-1) and xy = (290, ...,22.-1) are defined via the recursion
. Using those definitions we set

5(1) =1, (22¢)

and for any ¢ > 2,
i(c) == sup i) , (22d)

>1
aEW(l,c): apye—o=2

where the condition ayy. o = 2 expresses that the last step of the walk corresponding
to « is towards the second coordinate. We will see in Lemma |17 below that d(c) is
indeed a well-defined finite value.

Theorem 16 (Explicit version of Theorem. For anyc>1 and any ¢ > 1 we have
E*(Py, P.) < d(c)- ¢

and
k*(Pe, Fe) = (6(c) —o(1)) - €,

where §(c) is defined in (22), and o(1) stands for a non-negative function of ¢ and ¢
that tends to 0 for ¢ fized and ¢ — oo.

We prove Theorem (16| (and thus Theorem [5)) in the next section.
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4.3 Proof of Theorem [16|

We will prove the following three lemmas by induction. Note that Lemma is
exactly the upper bound part of Theorem [I6], and that moreover Lemma [17] yields
the upper bound part of Theorem [7| (we have log,(3) = 1.584 ... < 1.59).

Lemma 17 (Upper bound for §(c)). For any ¢ > 1 we have §(c) < 1820,
Lemma 18 (Monotonicity of §(c)). For all 1 <¢ < ¢ we have §(¢) < d(c).

Lemma 19 (Upper bound for k*( P, P.) via d(c)). For any ¢ > 1 and any £ > 1 we
have k*( Py, P.) < §(c) - L.

Proof of Lemma[17], [1§ and [19. We argue by induction on c¢. For ¢ = 1 all claims
are trivially satisfied. For the induction step let ¢ > 2.

Induction step for Lemma (17 For any fixed £ > 1 consider an arbitrary fixed
strategy sequence aw € W (¢, ¢) with apy.—o = 2. Note that a can be uniquely written
in the form

a=(1)""0o(2)0(1)* o (200 (1) T 20(2) (23)

where 1 <) </lyg < o <5< fl._1=V.

In the following we derive upper bounds for the entries of the sequences z; and x5
defined in for this a. For any 1 < j < ¢ — 1 we define a9 as the maximal prefix
of o containing exactly j — 1 entries equal to 2. By we have al) € W(;, 7).
Moreover, by the definitions in and and by Proposition (12| we have

<k(Py,P), 1<j<ec—1. (24)

225 = k(e -1+(-1) = k()
By induction and Lemma [19] we hence obtain from that
Toj <0(j)-4;, 1<j<c—1. (25)

Using that by and the integers w1, 1 and xy; correspond to sequence
elements k; and ky as defined in (3c|) with ¢ < ¢/, we obtain with Lemma [11] that

(23)
xljgj_lglfg,]—lgé(‘])é]—l, 1§j§0—1 (26)

By setting j; = [(¢ — 1)/2] and j, = [(¢ — 1)/2] in (22a)) we obtain

=) ) |
Ba) < 14 (c—1)/2) T2, [(c=1)/2] < 14220 [(e—1)/2] < 14+20([SH]) Lre—1yy21 » (27)
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where we again used Lemma in the second estimate. Similarly, setting j =

f[(c,l)/ﬂ —1lin " yields

@ w140,y ,p-1 + Bla) @).ED o
o) 2 e L LEOEE g e)) (28)

As the bound in holds for all £ > 1 and all strategy sequences a € W (¢, ¢) with
Qyye—o = 2 simultaneously, we obtain with the definition in (22d)) that

5(c) <3-6([51]) < 3-[54]°2@ < 3. (5)8) = don® |

where the second estimate is the induction hypothesis. This completes the proof of
Lemma [17
Induction step for Lemma[18] By induction we have 6(1) < --- < d(c — 1), so
it suffices to show that §(c — 1) < d(c). Note that §(c) is a well-defined finite value
by Lemma [17] For ¢ = 2, observe that the strategy sequence o = (2) € W(1,2)
yields f(a) = 2 and d(«) = 2 and consequently guarantees a lower bound of §(2) >
2, implying in particular that §(1) < §(2) (recall (22d)). For ¢ > 3 we argue as
. = 2 consider

follows: For each strategy sequence a~ € W({,c — 1) with o, e—1)-2
the extended sequence a := a~ o (2) € W(/,¢). By Lemma [11| and (22a]) we have

B(a™) < B(a), which by implies that d(a™) < §(«). Using this shows
that §(c — 1) < §(c), completing the proof of Lemma [18]

Induction step for Lemma (19 For the reader’s convenience, Figure [2] illustrates
the notations used in this proof.

Let £ > 1 and o« € W(¢,¢) be fixed. We show that for k(a) as defined in (3)
and we have k(a) < §(c) - ¢, from which the claim follows by Proposition
For the proof it is convenient to extend the sequences z; = (z1,...,%14-1) and
Ty = (T20,...,%2.-1) defined in for the given « by setting

Ty = kdk(a) (29)

with d = d(¢, ¢) defined in (4a)). Let ¢ be such that a = o/ o (1)~ with o/ € W (¢, ¢)
and oy, ., = 2. Fixing some integer

1+ B(d)
€ argmin ———— | 30
S (80)
where (o) is defined in (22a]), we have
21y + 51e!) @6 5, B 5 (31)

p+1
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Figure 2: Notations used in the proof of Lemma (19,

Let < ¢ — 1 be the largest integer such that
(=T+m(p+1) (32)

for some integer m.

By (3). and the definition of () in (22al) we have

r1, = B@)+ min (215 +x1y,), C<v<L.
J1,J22>0:
PRt

We may hence apply Lemma , and using we obtain that

@) (14)
T10 =T Gy mprn) < Ty 7+ Mz, + B(d)) (33)

If ¢ > 1, we let ¢ denote the maximal value of ¢ for which W(Z ¢) contains a

prefix of o/, and we let a € W(Z, ¢) denote the corresponding prefix (see Figure .
Clearly we have ¢ < ¢ and

~ (3, (4)
k@) 20y (34)

As ¢ < ¢ we may apply the induction hypothesis and obtain together with Proposi-
tion [12] that
()

(5) ~
k(Q)<k" (P, Pr) <0(c) - L,
which combined with and Lemma [18| yields

2,7 < 0(e) - (35)
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If 0 = 0, then both sides of this inequality vanish, and holds trivially.

Combining our previous observations we obtain

9,63 (B E3) ~
kla) < ML S B2

T 7+ m(z1, + Bla (c)-(L+m(p+1)=d(c) ¢,
completing the proof of Lemma [19] ]
It remains to prove the lower bound in Theorem [16]

Proof of Theorem (lower bound). As in the proof of Lemma |19| it is also conve-
nient here to extend the definition in for any oo € W (¥, ¢) by setting

10 = ka@k(a) (36)

with d = d(¢,c) defined in (4a)). Note that the claim holds trivially if ¢ = 1, so we
consider a fixed ¢ > 2 in the following. By the definition in (22d)) there are families

(410 and (a®);5q, where a® € W (£, ¢) with ozZ)JFC_Q = 2, satisfying
1tlim §(a®) =d(c) . (37)

Fix any such strategy sequence o?), and for every ¢ > /, consider the extended
sequence a® = a® o (1)% € W(/,c). Using we obtain that for any such
extended sequence a®, the sequence z; = (x1,...,71,) defined in and
satisfies

1, = BaV) + min (2, + 1), <y <L

J1,J220:
Jitje=v—1

Moreover, by (36) we have k(@) = z1,. By the first part of Lemma (15 and the
definition in (22bf) we thus have

k(@) = (6(a®) 4 0(1)) - £

for ¢ and t fixed and ¢ — oo. Here we used that for all large enough indices,
holds with equality. Combining this with and applying Proposition (12| yields
that

k*(P., Py) > (6(c) +o(1)) - ¢

for ¢ fixed and ¢ — oco. Moreover, the upper bound given by Lemma [19| shows that
the term o(1) must be non-positive. O
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4.4 Proof of Theorem

In this section we derive the exact values of d(c) stated in Theorem @ by carrying out
explicitly the optimization over lattice walks that appears in the definition (22dJ).
Note that for small values of ¢, the walk corresponding to a strategy sequence o €
W (¥, ¢) has only few turning points. We will derive upper bounds for the entries of the
sequences x; and x5 computed by the recursion (3)) as a function of the 1-coordinates
of these turning points. To do so we will only consider a few carefully selected terms
when evaluating the minimization in (3d). The upper bound on d(c) we obtain this
way is the minimum over a small number of functions of 1-coordinates of turning
points, and turns out to be irrational. We will derive asymptotically matching lower
bounds by describing families of strategy sequences for which the ratios between
the 1-coordinates of successive turning points approximate the optimal (irrational!)
ratios.

We only give the proof for ¢ = 4 here. The similar but more complicated proofs
for ¢ € {5,6} can be found in [10].

Proof of 6(4) = 5(v/13 + 5). Consider a strategy sequence o € W ({, 4) that satisfies
aui4_o = 2, and note that o can be uniquely written in the form

a= (1)1 0 (2)0 (1) 0 (2)0 (1) 20 (2) .

where 1 < ¢; < /¥y < /.
Let p > 1 and 0 < m < ¢; be the unique integers satisfying

The recursion (3)) yields by straightforward calculations that

=5, 0<;<6-1, (*)

To1 = b,
Tio0-1 < Tig-1+T1-1+ T2 +1=30—-1,
T130-1 < T120-1 + T1-1 F 221 +1 <50 -1,

Tipt—1 < 1y (p1)t—1 T Tro—1 +To1 +1 < 2ply — 0, — 1, (**)

38
Tio—1 < Tipty—1 + Tim—1 + To1 + 1 < 2pl +m — 1242 -m-1, (%)
38
Too < T pey—1 + Tim + T21 + 1 < 2ply + m2€2 -m
(39)
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where a priori the inequality marked with (**) holds only if p > 2, as @1 -1y, -1
is undefined otherwise. For p = 1 the resulting inequality reads x;, -1 < ¢ — 1,
which is true nevertheless, as a comparison with (*) shows. Similarly, a priori the
inequality marked with (***) holds only if m > 1, as x; ,,—1 is undefined otherwise.
For m = 0 the resulting inequality reads z1¢,-1 < 2pl; — 1 = 205 — 1, which is true
nevertheless, as a comparison with (**) shows.

Defining

we thus obtain

a)& min Tipoi—1 +To1 +Too+1 Typ1+ X1+ T2+ 1
- pl ’ ly

69.@0) 12
< min{4+ﬁ,4+ “} . (41)
P ptm

In order to determine the best bound resulting from this analysis, we need to find
the maximum of the function on the right side of . We relax this problem to a
maximization problem with the integer variable p € {1,2,...}, and the real-valued
variable 0 < p < 1 (cf. the definition in and recall that m € Ny is chosen such
that m < ¢1). We obtain that the right hand side of attains its maximum for

p=1 and p:%(\/ﬁ—i’)) , (42)

corresponding to a ratio lo/¢; = p+ p = £(v/13 — 1) and yielding

Sa) L H(VIB+5) (43)

As the bound in holds for all £ > 1 and all « € W ({,4) with a4 = 2
simultaneously, we obtain with the definition in (22d]) that

5(4) < %(\/EJr 5) .

To show that this upper bound is tight by (22d - it suffices to specify a family of
strategy sequences (a"));sq, where o) € W (¢;,4) for some ¢, > 1 and ae +4 5 =2,
with limy_o §(a?) = £(v/13 + 5). Define

al) = (1) 0 (2) 0 (1) 0 (2,2) € Wl 4)
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for all t > 0, where ¢, := 10* and £y, := |2(v/13 — 1) - 10], i.e., we have

lim 2¢ _ 1(\/1_3 —1) . (44)

t—oo lyy 2
For each such strategy sequence a® we obtain from , using that ¢y, < 201,

ryj=j5, 0<j</tl;—1),

To1 = fl,t )

rj=liy+g, li<j</ly—1, (45)
Xog =l + lay

Tog = 2014+ Loy

implying that

ﬁ(a/(t))Qth + 62,75 + 1 (46)
and / / )
5o BB ) {3+ 224 3( 2 } . (47)
1 lry
Using it follows from that 6(a®) — 1(V13+5) as t — oo. O

4.5 Lower bound for §(c) via ‘bootstrapping’

In the previous section, we determined asymptotically optimal strategy sequences
for the asymmetric (P, Py)-avoidance game. We now show how these can be ‘boot-
strapped’ to derive good strategy sequences for the asymmetric (P, P.)-avoidance
game with any fixed ¢ of form ¢ = 4.

Specifically, we construct these strategy sequences by nesting scaled copies of
nearly-optimal strategy sequences for the (P, P;)-avoidance game into each other.
The lattice walks corresponding to these strategy sequences thus have a self-similar
structure (see Figure . As we will see, the equations arising in the analysis of
this construction are, up to some error terms, exactly the same as in the proof that
§(4) = 2(v/1345) in the previous section.

Lemma 20 (Lower bound for §(c) via ‘bootstrapping’). For any integer t > 0, the
function 6(c) defined in satisfies

(41 > (5(4)) = (A(V13+5))" . (48)
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Color 2 %
a(t) c W(gg ts Ct)
Ct = 4Ct,1-- -------------------------------------------------------------
X5
i1 <j<c—1
By g oo ee e
T, by <G <loy—1 | | %2
St } 201 < j <3 —1
y S USRS —
L1, 0<) <l —1 }352,j, Ct?—l <Jj<2,-1
L Y (R g i
'_:}172,]‘70§jéct—1_|1 B Color 1
e : 3 3 g
1 i iJ fl,t = sz,t—l Ez,t = C]fl,t = 5q - 52,1:—1
2,t—1

Figure 3: Notations used in the proof of Lemma [20]

Note that the second equality in follows from Theorem @ Observe also that
together with the monotonicity guaranteed by Lemma [I§] Lemma shows that
§(c) = Q(co80™)) = Q(1952+) as a function of ¢, proving the bound claimed in
Theorem [7.

Remark 21. Similar lower bound statements can be proven by bootstrapping asymp-
totically optimal strategy sequences for the (P, Ps)- or the (P, Ps)-avoidance game.
The resulting exponent of ¢ is marginally better for the case (P, Ps) but worse for
the case (P, Ps): Using the values stated in Theorem [6] we obtain the exponents
log,(6(4)) = logy((v/13+5)) = 1.052. . ., logs(5(5)) = logs(3(v/24 +6)) = 1.053... .,
and logg(0(6)) = logg(3(V37+ 7)) = 1.048.. ..

Proof of Lemma 20 In the following we specify a family of finite strategy sequences
(@)= such that a®) is a prefix of o) for all + > 0. This defines an infinite
sequence «, and we denote by z; and x5 the sequences defined in for this a.

Let ¢ be a rational number with

1
L3<q< 5 (VI3-1)=1302...

and let s > 100 be an integer such that sq¢ € N. We will consider these parameters
fixed throughout the proof; at the very end we will take the limit ¢ — %(\/ 13—-1)
and s — 00.
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We define
bo=1, lpo=1, ¢:=1, al® .= () € W(lao,co) ,
and for every t > 1,
gl,t = ng,t—l ) fz,t = qgl,t = 5q - eZ,t—l , =4 = 4

and

Oé(t) - a(tfl) o (1)51,,57&@—1 o (2>ct_1 o (1)52,,5751@ o (2)20t_1 c W(th’Ct) )

For the reader’s convenience those definitions are illustrated in Figure [3|

By the definition in (22b)) we clearly have
5(a@y=1 .
We proceed by deriving lower bounds for §(a®), ¢t > 1. For t fixed, let

) (t-1)
p € argmin L1 —i—.ﬁ(a )
0<j<las—1—1 J+1

I

where 8(a*=1) is defined in (22a)). By Lemma |15 we have

L1p+k(p+1) — xl,pxl,p + ﬁ(a(til)) 5<a(t—1))
k(p+1) o p+1

(49a)

(49b)

(49¢)

(50)

(51)

for all £ > 1 with p+ k(p+1) < £, — 1. As the entries of the sequence z; are

non-negative and increasing (recall Lemma this implies

215 20" V) (= 2p) 2 6(aY) - (=200 +2) , 0< i<l -1, (52a)

where we used that p < f5;, 1 —1 in the second estimate. Using (52al) and the trivial

bound
33'2,]'2(], 0<j<c¢a—-1,

we obtain from , using that ly; < 20y,

o, = 5(Oé(t 1)) (b =My 1+3), 1 <j<2¢1-1,

21y > 6(@) (b4 — 8l +6) , Ly <j<lop—1,

o = 6(aV) (g +loy —8lay 1 +6) , 201 <j<3ca—1,
Toj = 5(alt=)y. (2014 4Ly — 12054 1 +9) , 3Bc1 <j<4e1—1,
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where we ignored the summand +1 arising from in all these lower bounds.
It follows that

5(a®)ELB 5 Y201, + Loy — 1205, 1) (53)

(where we ignored the summand +1 from and the summand +9(5 (@) from
(52))). It is readily checked that for the lower bounds given in and ., the
minimum in (22b)) is attained either for j = ¢;, — 1 or for j = E2,t — 1, yielding

(22b),(52),(53)

. { Blis+ loy — 140, 1 + 1 314+ 205, — 2005, + 5}
o ’ lay
({49b)

14 20
>5(0Y) - min {3 oMo —} — 5(0 ) f(g,5)
s qs

[\ J/

(54)

Note the snmlarltles between . . and ( . . , respectively.

Combining (50)) and (54) and using the deﬁmtlon in we thus have
3(cr) 2 8(a) > (f(a,9))’ (55)
for all ¢ > 0. Observing that for ¢ — 1(1/13 — 1) and s — oo we have
1
f(Q7S) - 5(\/1_3—{_5) )

we obtain that for any ¢t > 0 we have

5(4") = 6(cr) > (3(VIB+5)) M2 B (5(4))"

4.6 Lower bound for £*(F,2)

An extension of the construction in the previous section finally yields the lower bound
on k*(P,,2) claimed in Theorem [
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Proof of Theorem | (lower bound). We will reuse most of the analysis from the pre-
vious proof for the fixed parameters

qg:=13, s:=320 . (56)

Note that for ¢ and s as in and any ¢t > 0, the analysis of the strategy
sequence ') € W (lyy, ¢;) defined in yields that

53) 17\°
5= (o) = () (57)
For t > 0, we now set
7= 106,210 . (s¢)'@10 - 416" (58)

and extend a® € W (ly, ¢;) to a strategy sequence alt) € W(Zt, Zt) by defining
&(t) = a(t) o) (1)@762,t o (2)25*015 .

Similarly to the previous proof, we obtain that the sequences x; and x5 defined
for a®) in (3] satisfy

21 > 0@y (=205, +2), 0<j<b—1,

and
T > 6(a®) (k—=1)(0, — 40y, +3) , (k=1 <j<hke—1,

for every integer 1 < k < E /¢;. Putting everything together, we obtain

K(GO) > 5(a®). . (Zt — Al + 3)

Ct
®y <
> (1—4@) ) g
Et Ct
@55, ED). 63 17\t ~,
=06 (55)
16
#3) 70\ loga16(17/16) -
=06 (i) O 02> 0.5 0,200 (59)
10
Applying Proposition we obtain from that k*(Pp,2) = k*(P, P) =
Q(£2%1) ) proving the claimed lower bound. O
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Remark 22. Observe that when performing the analysis of the previous proof with the
scaling factor s as a variable and ¢ near %(\/ 13 —1) fixed, we obtain an improvement
of

log,, (f(s,9)/4)

over 2 in the exponent of @\t in (59)). The choice of s := 320 in (56| roughly maximizes
this gain.

4.7 Putting everything together

In this last section we complete the proofs of Theorem [7]and Theorem [d] by collecting
our findings from throughout the paper.

Proof of Theorem[7] As already mentioned, the upper bound follows by combining
Theorem [16] with Lemma [I7, observing that log,(3) = 1.584... < 1.59. The lower
bound follows by combining Theorem with Lemma [20, using the monotonic-
ity guaranteed by Lemma |18 and observing that log,(6(4)) = log,(3(V13 +5)) =
1.052... > 1.05. O]

Proof of Theorem[d]. As already mentioned, the upper bound follows immediately by
combining Theorem 5| with the upper bound on d(c) stated in Theorem |7, using the
non-negativity of the o(1) term in Theorem [5| The proof of the lower bound was
given in Section [4.6] O
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