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—— Abstract

Strategy improvement is a natural and well-studied family of algorithms for solving various classes
of stochastic and deterministic graph games. We present an improved upper bound of O(n2™) on
the number of iterations performed by the most natural, and most greedy, variant of the algorithm
when applied to n-vertex Energy Games. We also obtain a similar upper bound of O(poly(n)-2") on
the expected number of iterations performed by Random-FEdge, one of the most natural randomized
variants of the algorithm. To the best of our knowledge, these are the first bounds for natural
strategy-improvement algorithms on non-binary energy games that beat the trivial n® = 218"
bound obtained by enumerating all strategies. The proof is based on a new adaptation of the layering
technique of [Dorfman, Kaplan, Zwick, ICALP 2019].
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1 Introduction

2-player Turn-Based Deterministic Games (2TBDG), are zero sum, infinite-duration, turn-
based, deterministic games played by two players, usually referred to as Min, or player 0,
and Max, or player 1, on a finite directed graph. Each vertex of the graph is controlled by
one of the players. Each edge has a real cost associated with it. A token is initially placed at
one of the vertices of the graph. The player controlling the vertex in which the token resides
chooses an outgoing edge and moves the token along it. (Each vertex is assumed to have at
least one outgoing edge.) Play goes on indefinitely producing an infinite sequence ¢, ¢1, . . .
composed of the costs of the edges traversed. The outcome of the game is OBJ(cy, ¢1, . . .),
where OBJ : R¥ — R is the objective function. Min wants to minimize the outcome while
Max wants to maximize it. The definition can be extended to 2-player Turn-Based Stochastic
Games (2TBSG) in which some of the vertices are randomization vertices. (see, e.g., [9, 21].)
Discounted Payoff Games (DPG) (see, e.g., [44]) use the objective function
DISx(co,c1,-..) = (1 = X)X joy A, where 0 < X < 1 is a discount factor. Mean Pay-
off Games (MPG) (see, e.g., [12, 19, 44]) use the objective function AVG(cy,ca,...) =
liminf, oo = > iy ¢;. Energy Games (EG) (see, e.g., [8, 4]) use the objective function
ENG(ci,ca,...) = sup,>q 2.iq ¢i- (When n = 0 the sum is defined to be 0.)
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Parity Games (PG) (see, e.g., [13, 39]), which may be seen as very special cases of
MPGs or EGs (see, e.g., [40]), assume that all costs, usually referred to as priorities, are in
{1,2,...,d} and PAR(cg,c1,...) = (limsup,,_, ., ¢) mod 2, i.e.;, PAR(cg,c1,...) =1 if and
only if the parity of the largest priority that appears infinitely often is odd, and 0 otherwise.

It is well known [12, 40, 15] that all these classes of games, and many more, are posi-
tionally determined, i.e., have positional optimal strategies. (A strategy is positional if it
is deterministic and memoryless.) In particular, each vertex has a value that both players
ensure if they play optimally. (If the value of a vertex is v, then Min has a strategy that
ensures that the outcome of the game will be at most v, no matter what Max does, and Max
has a strategy that ensures that the outcome will be at least v, no matter what Min does.)

It is a major open problem whether any of the games defined above can be solved in
polynomial time.! Solving a game means finding the values of all vertices, and sometimes
also optimal (positional) strategies for the two players. MPGs and EGs are equivalent under
polynomial time reductions. Both can be reduced to DSGs with discount factors arbitrarily
close to 1. PGs seem to be much easier than DSGs, MPGs and EGs. It is not difficult to
see that decision versions of these problems are in NP N co-NP [44], this follows easily from
the fact that the 1-player versions of these games are in P [5]. Furthermore, Jurdzinski [27]
proved that these problems are actually in UP N co-UP.

The fastest randomized algorithms for 2TBSGs, and in particular, MPGs, EGs, run in
subexponential 29V time, where n is the number of vertices in the game graph [34, 3, 20, 23].
These algorithms are based on randomized versions of the simplex algorithm for solving
linear programs [29, 36, 30].2

MPGs and EGs with integer costs in {—M,...,0,..., M} can be solved in a pseudopoly-
nomial running time of O(mnM), where n is the number of vertices and m is the number of
edges [6]. The fastest deterministic algorithm whose running time does not depend on M
runs in O(m2"?) time [11, 31).3

PGs can be solved much faster in quasipolynomial time [7, 28, 14, 32]. Unfortunately,
the techniques used to obtain these quasipolynomial time algorithms for PGs do not seem to
apply to MPGs or EGs [16].

One of the most natural algorithms for solving various versions of games is Strategy
Improvement (SI). When applied to 1-player versions of such games, also known as Markov
Decision Processes (MDPs), the algorithm is also called Policy Iteration and was first proposed
by Howard [26]. The algorithm starts with an arbitrary strategy of one of the players and
improves it by making local improving changes until no further local improvements are
possible. It can then be shown that the final strategy obtained is optimal. Note that this is
reminiscent of the simplex algorithm for solving linear programs. One important difference,
however, is that the strategy improvement algorithm may perform several improving changes
simultaneously, which is usually not possible in the context of general linear programs.

Strategy improvement is actually a family of algorithms parameterized by a switching
rule that specifies which improving changes, also known as switches, to perform in each
situation. (In typical situations there are many possible improving switches some of which
may be performed simultaneously.) This is analogue to a pivoting rule used by the simplex
algorithm. The subexponential algorithms mentioned above are actually randomized versions
of the strategy improvement algorithm with a switching rule called Random-Facet.*

DPG and stochastic extensions of them can be solved in polynomial time if the discount factor A is
assumed to be a constant. See [43, 21].

It is important to note that there are no known ways of solving 2TBSG using linear programming. It is
known, however, that solving MPGs is equivalent to solving tropical linear programs [1].

Some small mistakes in the pseudocode of [11] are corrected in [2].

The names Random-Facet and Random-Edge are borrowed from the names of closely related pivoting
rules for the simplex algorithm.
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Perhaps the most natural switching rule, known as Switch-All, chooses the best improving
switch available at each vertex, if any, and performs all these switches simultaneously. In a
sense, this is the most greedy variant of strategy improvement.® It is also known to behave
very well in practice [5].

Although Switch-All is probably not the most efficient deterministic variant of the strategy

improvement algorithm, we believe that it is important to understand its theoretical behavior.

Our main result is an improved upper bound of O(n2™) on the number of iterations that
it performs on any n-vertex energy game. We also obtain a similar upper bound on the
expected number of iterations performed when using the Random-Edge switching rule, one
of the most natural randomized switching rules. Comparable results were known only for
binary games, i.e., games in which the outdegree of each vertex is at most 2.

Friedmann [17] obtained a lower bound of €(2°"), for some ¢ > 0, on the number of
iterations performed by the Switch-All algorithm for PGs suggested by [42]. This lower
bound can also be adapted to hold for EGs. Thus, our O(n2") upper bound is tight up to a
constant in the exponent.

Acyclic Unique Sink Orientations (AUSOs) of the Boolean hypercube [41] may be seen
as combinatorial abstractions of binary versions, i.e., outdegree 2, of the games we are
considering, as well as of other problems.® The strategy improvement family of algorithms
can also be expressed in this abstract setting. Mansour and Singh [35] obtained an O(2"/n)
upper bound on the number of iterations performed by Switch-All on any AUSO. (see
also [25].) Matousek and Szabé [37] obtained an ©(2"/2) lower bound on the number of
iterations performed in the worst case by Switch-All. Hansen et al. [22] gave an O(1.7985™)
upper bound on the expected number of steps performed by Random-Edge on AUSOs. Hansen

and Zwick [24] obtained a 29< /nlogn) lower bound for Random-Edge. Gartner [18] obtained
an O(eg\/ﬁ) upper bound on the expected number of steps performed by Random-Facet. An
almost matching 22(v"") was obtained by Matousek [38].

The strategy improvement algorithm for energy games with the Switch-All switching
rule was previously considered by Brim and Chalupka [5]. They showed that the algorithm
performs at most O(mnM) steps, when all edge costs are in {—M,...,0,...,M}. They
did not present any bound for energy games with arbitrarily large integer edge costs, let
alone arbitrary real edge costs. They also did not consider Random-Edge. Our O(n2") and
(expected) O(mn?logn - 2") upper bounds for Switch-All and Random-Edge hold for energy
games with arbitrary edge costs.

Our new analysis of strategy improvement algorithms is based on the layering technique
of Dorfman, Kaplan and Zwick [10] who used it to analyze their deterministic O(m2"/?)-time
algorithm for solving energy games. (Note, however, that their algorithm is not a strategy
improvement algorithm.) The technique was also used by Kozachinskiy [31] to obtain a
deterministic O(3.214™)-time algorithm for solving DPGs. New ideas are needed to adapt
the layering technique to the analysis of strategy improvement algorithms.

On a final note, there is a simple reduction [31] from energy games to bipartite energy
games (i.e., E CVj x Vo UV x V7). Although this reduction will somewhat simplify part of
our proofs, this reduction only preserves the winning vertices but not the values.

5 Performing more locally improving switches does not necessarily imply a larger improvement. Thus,
Switch-All is not necessarily the best strategy improvement algorithm.

5 A non-binary game can be converted into a binary game, but the number of vertices in the new game
becomes proportional to the number of edges in the original game. AUSOs can also be considered over
non-Boolean “cubes”.
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2 Preliminaries

An energy game is played on a graph G = (Vp, V4, E,c), where VoNV; =0. V. =V, UV; is
the set of vertices, E C V x V is the set of edges and c¢: EF — R is the cost function. It is
assumed that every vertex has at least one outgoing edge.

The game is played by two players, Player 0 that controls the vertices in Vj, and Player 1
that controls the vertices in V7. Starting from an initial vertex ug € V, the players construct
an infinite path wg,u1,.... If u; € Vo, then Player 0 chooses the edge (u;,u;y1) € E. If
u; € Vi, then Player 1 chooses the edge (u;,u;y+1) € E. Let ¢; = e(u;—1,u;), for i > 1.
The value of this play from wug is the smallest ¢ € R>¢ U {oo} such that ¢ > Zle ¢; for
every k > 1. Equivalently ¢ = sup,~q Zle ¢; (when k& = 0 the sum equals 0). Player 0
wants to minimize ¢ while Player 1 wants to maximize it. Le., Player 0 wants to choose
short paths while Player 1 wants to choose long paths. The value of the game is a function
val(G) : V — R2% mapping every vertex to the value of the game starting at that vertex
(assuming both players play optimally). For ease of notation we abbreviate val(G) to val.

Let II, = {uqug ... ux € V*V, | Vi (u;, u;41) € E}, for p =0, 1, be the set of finite paths
(walks) in G that end in a vertex of V. The paths are not required to be simple.

» Definition 2.1 (Strategies, positional strategies). A strategy for player p, where p = 0,1,
is a mapping o : I, — E such that o(u1...ug) = (ug,v) € E for every uy...ux € II,.
A positional strategy for Player p is a strategy o such that o(uy ... ur) = o(ug) for every
up ... uy € I0,.

It is well known [15] that energy games are determined by positional strategies, i.e., each
player has a positional strategy that guarantees him at least the optimal value, no matter
what the initial vertex is. Therefore throughout this paper we will consider only positional
strategies. We denote by ¥, the set of all positional strategies of player p, where p = 0, 1.

» Definition 2.2 (play>* and val®7'). Let o9 € X and o1 € X1 be strategies of Players 0
and 1 and let uqy € V. Let play®° (uy) be the infinite path uius ... defined by (ug,ugr1) =
op(uk), if ug € Vp, for p = 0,1. Let ¢; = c(ug,uiq1), for i > 1. Let val®® (uy) =
max{0, supy>, Zf:l Ci}-

The following lemma follows immediately from Definition 2.2.

» Lemma 2.3. Let o € Xg, 7 € X1. The following holds for every u € V. with val®™™(u) > 0
If u € Vi then val™™ (u) = c(u,v) + val®™ (v), where o(u) = (u,v).
If u € Vi then val™™ (u) = c(u,v) + val®™ (v), where w(u) = (u,v).

» Definition 2.4 (f-tight edges). Let f : V — R2%. We say that an edge (u,v) € E is f-tight
if c(u,v) = f(u) + f(v) = 0.

Given positional strategies o € Yo, m € X1, we define the induced games G(o,-) =
(0,V,E(o,),c) and G(-,7) = (V,0, E(-,7), c), where

E(o,))=En{(u,v) |ue Vi Vo(u) = (u,v)},

E(,m)=En{(u,v)|ueVoVnr(u)=(u,v)}

The values of the induced games are denoted val?, val~™, respectively. The game G(o, )
is defined in the obvious way. Clearly, val(G(o, 7)) = val®™.
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» Definition 2.5. Given a strategy m € X1, the set BR(m) C Xg of best-response strategies to
7 is defined as BR(r) = {0 € Xy | Vo' € %o, val®™ <wal® "}. (Here, and in what follows,
val®™ < val®™ means that val”® ™ (u) < val"/’”(u), for everyu e V.)

» Remark. The set BR(w) consists of all optimal strategies for player-0 in G(-,7). In
particular, BR(w) # (). Also, val”™ = val>™ for every o € BR(w). Brim and Chalupka [5]
show that val™ and a strategy o € BR(w) can be found in polynomial time.

» Lemma 2.6 ([5]). Let G = (Vy,0, E,c) be an energy game controlled by player 0. There
is an O(mn + n?logn) algorithm that computes val(G) and a positional optimal strategy
o E Y.

» Lemma 2.7. For any u € V and strategies o € Yo, m € X1, if val”™(u) < 0o, then there
exists a vertex v € play” ™ (u) such that val®™(v) = 0. Moreover, there is a possibly empty
path of val®™-tight edges from u to v in G(o, ).

Proof. By contradiction, assume that val”™(v) > 0 for every v € play” ™ (u). Since play®™ (u)
is an infinite walk, it eventually cycles. That is, play”™(u) = wug...uxC*, where C =
Ugt1 - - - Uktg- Since val®™(u) < oo we have that val”™(u;) < oo for every ¢ > 0 and by
Lemma 2.3, val”™(u;) = c(ui, wir1) +val”™ (u;41) for every ¢ > 0. Summing these equations
fori = k+1,...,k+ ¢ yields that ¢(C) = 0. A standard argument shows that at least
one vertex (the vertex of minimal value) v € C has val”™(v) = 0, a contradiction. (This is
essentially the gasoline puzzle of Lovész [33, p. 31].)

Therefore, there exists a vertex v € play”™(u) with val”™(v) = 0. Let v be the first such
vertex. By Lemma 2.3, every edge on the path from u to v is val?™-tight, and this path is
contained in G(o, ). <

The following lemma states that the value function of an Energy Game can be attained by
solving a non-linear system of equations. This is the basis of many value-iteration algorithms
for Mean-Payoff games and Energy games. It is well known [6] that this system of equations
has a minimal solution (coordinate-wise).

» Lemma 2.8 ([6]). Let G = (Vo, V4, E,c) be an energy game. Then val : V — R=9U {oo0}
is the minimal function satisfying the following system of equations:

(i) For every u € Vp, val(u) = max (0, min{c(u,v) + val(v) | (u,v) € E}).

(ii) For every u € V1, val(u) = max (0, max{c(u,v) + val(v) | (u,v) € E}).

» Corollary 2.9. Let m € ¥4, and let u be such that val ™ (u) > 0. Then:
(i) If u € V then val ™ (u) < c(u,v) + val ™ (v) for every (u,v) € E.
(ii) If u € Vi then val ™ (u) = c(u,v) + val ™ (v) where w(u) = (u,v).

Next, we define greedy strategy improvement.

» Definition 2.10. Given a strategy ™ € X1, we define the set SI(w) C X1 of greedy strategy
improvements for m as follows. A strategy @' € X1 belongs to SI(w) if, for every u € Vi,

) = {ﬂ(u) if val "™ (u) > max{c(u,v) +val""(v) | (u,v) € E},

e € argmax{c(u,v) +val. (v) | (u,v) € E}, otherwise.

The following theorem is folklore. For completeness, we include its proof in Appendix A.

140:5
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» Theorem 2.11. Let 7 € ¥1,0 € BR(w) and let 7' € SI(w),0’ € BR(x'). It holds
that val®™ < val® ™. Moreover, if ©' # w then there exists a vertex u € Vy such that
val®™ (u) < val” ™ (u).

Note that Theorem 2.11 proves the termination of the following strategy improvement
algorithm for energy games. Start with an arbitrary strategy m; € X¥;, compute mo €
SI(my),m3 € SI(ma), ..., and terminate when m;41 = ;. Indeed, by Theorem 2.11 val ™ <
val ™+ for all 4, and val ™ (u) < val ™+ (u) for at least one” vertex u € V. Since the
number of strategies is a finite, the process must terminate. We refer to this algorithm as
greedy strategy improvement.

» Lemma 2.12. Let w € %y and ' € SI(x). It holds that val™™ (u) > c(u,v) + val "™ (v) for
every (u,v) € E, where u € V.

Proof. By the definition of SI(7), we have that c(u,v’) + val "™ (v') > c(u,v) + val ™ (v),
where (u,v") = 7'(u). By Lemma 2.8, applied to G(-,7), it holds that

val"ﬂ,(u) = max (0> c(u,v") + Ual‘,ﬂ,(v/» '
Therefore
val "™ (u) > e(u,v') + val "™ (V') > e(u,v') +val ™ (v") > e(u,v) + val "™ (v),

where the second inequality holds since val™ (v') > val"™(v') by Theorem 2.11. <

3 Greedy Strategy Improvement

In this section we use the layering technique to obtain key structural properties of the
Switch-All algorithm. These properties are used in Section 4 to obtain an O (n2™) upper
bound on the number of iterations that Switch-All performs on any n-vertex energy game.

Consider the sequence of strategies computed during the algorithm
(01,7m1), (02, 72), ..., (cN,7n). For convenience, from now on we let f; := val? ™. We
define the anchor of the ith iteration as 4; = {v € V | f;(v) = 0}. By Lemma 2.7, for
every i > 1 and v € V with f;(v) < oo, there exists a path of f;-tight edges from v to A; in
G(o;, ;). We now introduce the concept of layers, a partitioning of the vertices with finite
fi value. This structural definition is crucial for our analysis.

» Definition 3.1 (Layers). Let (o,7) € o x X1 and f = val®”™. Let A= {v | f(v) = 0}.
We define the following partitioning of {v | f(v) < oo} as follows. The first Layer Ly is
defined as

Ly = AU{v e Vi | v has an f-tight path of vertices in Vi to A}.
The next layers are defined recursively as follows. For j > 1 we let
Lyj ={v e Vy | v has an f-tight path of vertices in Vy to Laj_1} \ L<aj_1,

Loji1 ={v € Vi|v has an f-tight path of vertices in Vi to La;} \ L<aj,

where L<j := Uk,<j Ly. For convenience we define Lo = A. (Lo and Ly are the only layers
that intersect.) We denote by L; the jth layer with respect to f; = val®"™.

7 Tt can happen at most once that val”™ = val "™+ and m; # m;4+1. If this happens then val ™ (u) = 0
for every u € V such that m;(u) # mi+1(u). Moreover, because val "™ = val *™+! after such an iteration
it holds that m;41 = m;42.
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(2

» Remark. A basic but important observation is the following. Let u € L, v € Lf) be such
that a,b > 0 and (u,v) € F is f;-tight, then a < b+ 1. Moreover, if a,b belong to the same
player then a < b.

» Definition 3.2 (Static layers). Let f; = val?"™ as above and let L;'» be the layers as defined
in Definition 3.1 with respect to f;, where i > 2. We say that layers 0 to k > 0 are static at
iteration 1 if szl = L; £ 0 for every 0 < j < k and fi_1(v) = f;(v) for every v € Ligk.

» Definition 3.3 (Stable layers). Let f; = val®"™ and let the layers L; be as above. We say
that layers 0 to k > 1 are stable at iteration i if layers O to k — 1 are static at iteration i and
If k is even then B # Li"" C Lt and fi—1(v) = fi(v) for every v € Lj .
If k is odd then L?;l DL #0 and fi_1(v) = f;(v) for every v € Li.
We define layer 0 to be stable at all iterations. We let S(i) be the mazimal k such that layers
0 to k are stable at iteration i. We call S(i) the stability at iteration i. Note that S(i) > 0
for all 7.

The following lemma will be a key tool throughout this section.

» Lemma 3.4. Let (u,v) € E and assume fiy1(u) > 0. Then

If u € Vo, (u,v) is fi-tight and fi(v) = fiz1(v), then fi(u) = fit1(u).

Ifue Vi, (u,v) is fiy1-tight and fi—1(v) = fi(v) = fiy1(v), then fi(u) = fit1(u).
Proof. We begin with the first statement. Let u € V and (u,v) € E such that (u,v) is
fi-tight and f;(v) = fi+1(v). By Corollary 2.9, we get that

fir1(u) < e(u,v) + fir1(v) = c(u,v) + fi(v) = fi(u),

where the last equality holds since (u,v) is f;-tight. By Theorem 2.11, it holds that
fix1(w) > fi(u) and therefore f;y1(u) = fi(u).

For the second statement, Let u € V; and (u,v) € E such that (u,v) is f;11-tight and
fic1(w) = fi(v) = fiy1(v). By Lemma 2.12, we get that

fi(u) > c(u,v) + fi—1(v) = e(u,v) + fir1(v) = fir1(u),

where the last equality holds since (u,v) is fij+1-tight. By Theorem 2.11 we conclude that
fir1(u) = fi(u). <

» Lemma 3.5. Assume that layers O to k are stable at iteration i. Let ¢ be minimal such
that Lyt £ L8 Then, layers 0 to min{k,{} are stable at iteration i + 1.

Proof. We prove by induction on 1 < j < min{k, £} that:
If j is even and v € L}, then fiy1(v) = fi(v) and v € L§+1.
If j isodd and v € L;-H, then fiy1(v) = fi(v) and v € Lj.

We start with the base case j = 1. Recall that the first layer also contains the anchor and

therefore might have vertices from Vy. Let v € Li“. If v e Vythenv € A;4q, s0 fit1(v) =0.

By Theorem 2.11, we get that f;(v) = 0 and therefore v € L; The analysis of the case
v € V7 is identical to the inductive step and therefore omitted.

We now move to the inductive step. Let j > 2, we divide the proof into two cases as
follows.

8 We define £ = oo if L;+1 = L;-, for all j. In Figure 1 we give an example in which this can happen.
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Case 1: j is even. Thus v € V. By the definition of layer L , v has an f;-tight path
P =wvy(=v),v1,...,v,, where vg,v1,...,0,_1 € Lj7 to v, € Lj_1 = L;Jill

Since P is f;-tight, we get f;(vg) = Z:;Ol c(vi, viq1) + fi(vr). By Corollary 2.9, with
T = mit1, it holds that f;11(v;) < c(vi,vit1) + fit1(vig1) for every 0 < i < r — 1. Therefore

|
-

r

r—1
fira(vo) <D e(wiyvigr) + figa(ve) =Y e(vi,vigr) + fi(vr) = fi(vo), (1)
=0

i

Il
=]

where the first equality holds since v, € L§‘71 (and by the main induction hypothesis
on j). Hence, by Theorem 2.11 (fi+1 > fi), fi+1(vo) = fi(vo). Thus, all the inequalities in
Equation 1 are equalities, so P is f;y1-tight and therefore vy € L;.H.

Case 2: j is odd. Thus v € V5. By the definition of layer Li+1 v has an f;1-tight path

P =wvy(=v),v1,...,v,, where vy, v1,...,0,—1 € L;H, to v, € L’Jrl We prove that for every
s < r, it holds that v, € L;_l N L; N Lé“ and fi+1(vs) = fl_l(’us). The case s = 0 finishes
the proof of the lemma. The proof is by a backward induction on s =r —1,r —2,...,1.

We begin by showing that f;+1(vy—1) = fi(v.—1). The edge (v,—1,v,) € E is f;1-tight.
Since v, € L3+11, then by the main induction hypothesis on j, it holds that f;1+1(v,) = fi(v,).
Moreover, since j — 1 < min{k, ¢} we have that f;(v.) = fi—1(v,). By Lemma 3.4, we get
that fi+1(vr71) = fi(Urfl). ‘ ‘ .

Thus, (vy-1,v,) is also f;-tight, and therefore v,y € L}. By stability, L; C L;fl
and fi(v,—1) = fi—1(vr—1). We conclude that v,_q € L;_l NL;N L;H and fiy1(v—1) =
Jici(vr—1).

The proof of the induction step is similar. We use the inductive assumption f;11(vsy1) =
fi—1(vs+1) and apply Lemma 3.4. <

As a direct Corollary we get
» Corollary 3.6. Ifk:= S(i + 1) < S(i) then Lit" # Li.

Proof. By contradiction, assume L?‘l = Li, thus the minimal ¢ for which Li,“ # L} satisfies
¢ > k. By Lemma 3.5 we get S(i + 1) > k, a contradiction. <

The next two lemmas establish a connection between the behavior of layers 0 to k& and
the next layer Ly 1. They state that if the kth layer is static for sufficiently many iterations,
then the (k + 1)th layer becomes stable.

The next lemma states that even layers stabilize immediately. Intuitively, the reason for
this is that player 0 always plays according to a best response to the strategy of player 1.
Hence, as long as player 1 does not change his strategy at layers 0 to 2k, neither does player 0.

» Lemma 3.7. If layers 0 to 2k — 1 are static at iteration i + 1, then layers 0 to 2k are
stable at iteration i + 1.

Proof. Let v € Li,. By the definition of the layers, v has an f;-tight path P = vo(=

V), V1, ..., Up, contalnlng vertices of L%, to v, € L4, ;. As shown in the proof of Lemma 3.5,
fi+1(v5) = fi(vs) for every s < r and all edges on this path are also f;;-tight. We conclude
that v, € L;J,gl for all s < r. Hence, fi+1(v) = fi(v) and v € L?,;l. <

The following lemma states that if layers 0 to 2k remain static for sufficiently many
consecutive iterations (see Example C.1 in Appendix C), then the next odd layer Logiq can
only lose vertices and the f-values of its vertices will not change, i.e., layer 2k 4 1 is stable.
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» Lemma 3.8. If layers 0 to 2k are static at iterations ® i +1,...,i+n, then layers 0 to
2k + 1 are stable at iteration i + n.

Proof. Let v € Lyf" . By the definition of the layers, v has an fi;,-tight path!® P = v, (=
V), Vp_1, ..., Up, containing vertices of L’;,;ﬁl, to vy € L;J,g” Note that r < n. By the settings
of the lemma, L, = LU for every 0 <t <n, and fiyn(vo) = fi(vo) (since vy € LL5}).

We show by induction on 0 < s < r that fi1s(vs) = fiyn(vs). The base case s = 0
was mentioned above. Let s > 0, by the inductive assumption fi4s—1(vs—1) = fitn(vs—1).
Consider the edge (vs,vs—1), this edge is f;1,-tight. Therefore, by Lemma 3.4, f;is(vs) =
fitn(vs), concluding the inductive step.

Since 7 < n and fiys(vs—1) = fitn(vs—1) for every 0 < s < r, we get that fi1,—1(vs) =
fitn(vs) for every 0 < s < r. Thus, P is also f;1,—1-tight, so v € L?I;ZII. The case s = r
also gives us fiyn—1(v) = fitn(v), thus, layers 0 to 2k + 1 are stable at iteration i +n. <«

In particular, if layers 0 to 2k are static for n iterations then at the last iteration it is
guaranteed that layers 0 to 2k 4+ 1 are stable.

To summarize the results of this section, we analyzed the behaviour of S(7). In Corol-
lary 3.6 we showed that when S(7) decreases then an appropriate stable layer shrinks/expands.
In Lemmas 3.7 and 3.8 we showed that S(¢) should increase if it remained unchanged for
several iterations. Thus, in a span of n strategy improvements, either a stable layer shrinks/-
expands or the stability S(i) increases.

4 Bounding the number of iterations

We prove Theorem 4.1 which is our main theorem.

» Theorem 4.1. Let (01,71), (02, m2), ..., (0N, 7TN) be the sequence of strategy pairs computed
by greedy strategy improvement, then N = O(n2").

We carefully define a binary counter and show that it increases every n iterations of
greedy strategy improvement. Let k = S(i). We define the stable binary counter, denoted as
b, as follows

0...010....01.....1..... 1....1 00......... 01 k is even
—_—

R T 2 D N DA e 2

b = -
..... 010...0 L0000 1000 & is odd.
LN R U Ry

That is, except for layer 0, even layers correspond to a sequence of 1s and odd layers
correspond to a sequence of 0s. We denote the last n + 1 — ’Uj<k L;' bits as the padding
bits. Note that the padding depends on the parity of k.

» Lemma 4.2. For everyi > 1, bt > b, Moreover, bt = b' if and only if S(i + 1) =
S(2) := k and layers 0 to k are static at iteration i + 1.

9 A tighter bound would be to say: at iterations i + 1,...,i 4 a, where a = |Vi| — |V1 N L%2k|.
10Note the change in indices, v, = v is the first vertex of the path.
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Proof. Let k; = S(i), kir1 = S(i + 1). We divide the proof into three cases as follows.

Case k;+1 > k;. This means that layers 0 to k; are static at iteration ¢ + 1 and therefore
the most-significant bits of b?, b*T1, corresponding to layers 0 to k;, are the same. Thus, it
suffices to prove that the suffix of b**! is larger than the padding of b°. If k; is even then
the padding of b® equals 1 (as a binary number). Since the length of the binary counter is
n + 1, then every suffix of the binary counter that has all the bits corresponding to at least
one layer (and the padding bits) has a value of at least 2. It follows that the suffix of b**!
that start at layer k; + 1 has a value of at least 2. Assume k; is odd. Then the padding of b
equals 10---0. Since k;;1 > k;, it holds that \L?iﬁ > 1. Thus, the suffix of b**! also starts
with 1 as the most significant bit (actually |L}J_~1_1| many 1s) but then it is followed by the
padding which is at least 1. Hence b'T1 > b'.

Case kjy1 = k;. Let k= Fk;. If Li™' = L then b""! = b’ and layers 0 to k are static in
iteration ¢ + 1. Assume Lj"' # Li. If k is odd then Lj™ C Li then b"*! > b?, since the
padding became longer. If k is even then L} C Li"' then again b'*! > b’, since there are
now more leading bits of 1 before the padding.

Case ki1 < k;. By Corollary 3.6 we get that L?jl #* L};Hl. As in the previous case, this
means bt > bl <

We are ready to prove Theorem 4.1.

Proof of Theorem 4.1. Since b’ is a binary number with n + 1 digits, it can increase at most
O(2") times. By Lemma 4.2, b**1 = b® if and only if S(i + 1) = S(i) and layers 0 to S(i) are
static at iteration ¢ + 1. By Lemmas 3.7 and 3.8 this can happen for at most n consecutive
iterations. Thus, at least once in every n consecutive iterations, b strictly increases, resulting
in our stated upper bound of O(n - 2"™) iterations for greedy strategy improvement. |

5 Random-Edge

Random-Edge is perhaps the most natural choice for a random strategy improvement
algorithm. Given a strategy m € 31 (to which player 0 chooses an optimal counter strategy
o € BR(m)), Random-Edge considers the set Ef = {(u,v) € E |u € Vi A c(u,v)+val ™ (v) >
val"™(u)} of improving switches. Then a random edge (u,v) € Ey is chosen and the new
strategy for player 1 is defined as 7/, where 7/(w) = (u,v) if w = u and 7'(w) = w(w),
otherwise. A similar theorem to Theorem 2.11 shows that this strategy improvement algorithm
terminates. We say that an edge (u,v) € E is f-valid (or just valid if f is clear from context)
if ¢(u,v) — f(u) + f(v) <0. In particular, an edge e € E(V4,V) is an improving switch if it
is not val"™(u)-valid (invalid).

» Theorem 5.1. Let (01,m1),(02,7m2), ..., (on,TN) be the sequence of strategies computed
during Random-Edge, then E[N] = O(mn?logn - 2").

In our analysis (and hence also definition) of stable/static layers, we heavily relied
on Lemma 2.12, i.e., that if v € V4 has an improving switch (u,v) then greedy strategy
improvement will increase the potential of u enough to make this edge tight (as long as f(v)
does not change). This does not hold anymore when using Random-Edge since only one
vertex in V; switches its strategy. Therefore we need to strengthen the definition of stability
in order to achieve the same structural properties we had (to the current case in which only
a single edge is switched at each iteration). Let E% be the set of improving switches with
respect to f; (i.e., the set of outgoing edges of V; that are invalid with respect to f;).
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We now define strongly static layers and strongly stable layers. Layers 0 to k are strongly
static (stable) if they are static (stable) and there are no improving switches (for vertices
in V1) that can change the structure of those layers because of the improving switch. This
means that no vertex in V4 N L<j has an improving switch and that no vertex of V1\L<y
has an improving switch that connects it to L<j. In the case of strong stability, when £ is
odd, we allow vertices in the last layer to have improving switches to V' \ L<j. (We allow
this because odd layers are supposed to shrink.) We get the following definitions.

» Definition 5.2 (Strongly static layers). Layers 0 to k > 0 are strongly static at iteration i
if they are static at iteration i and

If k is even then B ' N (BE(LL,_, NV1,V)UE(Vi, LY, _,)) = 0.

If k is odd then Ey ' N (E(LL, NV4,V)UE(V4, LL,)) = 0.

» Definition 5.3 (Strongly stable layers). Layers 0 to k > 1 are strongly stable at iteration i
if they are stable at iteration i, layers 0 to k — 1 are strongly static at iteration i, and if k is
odd then Ey' 0 (E(L}, L) U E(V, L)) = 0.

We define S’(i) with respect to the strongly stable layers similarly to S(i). We also define
the strongly stable binary counter b% with respect to S’(i), similarly to b’

Lemmas 3.5 and 3.7 transfer immediately to the strong stability settings. Their proofs
are almost identical to the original ones, hence deferred to Appendix B and are regarded as
Lemmas 3.5’ and 3.7

Unlike Corollary 3.6 for greedy strategy improvement, if k := S’'(i+1) < S’(i), we cannot
claim that the kth layer changed. The following lemma states that if £ is even then the
claim holds. For odd values of k, the kth layer can remain the same (this also means that b
decreases!) and therefore we need a more delicate analysis which is given in Lemmas 5.5
and 5.6.

» Lemma 5.4. Assume k:= S'(i +1) < S'(i). If k is even then Li C L.

Proof. By contradiction, assume L}‘C = L?‘l. Therefore layers 0 to k are strongly static

at iteration ¢ + 1. We show that S'(i +1) > k + 1 (a contradiction). Let v € L;;ll and
Li—‘rl

let P = vo(=v),v1,...,v, be an f;1-tight path, where vo,...,v,—1 € L1}, and v, € L}:‘l.

We prove by backward induction on s < r that vs € L} (S L;;:l by stability) and

fit1(vs) = fi—1(vs). We only prove the base case s = r — 1 as the inductive step is similar.

Since S’(i) > S'(i + 1) = k, we get that v, € Li " and fi11(v,) = fi—1(v.). We get

0=c(vr_1,v) + fix1(vr) = fix1(vr—1) < c(vp—1,v0) + fic1(vp) — fici(ve_1).

By strong stability at iteration 4, (v,._1,v,) is f;—1-valid and therefore, by the last inequality,
it is also tight. Hence fi11(vy—1) = fi—1(v.—1). Thus, (v,._1,v,) was also tight at iteration i
and therefore v,_, € L2+1- Since S’(i) > k, we get v,_1 € L}erll,

We have shown that layers 0 to k41 are stable. It remains to prove that at iteration ¢ there
are no improving switches in E(L;;ll, Lgcl-u) U E((Vy, L;jrll). By our previous observations,
fir1(v) = fi—1(v) for every v € Lg}clﬂ. Therefore if one of these edges is an improving switch
at iteration 4, then it was also an improving switch at iteration ¢ — 1 (a contradiction to

S'(i) > k). <

The following lemma addresses the case in which layers 0 to k, where k is odd, are static
and strongly stable, but not strongly static. The lemma states that in this case, S’ cannot
increase in the next iteration. Note that this cannot occur with greedy strategy improvement
(Lemma 3.7), since an even layer stabilizes immediately when the previous layer becomes
static.

ending the inductive proof.
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» Lemma 5.5. Assume k := S'(i) is odd and L, = Li"". Then S'(i +1) < k.

Proof. Note that layers 0 to k are not strongly static at iteration ¢ since otherwise, by
Lemma 3.7’, we get S’(i) > k + 1. By contradiction, assume S’(i + 1) > k.

Since S'(i) = k and L} = Lf;l, then by strong stability (and the fact that the layers are
not strongly static), there is an edge e € E(L};_l7 V\ Li<_kl) which is an improving switch
with respect to f;_1. Thus, e is also an improving switch with respect to f; (f did not change
inside Ligkl during these iterations). This contradicts the assumption S’(i + 1) > k, since
the first & layers must be strongly static at iteration i + 1. |

» Remark. As seen in the last proof, as long as the last layer does not change and e = (u,v)
remains an improving switch, S’ cannot increase. Hence, an improving switch at u is crucial
in order to make progress. Luckily, in Random-Edge, this event has high probability of
happening over a span of O(mlogn) strategy improvements.

» Remark. Note that unlike the proof of Theorem 4.1, by can decrease when S’(i +1) < S'(i)
and k := S'(i + 1) is odd and LZH = Li. (as stated in the previous remark this happens
since there is a vertex in L?c with an improving switch to V '\ L% x Which Random-Edge did
not choose yet.) The following lemma states that the next time b, does increase, it will be
larger than b? (i.e., highest so far).

» Lemma 5.6. Assume S'(i+ 1) := k < S'(i) for an odd k. Let k; = S'(i+ j) for j > 1.
Let ¢ > 1 be minimal such that either k; is even or LZ‘:E # Li‘l‘f—l_ Then b+t > bt

Proof. Assume ky is odd (and that Lge * Lzy_l). By the assumption, for every 1 < s < £,
ks is odd and LZ‘:S = L;;ts_l. By Lemma 5.5 this means that ki, ..., k; is monotone non-
increasing. Therefore, b? and bi** share the most significant bits corresponding to the layers
Li<ke = L’jkl; Since LE‘Z #+ Lfcje_l (and by stability this means L@'e C Lgé_l), we get that
bitt > bl

Assume ky is even. By the assumption, k;_1 is odd. By Lemma 5.5 it holds that ky < kg1,
s0 kg < kg1 (different parity). Hence, by Lemma 5.4 it holds that Li;l C Lﬁ{. By stability,
during iterations 4, ...i + ¢, the first k;, — 1 layers did not change and therefore bi*¢ > bi. <

Recall the proof of Lemma 3.8. We considered a tight path of length r to L’;k'a at iteration
i+ a. We proved by induction that after ¢ iterations, the last ¢ vertices on this path belong to
Logy1 (i-e., each iteration guarantees that another vertex on this path “stabilized” in Logy1).
In the case of Random-Edge we cannot give this deterministic guarantee since only one
random edge is switched at a time. However, since each improving switch might be chosen
with probability Q(%), we can say that after ©(tm logn) iterations, with high probability, the
last ¢ vertices on the path do belong to Log41. This observation is summarized in following
lemma, whose proof, due to space constraints, is deferred to Appendix B.

» Lemma 5.7. Assume S'(i + j) =k and ijj = Li, for every 0 < j < L. If k is even then
¢ < 3mnlnn with probability at least %

» Corollary 5.8. Assume S'(i + j) = k and L?j = L, for every 0 < j < (. If k is even
then E[{] = O(mnlogn).

» Lemma 5.9. Assume S'(i +j) = k , for every 0 < j < £. If k is odd then E[{] =
O(mnlogn).

Proof. Same proof as for Lemma 5.7. After Q(mnlogn) iterations the first k layers should
be strongly static and by Lemma 3.7’, after another iteration S’ > k + 1. <



D. Dorfman, H. Kaplan, and U. Zwick

We are ready to prove Theorem 5.1.

Proof of Theorem 5.1. We show that every Q(mn?logn) iterations, b, is expected to in-
crease and become higher than all of its previous values at least once.

Consider Q(mn?logn) consecutive iterations. As in the proof of Theorem 4.1 and by
Lemma 5.6, whenever by increases, it becomes higher than all of its previous values. Therefore
if S’ increases during these iterations then we are done. By Corollary 5.8 and Lemma 5.9,
bs remains unchanged for at most O(mnlogn) iterations in expectation. As stated in the
Remark before Lemma 5.6, the only way for bs to decrease is when S’ decreases to an odd
value and the last layer did not change. Therefore bs can decrease at most n times without
increasing, resulting in the O(mn?logn - 2") bound. <

6 Concluding remarks and open problems

We have presented an O(n2™) bound on the number of iterations Switch-All performs on
energy games and an O(mn?logn -2") expected bound for Random-Edge. To the best of our
knowledge, this is the first exponential bound of the form 2", rather than the total number
of strategies which is n™, for non-binary EGs or DPGs.

Since the layering technique of Dorfman, Kaplan and Zwick [10] also applies for the result
of Kozachinskiy [31] for DPGs, a natural question is whether Switch-All and Random-Edge
have exponential bounds for DPGs also.

Another interesting direction for future research is to incorporate the binary-counter
progress measure, which can be computed in polynomial time, into the design of a faster
algorithm for solving Energy Games, or more generally, any class of games that admits a
similar layered structure.
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A Correctness of Strategy Improvement
The next two lemmas give structural insights on the costs of edges in play®™ and play"/’”/.

» Lemma A.1. Let o,0',7,7" be as in Theorem 2.11. Let u € V with val®™(u) > 0.
(i) If u € Vo, then val®™(u) < c(u,v) + val®™(v) where (u,v) = o' (u).
(i) If u € Vi, then val”™(u) < c(u,v) + val®™(v) where (u,v) = «'(u). Moreover, if
7' (u) # 7(u) then the inequality is strict.

Proof.
(i) Immediate by Corollary 2.9.
(ii) If 7' (u) = 7w(u) then val®™(u) = c(u,v) + val®™(v). Otherwise, since n’ € SI(m) we
get val®™ (u) < c(u,v) +val”™(v). <

» Lemma A.2. Let 0,0, 7,7 be as in Theorem 2.11. Let uy,...,ur = u1 be a cycle in
G(o', 7). If val®™(u;) > 0 for every 1 < i < k, then the cycle is positive.

Proof. By Lemma A.1 the modified costs, with respect to f = val®™, of all edges on the
cycle are nonnegative. Thus, the modified cost of the cycle, and hence its original cost, is
nonnegative. Assume, for the sake of contradiction, that the cost of the cycle is 0 (so all its
edges are tight). By Lemma A.1(ii) we have 7’(u;) = 7(u;) for every i such that u; € V;.
Thus uq, ..., ux is also a cycle in G(o’, ) and since it has zero cost there exists 1 <1i < k
such that val® ™ (u;) = 0 < val®™ (u;), a contradiction to o being a best-response to 7. <

We are now ready to prove Theorem 2.11.

Proof of Theorem 2.11. Let v € V, we prove val”™ (v) < val® ™ (v). If val®™ (v) = 0 then
this holds trivially. Assume val®™(v) > 0 and let P = vq, vg, ... be the infinite walk in G(o”, 7’)
starting at v; = v. If val”™(v;) > 0 for all ¢ then by Lemma A.2, P loops over a positive
cycle and thus val® ™ (v) = 0o > val®™ (v). Otherwise, let j be the minimal index such that
val” ™ (v;) = 0. By Lemma A.1 it holds that c(v;, viy1) +val” ™ (viy1) — val®™ (v;) > 0 for all
1 < 7. Summing these terms up we get

Jj—1 j—1
0< c(vi, Vig1) +val”™ (v;) —val®™(v) = Y c(vi, Vig1) — val” ™ (v).
1

i=1 i

Thus, P has a prefix with cost at least val”™(v) yielding val® ™ (v) > val®™(v).

We are left to prove that if 7 # 7/, then there exists a vertex u € V' such that val”™(u) <
val® ™ (u). Let u € V4 be such that (u,v) = 7/(u) # 7(u), therefore val®™(u) < co. By
Lemma A.1(ii), it holds that c¢(u,v) + val”™ (v) — val”™(u) > 0. Let P = vy, v2,... be the
infinite walk in G(o/,7’) starting at v; = u. As in the previous argument if val”™(v;) > 0
for all i then val® ™ (u) = co > val®™ (u). Otherwise, as above, we get that

j—1
0< Z (v, Vig1) — val”™ (u),

i=1

thereby proving the theorem. <
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B Missing Proofs

Proof of Lemma 3.5’. By induction on 0 < j < min{k,¢}. The case j = 0 is trivial. As in
the proof of Lemma 3.5, we prove:

If j is even and v € L;, then f;11(v) = fi(v) and v € L;fl.

If j is odd and v € L}H, then fiy1(v) = fi(v) and v € LY.

The case in which j is even is identical to the original proof of Lemma 3.5.

Assume j is odd and let v € L;“. Thus v € V;. By the definition of the layers, v has
an f;11-tight path P = vo(= v),v1, ..., v, containing vertices of L;Jrl, to v, € L;fll The
following claim (specifically, the case s = 0) finishes the proof.

> Claim B.1. For every s < r, it holds that v, € Lé_l N L; N L;H and fiy1(vs) = fiz1(vs).

Proof. The proof is by a backward inductionon s =r — 1,7 —2,..., 1.

We begin by showing that f;y1(v.—1) = fi(v,—1). Consider the edge ¢ = (v,_1,v,) € E
which is f;411-tight. Since v, € L;‘tll, then by the induction hypothesis of the main induction
on j, it holds that f;11(v.) = fi(v.). Moreover, since j — 1 < min(k,¢) we have that

fi(v.) = fi_1(v,.). By strong stability'! at iteration i, e must be f;_;-valid, hence

fic1(vr—1) > c(e) + fi—1(ve) = cle) + fir1(vr) = fir1(vr—1),

where the last equality holds since P is f;1+1-tight. Hence fi11(vr—1) = fi—1(vr—1).
Thus, e is also f;-tight, and therefore v,_; € L; By stability, Lj» C Lj-_l and we are
done. <

The proof of the induction step is similar. We use the equality fiy1(vst1) = fi—1(vst1)
and the inductive assumption that ve,; € L% to deduce that vy € L and that f;1(vs) =

fi—l(Us)~ |

Proof of Lemma 3.7’. The proof that the first 2k layers are stable at iteration 7 + 1 is
identical to the original proof (but this time uses Lemma 3.5 instead of Lemma 3.5). The
first 2k — 1 layers are strongly static by the assumption. Hence, by the definition of strong
stability, the first 2k layers are strongly stable at iteration i + 1 <

Proof of Lemma 5.7. The assumption implies that the first k& layers are strongly static
during those iterations. We bound the probability that £ > 3mnInn.

Let v € L;jfl and let P = vg...v,. be an f;;,-tight path in ijfl from v = vy to
vr € LZH(: Li). We prove by backward induction on s < r that with probability of at
least 1 — (r—s)- 5 , v, € Lf;jl for every j > 2(r — s) - mlnn. i.e., the tth last vertex on
P stayed in layer k + 1 since iteration ¢ + ¢ - mInn. Indeed, assume {v,,v,_1,...,0s} are
in L4 since iteration T =i+ 2(r — s) -mnlnn. If e = (vs_1,vs) is fr-valid, then we are
done (since fr(vs) = fire(vs) and thus e is tight and will remain so). Assume that e is
an improving switch with respect to fr. Hence, in each iteration (until e becomes valid)
there is a probability of at least % that e will be chosen by Random-Edge. Therefore with
probability of at least 1 — 7712’ after 2m Inn iterations e will become valid and therefore vg_q
belongs to layer k + 1 since iteration T+ 2mlnn = ¢+ 2(r — s + 1) - mInn until iteration .

The inductive claim is achieved by applying union bound with the inductive step.

' This is the only deviation from the original proof.
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Hence, with probability of at least 1 —n - %, all vertices in L?jfl remained in layer

k + 1 since iteration i + 2mnlnn < i+ £ — mnlnn (and their f values did not change).
This means that the first k + 1 layers are static since iteration i + 2mnlInn for at least
mnlnn iterations. Since the first k£ 4+ 1 layers are not strongly stable, there is an edge e €
E (L}:flm” tnn Lgkzﬂ” nmy U B(W, Lgfﬂ” ") which is an improving switch since iteration
i+ 2mnlnn. The probability of e not being chosen until iteration i + ¢ is at most #

Therefore, by union bound, the probability that the assumption of the lemma holds is at

leastl—n~#—n—122%. <
C Example

» Example C.1. In the following example we present a game graph in which, during
greedy strategy improvement, it takes several iterations for an odd layer to stabilize. Let
G =y ={s},Vi ={v1,...,um},c) be the game graph illustrated in Figure 1. The edge
costs satisty c(v;,v;—1) = 0,c(v;,8) = 1 for every 2 < i < m and ¢(s,s) = 0,¢(v1,8) = 2.
Note that V is winning for player-0, and moreover s is winning for player-0 with 0 initial
energy.

Let the initial strategy for player-1 be m1(v;) = s for all . The strategy edges are full
lines, while non strategy edges are dashed. It is easy to see that L} = {s}, L1 = V since we
have f1(s) =0, fi(v1) =2, fi(v;) = 1 for every ¢ > 2. Note that (vy,v1) is the only improving
switch with respect to f; and therefore player-1 performs an improving switch.

By induction, we get that

S 1=1
) 2 i<k & &
wk(vi): v 1<i<k, fk(vi): ) s LOZ{S},L =V
, 1 i>k
S 1>k

Thus, it takes Ly at least m — 1 iterations to stabilize.

Figure 1 The energy game is given on the left. Red squares refer to player 0 and blue circles
refer to player 1. The sequence (a)-(d) corresponds to greedy strategy improvements. Dashed edges
are not used in the current strategy of player 1. Strategies (a) — (c) are the first 3 strategies, while
strategy (d) is the strategy at iteration m.
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