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Stochastic Mean Payoft Games:
Smoothed Analysis and Approximation Schemes *

Endre Boros' Khaled Elbassionit Mahmoud Fouz? Vladimir Gurvich*
Kazuhisa Makino¥ Bodo Manthey!!

Abstract. We consider two-person zero-sum stochastic mean payoff games with perfect information
modeled by a digraph with black, white, and random vertices. These BWR-games games are polynomially
equivalent with the classical Gillette games, which include many well-known subclasses, such as cyclic
games, simple stochastic games, stochastic parity games, and Markov decision processes. They can also
be used to model parlor games such as Chess or Backgammon.

It is a long-standing open question whether a polynomial algorithm exists that solves BWR-games.
In fact, a pseudo-polynomial algorithm for these games with an arbitrary number of random nodes
would already imply their polynomial solvability. Currently, only two classes are known to have such
a pseudo-polynomial algorithm: BW-games (the case with no random nodes) and ergodic BWR~games
(i.e., in which the game’s value does not depend on the initial position) with constant number of random
nodes. In this paper, we show that the existence of a pseudo-polynomial algorithm for BWR-~games with
constant number of random vertices implies smoothed polynomial time complexity and the existence
of absolute and relative polynomial-time approximation schemes. In particular, we obtain smoothed
polynomial time complexity and derive absolute and relative approximation schemes for the above two
classes.

1 Introduction

Stochastic games with perfect information and mean payoff were introduced in 1957 by Gillette
[18]. In an equivalent formulation [20, 10, 7], which is called mean stochastic payoff games
or BWR-games, we are given a directed graph G = (V, E) whose vertex set V is partitioned
into three subsets V = Vg U Vi U Vi that correspond to black, white, and random positions,
respectively. The black and white vertices are owned by two players: BLACK — the minimizer
— owns the black vertices in Vg, and WHITE — the mazimizer — owns the white vertices in Vyy .
The vertices in Vi are owned by nature. Furthermore, we have a local reward r. € R for each
arc e € F. Finally, there are given probabilities p,, for all arcs (v,u) going out of v € Vx.
Vertices v € V are also called positions and arcs e € E are also called moves. Starting from
some vertex vg € V, a token is moved along one arc e in every round of the game. If the token
is on a black vertex, BLACK selects an outgoing arc e and moves the token along e. If the token
is on a white vertex, then WHITE selects an outgoing arc e. In a random position v € Vg, a
move e = (v, u) is chosen according to the probabilities p,, of the outgoing arcs of v. In all
cases, BLACK pays WHITE the reward r. on the selected arc e.

From a given initial position vy € V the game produces an infinite walk {vg, v1,va, ...} (called

a play). Let b; denote the reward r,,,,, received by WHITE in step 7 € {0,1,...}. The undis-
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counted limit average effective payoff is defined as the Cesaro average ¢ = liminfy, ;o0 =545
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WHITE’s objective is to maximize ¢, while the objective of BLACK is the opposite, i.e., to
minimize lim sup,,_, %.

The important special case of BWR-games without random vertices, i.e., Vg = ), is known
as cyclic or mean payoff games [31, 17, 20]; for convenience, we will call these BW-games. A
more special case was considered extensively in the literature under the name of parity games
[11, 21, 22, 24], and later generalized also to include random vertices [10]. A BWR-game is
reduced to a minimum mean cycle problem in case Viy = Vg = 0 or Vg = Vg = ), which can
be solved in polynomial time [25]. If one of the sets Vp or Viy is empty, we obtain a Markov
decision process for which polynomial-time algorithms are also known [30]. Finally, if both sets
are empty Vg = Viy = (), we get a weighted Markov chain.

In the special case of BWR-games when all rewards are zero except for m terminal loops
we obtain the so-called Backgammon-like games [9]. In case of m = 1, we obtain simple
stochastic games (SSGs), introduced by Condon [14, 15] and considered in several papers (e.g.
[19, 21]). In these games, the objective of WHITE is to maximize the probability of reaching the
terminal, while BLACK wants to minimize this probability. Recently, it was shown that Gillette
games (and hence BWR-games [7]) are equivalent to SSGs under polynomial-time reductions
[1]. Thus, by recent results of Halman [21], all these games can be solved in randomized
strongly subexponential time 20(Vralogna) poly(|V|), where ng = |Vp| 4 |Vi| is the number
of deterministic vertices (see also [4, 29]). Let us note that several pseudo-polynomial and
subexponential algorithms exists for BW-games [20, 26, 41, 33, 5, 21, 40]; see also Dhingra and
Gaubert [16] for a policy iteration method, and Jurdzinski et al. [24] for parity games.

Besides their many applications (see, e.g., [28, 23]), all these games are of interest to com-
plexity theory: Karzanov and Lebedev [26] (see also [41]) proved that the decision problem
“whether the value of a BW-game is positive” is in the intersection of NP and co-NP. Yet, no
polynomial algorithm is known even in this special case, see e.g., the recent survey by Vorobyov
[40]. A similar complexity claim can be shown to hold for SSGs and BWR-games [1, 7]. On the
other hand, there exists algorithms (see, e.g., [20]) that solve BW-games in practice very fast.
The situation for these games is thus comparable to linear programming before the seminal
discovery of the ellipsoid method, where the problem was also known to lie in the intersection
of NP and co-NP and where the simplex algorithm proved to be a fast algorithm in practice. In
[37], Spielman and Teng introduced smoothed analysis to explain the practical performance of
the simplex method. We further enforce this analogy by showing a smoothed polynomial com-
plexity for BWR-games. Recently, it was also shown that, in the unit cost model, a polynomial
algorithm for linear programming would imply a polynomial algorithm for BW-games [36].

While there are numerous pseudo-polynomial algorithms known for the BW-case [20, 41, 33],
pseudo-polynomiality for BWR~games (with no restriction on the number of random nodes) is
in fact equivalent to polynomiality [1]. It was shown by Gimbert and Horn [19] that simple
stochastic games on k random vertices can be solved in time O(k!(|V||E| + L)), where L is the
maximum bit length of a transition probability. (Even though BWR-games are polynomially
reducible to simple stochastic games, under this reduction the number of random vertices k be-
comes a polynomial in n, even if the original BWR~game has constantly many random vertices.)
Recently, a pseudo-polynomial algorithm was given for BWR-games with a constant number
of random vertices and polynomial common denominator of transition probabilities, but under
the assumption that the game is ergodic, i.e., the game value does not depend on the initial
position [8]. However, the existence of a similar algorithm for the non-ergodic or non-constant
number of random vertices remains open, as the approach in [8] does not seem to generalize to
these cases.



1.1 Our Results and Some Related Work

Approximation schemes for BWR-games. As for approximation schemes, the only result
we are aware of is the observation made by Roth et al. [35] that the values of BW-games can be
approximated within an absolute error of € in polynomial-time, if all rewards are in the range
[—1,1]. This follows immediately from truncating the rewards and using any of the known
pseudo-polynomial algorithms [20, 33, 41].

In this paper, we generalize this result in two directions. Let us say that a digraph G =
(VB U Viy U Vg, E) admits a pseudo-polynomial algorithm, if there is an algorithm that solves
any BWR-game G on (G, with integral rewards and rational transition probabilities, in time
polynomial in n, D, and R. Here, n = n(G) is the total number of vertices, R = R(G) is the
size of the range of the rewards, and D = D(G) is the common denominator of the transition
probabilities. For instance, G admits a pseudo-polynomial algorithm if it has no random vertex
(i.e., BW-games), or when it has a constant number of random nodes and is structurally ergodic,
e.g., when G is a complete tripartite digraph; see [8] for more general sufficient conditions for
structural ergodicity.

Let pmin = Pmin(G) be the minimum positive transition probability in the game G. Through-
out the paper, we will assume that the number of random vertices &k is bounded by a constant.

Theorem 1.1. Let G be a digraph that admits a pseudo-polynomial algorithm. For any e > 0,
there is an algorithm that returns, for any given BWR-game on G with rewards in [—1,1], a pair

of strategies that approzimates the value, within an absolute error of €, in time poly(n, pim, %)

We also obtain an approximation scheme with a relative error.

Theorem 1.2. Let G be a digraph that admits a pseudo-polynomial algorithm. For any e > 0,
there is an algorithm that returns, for any given BWR-game on G with non-negative integral
rewards and rational transition probabilities, a pair of strategies that approximates the value,
within a relative error of €, in time poly(n,log R, %)

Note that our reduction in Theorem 1.1, unlike Theorem 1.2, has the property that if the
pseudo-polynomial algorithm returns optimal strategies that are independent of the starting
vertex, the so-called uniformly optimal strategies, then so does the approximation scheme. For
BW-games, i.e., the special case without random vertices, we can also strengthen the result of
Theorem 1.2 to return a pair of strategies that is uniformly e-optimal.

In deriving these approximation schemes from a pseudo-polynomial algorithm, we face two
main technical challenges which distinguish the computation of e-equilibria of BWR-games
from similar standard techniques used in optimization: (i) the running time of the pseudo-
polynomial algorithm depends polynomially both on the maximum reward and the common
denominator D of the transition probabilities; thus to obtain an FPTAS with an absolute
guarantee whose running time is independent of D, we need to truncate the probabilities and
bound the change in the game value, which is a non-linear function of D, (ii) to obtain an FPTAS
with a relative guarantee, one needs (as standard in optimization) a (trivial) lower /upper bound
on the optimum value; this is not possible in the case of BWR-games, since the game value can
be arbitrarily small; the situation becomes even more complicated, if we look for uniformly e-
optimal strategies, since we have to output one pair of strategies which guarantees e-optimality
from any starting position.

In order to resolve the first issue, we analyze the change in the game values and optimal
strategies if the rewards or transition probabilities are changed. Roughly speaking, we use
results from Markov chain perturbation theory to show that if the probabilities are perturbed
by a small error §, then the change in the game value is O( 5223 ); see Section 3.2. The second issue
is resolved through repeated applications of the pseudo—;gﬂ(l)riynomial algorithm on a truncated
game; after each such application either the value of the game has already been approximated




within the required accuracy, or it is guaranteed that the range of the rewards can be shrunk
by a constant factor without changing the value of the game; see Sections 3.4 and 3.5.

Since BW-games and structurally ergodic BWR~games with constant number of random
vertices admit pseudo-polynomial algorithms, we obtain the following results.

Corollary 1.3. (i) There is an FPTAS that solves, within a relative error guarantee, in uni-
formly e-optimal strategies, any BW-games with non-negative (rational) rewards.

(ii) There is an FPTAS that solves, within an absolute error guarantee, in uniformly e-
optimal strategies, any structurally ergodic BWR-game with 1/pmin = poly(n) and rewards in
[—1,1].

(iii) There is an FPTAS that solves, within a relative error guarantee, in uniformly e-optimal
strategies, any structurally ergodic BWR-game with 1/pmin = poly(n) and non-negative rational
rewards.

Note that (i) strengthens the absolute FPTAS for BW-games [35], and (ii) and (iii) enlarge
the class of games for which an FPTAS exists.

Smoothed Analysis for BWR-games. We further show that typical instances of digraphs
that admit a pseudo-polynomial algorithm can be solved in polynomial time. Towards this
end, we do a smoothed analysis using the one-step model introduced by Beier and Vocking [3]:
Given an upper bound ¢ for the densities, an adversary specifies a BWR game G together with
density functions, one for each arc. Then the rewards for all arcs are drawn independently
according to their respective density functions. We prove that in this setting, independent of
the actual choices of the adversary, the resulting game can be solved in polynomial time with
high probability, which shows that such BWR-games with a constant number of random vertices
have smoothed polynomial complexity. This means that there exists a polynomial P(n,¢,1/¢)
such that the probability that the algorithm exceeds a running-time of P(n, ¢, 1/¢) is at most ¢.

Theorem 1.4. Let G be a digraph that admits a pseudo-polynomial algorithm. There is an
algorithm that solves any BWR-game on G with rational transition probabilities and D = poly(n)
i smoothed polynomial time.

Our proof of Theorem 1.4 follows the general paradigm introduced by Beier and Vécking [3]
for using a pseudo-polynomial algorithm to analyze the smoothed complexity of integer pro-
grams. However, in the case of BWR-games, the situation becomes more complicated by the
following two facts. First, we have to deal with two different objectives (of the two players),
and, second, the coefficients of the objectives are not given explicitly, but correspond to the
limiting distributions in the Markov chains corresponding to the different strategies. To prove
that BWR-games can be solved in smoothed polynomial time, we first need a new isolation
lemma. In contrast to the existing isolation lemmas used in smoothed analysis of optimization
problems, our isolation lemma has to deal with two players who optimize the same objective
function in two different directions. Second, our procedure for certifying that the solution found
is indeed the optimal solution is considerably more involved. The reason is again that we have
two competing players, which requires careful rounding of the coeflicients in order to certify
optimality.

Chen et al. [12] have analyzed the smoothed complexity of the Lemke-Howson algorithm for
computing equilibria in bimatrix games. They have shown that the Lemke-Howson algorithm
— and also any other algorithm — has smoothed polynomial complexity only if all problems in
PPAD can be solved in randomized polynomial time. In contrast to their negative result, our
smoothed analysis shows that equilibria of BWR-games can typically be computed efficiently.



As a corollary, we obtain the following results.
Corollary 1.5. (i) BW-games can be solved in smoothed polynomial time.

(i1) Structurally ergodic BWR-games with D = poly(n) can be solved in smoothed polynomial
time.

Let us remark finally that removing the assumption that k is constant in the above results
remains a challenging open problem that seems to require totally new ideas.

2 Preliminaries, Notation and Basic Properties

2.1 BWR-games and Markov Chains

A BWR-game is defined by a triple G = (G, P,r), where G = (V = Viyp UV U VR, E) is a
digraph that may have loops and multiple arcs, but no terminal vertices, i.e., vertices of out-
degree 0; P € [0,1]¥ is the vector of probability distributions for all v € Vi specifying the
probability p, of a move from v to u; and r € RF is a local reward function. It is assumed
that Zu:(v,u)eEpW =1 for all v € Vi and p,, > 0 whenever (v,u) € E and v € V.

Standardly, we define a strategy sy € Sy for WHITE as a mapping that assigns a move
(v,u) € E to each position v € Vyy. For simplicity, we may write sy (v) = u for sy (v) = (v, u).
Strategies sp € Sp for BLACK are analogously defined. A pair of strategies s = (sw,sp) is
called a situation. Given a BWR~game G = (G, P,r) and a situation s = (sp, Sy ), we obtain a
weighted Markov chain G(s) = (G(s) = (V, E(s)), P(s),r) with transition matrix P(s) defined
in the obvious way:

1 if (veViy and u=sw(v)) or (v € Vg and u=sp(v));
Pou(s) =40  if (v e Vi and u # sy (v)) or (v € Vg and u # sp(v));
Do if v € Vg.

Here, E(s) = {e € E | pe(s) > 0} is the set of arcs with positive probability. Given an initial
position vy € V from which the play starts, we define the limiting (mean) effective payoff ¢, (s)
in G(s) as ¢y (s) = p(8)Tr = e pe(s)re, Where p(s) = p(s,vg) € [0,1]F is the arc-limiting
distribution for G(s) starting from vy. This means that for (v,u) € E, pyu(s) = mp(8)puu(s),
where 7 € [0,1]V is the limiting distribution in the Markov chain G(s) starting from wvg. In
what follows, we will use (G, vg) to denote the game starting from vg. We will simply write p(s)
for p(s,vp), when v is clear from the context. For rewards r : E — R, let 7~ = min, . and
r* = max, 7. Let [r] = [r~,rT] be the range of r. Let R = R(G) =rt —r~.

2.2 Strategies and Saddle Points

If we consider ¢,,(s) for all possible situations, we obtain a matrix game C,, : Sy x Sp — R,
with entries Cy, (sw, SB) = Cvo(Sw, sB). It is known that every such game has a saddle point in
pure strategies [18, 27]. Such a saddle point defines an equilibrium state in which no player has
an incentive to change her strategy, and as shown in [18, 27|, the value at that state coincides
with the limiting payoff in the corresponding BWR-game. We call a pair of strategies optimal if
they correspond to a saddle point. It is well-known that there exists optimal strategies (s, s3;)
that do not depend on the starting position vg. Such strategies are called uniformly optimal.
Although there might be several optimal strategies, it is easy to see that they all lead to the
same value. We define this to be the value of the game and write 1,,(G) := Cy, (s}, s5) where
(s}, s5) is any pair of optimal strategies. Note that ji,,(G) may depend on the starting node
vo. Note also that for a situation s, u,(G(s)) denotes the effective payoff ¢, (s) in the Markov
chain G(s).



3 Approximation Schemes

3.1 Approximation and Approximate Equilibria

Given a BWR-game G = (G = (V, E), P,r), a constant ¢ > 0, and a starting position v € V,
an e-relative approzimation of the value of the game is determined by a situation (s, s;) such
that

max 1o (G (s 575)) < (14 €)po(@) and  minua(Glsiys58) = (1= (@) (1)

We may also consider e-relative equilibrium. This is determined by a situation (sjy, s};) such
that

max o, (G (s 575)) < (1+ )l Glsiv,s5)) and  minpuo(Glsiy s8)) = (1 =)ol Glsiv 55))-
(2)
Note that, for sufficiently small £, an e-relative approzimation implies a O (e)-relative equilibrium,
and vice versa. So, in what follows, we shall use these notions interchangeably.
An alternative to relative approximations is to look for an approximation with absolute error
of e. This is achieved by a situation (s, sj) such that

max iy (G(sw, 5p)) < po(G) +e and - minpy(G(sy, 5p)) > po(9) — e, (3)
or, equivalently, for an e-absolute equilibrium:

ma oG 5w, 55)) < o Glsiys) +2 and  min (G (s 55)) 2 pulGlsiv, 55) . (4)
Again, an e-absolute approrimation implies a 2e-absolute equilibrium, and vice versa.

A situation (sjy,s}) satisfying (1) is called relative e-optimal. If a situation satisfies (3),
it is called absolute e-optimal. In the following, we will drop the specification of absolute and
relative, when it is clear from the context. If the pair (s}, s}) is e-optimal for any starting
position, it is called uniformly e-optimal.

When considering relative errors, we assume that the rewards are non-negative. If we
consider absolute errors, then we assume that the rewards lie in a certain range, say, [—1, 1].
Under such assumptions, the notion of relative approximation becomes stronger. Indeed, an
e-relative approximation of the game G with local rewards given by # = r + 1 > 0, where 1 is
the vector of all ones, implies strategies (s}, s;) satisfying

max iy (G(sw, ) = maxpy(G(sw,sp)) —1 < (1+e)u(9) —1
= 1(G) +ep(G) + ¢ < pp(G) + 26 and
min 11 (G (s, 55)) = rgl}gnuu(?(S%,SB)) —1>(1-e)m(9) -1

= Nv(g) - E,U/v(g) —€2 Nv(g) — 2¢,

A~

since 11y, (G(8)) = p(G(s)) + 1 for any situation s, and u,(G) < 1. Thus, we obtain a 2s-absolute
approximation for the value of the original game.

An algorithm for approximating the values of the game is said to be a fully polynomial-time
approximation scheme (FPTAS), if the running time depends polynomially on the input size
and 1/e. In what follows, we will assume without loss of generality that that % is an integer.

3.2 The Effect of Perturbation

Our approximation schemes are based on the following three propositions. The first one (which
is well-known) says that a linear change in the rewards will correspond to a linear change in



the game value. In our approximation schemes, we truncate and scale the rewards to be able
to run the pseudo-polynomial algorithm in polynomial-time. We will then need the proposition
to bound the error in the game value resulting from the truncation.

Proposition 3.1. Let G = (G = (V,E), P,r) be a BWR-game. Let 01,71,02,72 be constants
such that 01,02 > 0. Let G be a game (G = (V, E), P,#) with 017 + v11 < 7 < 0ar + v21. Then
for any v € V, we have 011,(G) + 71 < p(G) < O21y(G) + v2. Moreover, if (Sw,S8p) is an

absolute e-optimal situation in (G,v), then

~ 0 v + - +
max (G (sw, 8B)) < 2po(@) F o2 =t e
sw 91

01 110 — o —
and min p, (G (5w, ) 2 =5 (g“g? 225 (5

Proof. This is somewhat standard. We give a proof for completeness. Let (s}, s3;) and (3w, 5B)
be pairs of optimal strategies for (G, v) and (Q, v), respectively. Denote by p*, p, o/, and p” the
(arc) limiting distributions, for the Markov chains starting from v, corresponding to pairs of
strategies (sjy,sp), (Sw,3B), (sjy,3B), and (Sw,s}), respectively. By definitions of optimal
strategies and the facts that 17p' = 17p” = 1, we have the following series of inequalities:

~

po(9) = (p)

w(G) = ()
To see the first bound in (5), note that for any sy, p,(G(sw,sp)) < %(MU(Q(SV[@gB)) — Y1)

Also, by the e-optimality of $y in (Q, v), we have uv(g(sw, sp)) < ,LLU(G) +e < o1y (G) +72+e.
Thus the first bound in (5) follows. The second bound can be shown similarly. O

(D)7 > 00(0)r + 1 > 01(p") 7 + 71 = O1110(G) + 71,
/)

T < (07 < 02(0")r + 42 < 02(p") 7 + 72 = O2p15(G) + 2.

The second proposition, which is to the best of our knowledge new, states that if we truncate
2,3
the transition probabilities within a small error £, then the change in the game value is O(557-).

min

More precisely, for a BWR-game G and a constant € > 0, define

5(G,¢e) == <;n2(;pmin)k[€nk(k + 1)(%pmin)7k +3k+ 1]+ sn) T, (6)

where n = n(g)a Pmin = pmin(g)7 k= k(g)7 and 7, = T*(g) = max{\mr(g)\, ‘T— (g)’}

Proposition 3.2. Let G = (G = (V,E), P,r) be a BWR-game, with r € [-1,1]F, and ¢ <
2Pmin = 5Pmin(G) be a positive constant. Let G be a game (G = (V, E), P,r) with |P—P|s < €.
Then for any v € V, we have |11,(G) — iy (G)| < 6(G, ). Moreover, if the pair (3w, 3p) is absolute
&'-optimal in (G,v), then it is absolute (¢' + 20(G,e))-optimal in (G, v).

Proof. We make use of technical lemma A.3. Let (s},s}) and (Sw,3p) be pairs of optimal

strategies for (G,v) and (G, v), respectively. Write § = §(G,). Then optimality and Lemma
A.3 imply the following series of inequalities:

B)) = uv(g:(S%, $B)) = 1o(G(sw,88)) =6 = po (G (s, 5p)) =6 = po(G) =0
< 0.

po(9) = p(G(3w

o(G) = po(G(8w

3
¥
To see the second claim, note that for any sy € Sy,

1o(G (5w, 3B)) < 1o(G(sw, 58)) + 0 < po(G(8w, 8p)) + &' + 0 < po(G) + &' +20.

Similarly, we can show that u,(G(Sw,sp)) > w(G) — e’ — 26 for all sp € Sp. O

Since we assume that the running time of the pseudo-polynomial algorithm depends on the
common denominator D of the transition probabilities, we need to truncate the probabilities to
remove this dependence on D. By Proposition 3.2, the value of the game does not change too
much after such truncation.



The third result we need concerns relative approximation. The main idea is to use the
pseudo-polynomial algorithm to test whether the value of the game is larger than a certain
threshold. Ifit is, we get already a good relative approximation. Otherwise, the next proposition
says that we can somehow reduce all large rewards without changing the value of the game.

Proposition 3.3. Let G = (G = (V,E),P,r) be a BWR-game with v > 0, and v be any
vertex such that p,(G) < t. Suppose that for some e € E, re > t' = ntpmfikﬂ). Let G =

(G = (V,E), P,7), where #. > (1 + &)t’, for some ¢ > 0, and 7o = re for all e # e. Then
wo(G) = pu(G), and any relative e-optimal situation in (G, v) is also e-optimal in (G, v).

Proof. Let s* = (sj,,sp) be an optimal strategy for (G,v), that is, uy(G) = (G(s*))
p(s*)Tr < t. By Lemma A.1, if p.(s*) > 0 then p(s*) > p*Fl/n and hence repe(s*)
p(s)Tr = 11y (G) < t implies that r. < t'. We conclude that pe(s*) = 0, and hence 1, (G(s*))

o (G)-
Since 7 < 7, 1y (G(s)) < py(G(s)) for all situations s. In particular, for any sy € Sy,

po(G(sw, s5)) < 1u(Glsw, s5)) < 1u(G(siv, 55)) = mu(G(siy, s5))-

We claim also that MU(QA(S;V,SB)) > Mv(g(s*w,sg)) for all sg € Sp. Indeed, if there is an
sp such that p,(G(shy,sB)) < m(G(sky,s%)) = we(G) < t, then by the same argument
above, since pe(siy,sp)(1 + )t < pe(siy,sp)ie < p(siy,sp)F = w(G(sty,sp)) < t, we
must have pe(sfy, sp) = 0, implying that 11,(G (s, s8)) = w(G(siy,58)) < 1 (G(shy, s%)) =
Lo (G (S3ys sB)) in contradiction to the optimality of s* in G. We conclude that (s, s};) is also
optimal in G and hence fi,(G) = s(G).

Suppose that (S, $p) is a relative e-optimal situation in (Q,v). Then for any sy € Sw,
pe(sw,$p) = 0. Indeed,

Al

pe(sw,38)(L+e)t' = pe(sw, 8p)fe < p(sw,8p)"F = po(G(sw, 3B))

< 1+ e)uu(9) = (1 +)uu(G) < (L+e)t,

gives a contradiction with Lemma A.1 if pe(sw,8p) > 0. It follows that, for any sy € Sw,
10(G(sw,38)) = 1a(G(sw+38)) < (1 +2)110(G). Furthermore, for amy s € Sg,

o(GGw, sB)) = 1(GGw, s8)) = (1= &)puu(G) = (1 - £)uu(G).

3.3 Absolute Approximation

Let G = (V, E) be a graph that admits a pseudo-polynomial algorithm A and G = (G, P,r) be
a BWR-game on G. In this section, we assume that 7~ = —1 and r™ = 1, i.e., all rewards are
from the interval [ ,1]. We apply the pseudo-polynomial algorithm A on a truncated game
G=(G=(V,E),P, r) defined by rounding the rewards to the nearest integer multiple of /4
(denoted 7 := [r]<) and truncating the vector of probabilities (pvy : u € V) for each random
node v € Vg, as described in the following lemma.

Lemma 3.4. Let « € [0,1]™ with |||l = 1. Let B € Z* be an integer such that min;.o,~o{c;} >
27B. Then there exists o/ € [0,1]"™ such that (i) ||&/||1 = 1; (ii) for alli=1,...,n, o} = ¢;/2B
where ¢; € ZV is an integer; (i) for all i = 1,...,n, o > 0 if and only a; > 0, and (v)
o — o/flos < 2°5.

Proof. This is standard and easy. We include the proof for completeness. Without loss of

generality c; > 0 for all i. Initialize £9 = 0 and iterate, for i = 1,...,n: o} = | + €i—1]9-5;
gi == a; + i1 — . Then |g] < 2=(B+Y) for all i, and &, = Yoo — Yy ok, implying (7).
Furthermore, |a; — o} = |g; — g;_1] < 27B. Note finally that (iii) follows from (iv) since
min;.q,>o{a;} > 275. O



Lemma 3.5. Let G = (V, E) be a graph admitting a pseudo-polynomial algorithm A that solves,

in (uniformly) optimal strategies, any BWR-game on G in time 7(n, D, R). Then for anye > 0,

there is an algorithm that solves, in (uniformly) absolute e-optimal strategies, any given BWR-
. . 2k+5,,31.2

game G = (G, P,r) in time bounded by T(n, 2;#, %); where pmin = Pmin(G)-

Proof. We apply A to the game G = (G, P,7), where 7 := %Lr]%, and P is obtained from

P by applying Lemma 3.4 with B = [log é}, where we select €’ such that §(G,¢") < § (as

defined by (6)). Note that all rewards in G are integer in the range [—% 4], Note also that

Y
2k ~
5(G,e") < 4H1en3E2p 2% and hence §(G,¢') < < for &' = ﬁ%. Since D(G) = 28 and
R(G) = 2, the statement on the running time follows.
Let s be the pair of (uniformly) optimal strategies returned by A (on G). Let G be the
game (G, P,r). Since ||f — 2r|ls < 1, we can apply Proposition 3.1 (with 6; = 6 = 2 and
3

1= —Y2 = —%) to conclude that 5 is a (uniformly) S-optimal pair for G. Now applying

Proposition 3.2, we conclude further that 5 is (uniformly) (5 + 25(G,€’))-optimal for G. O

Note that the above technique works (i.e., runs in polynomial time) only for the case k =
O(1), even if the given pseudo-algorithm A works for any k.

3.4 Relative approximation

Let G = (V, E) be a graph that admits a pseudo-polynomial algorithm A and G = (G, P,r) be a
BWR-game on G, with non-negative rational rewards (i.e., 7~ = 0). Without loss of generality,
we may assume that the rewards are integral with mine.,,~07¢ = 1. The algorithm is given as
Algorithm 1. The main idea is to truncate the rewards, scaled by a certain factor 1/K, and
use the pseudo-polynomial algorithm on the truncated game G. If the value in the truncated

game [1,,(G), from the starting node w, is large enough (step 7) then we get a good relative
approximation of the original value and we are done. Otherwise, the information that uw(g) is
small allows us to reduce the maximum reward by a factor of 2 in the original game (step 10);
we invoke Proposition 3.3 for this. Thus the algorithm terminates in polynomial time (in the bit
length of R(G)). To remove the dependence on D in the running time, we need also to truncate

the transition probabilities. In the algorithm, we denote by P the transition probabilities
2k

obtained from P by applying Lemma 3.4 with B = [log é], where we select ¢/ = Wﬁ“ﬁ,

where 0 = 0(G) := 2EEEEN 5o that 26(G, ') < 5 = K(9).

min

Lemma 3.6. Let G = (V, E) be a graph admitting a pseudo-polynomial algorithm A that solves
any BWR-game on G in time 7(n,D,R). Then for any ¢ € (0,1), there is an algorithm
that solves, in relative e-optimal strategies, any BWR-game (G = (G, P,r),w), form any given

starting position w, in time (7(n, 4’”%%;;;5)(34-25)7 2(1—’;6)2(,5325)”) + poly(n))(|log R] + 1).

Pmin

Proof. The algorithm FPTAS-BWR(G, w, ¢) is given as Algorithm 1. The bound on the running
time is obvious since, by (7), each time we recurse on a game G with r+(G) reduced by a factor
of at least half. Moreover, the reward in the truncated game G is integral with maximum value
r(G) < 6, and common denominator of transition probabilities at most . Thus the time taken

by algorithm A for each recursive call is at most 7(n, D, 2(1;;‘?1” )

So it remains to argue by induction that the algorithm returns a pair of e-optimal strategies

§ = (8w, 8p). For the base case, note that since ||P — P||s < &’ and r4(G) = 1, Proposition 3.2

implies that the pair (5y, 5p) returned in step 3 is absolute €”-optimal, where " = 26(G,¢’) <
2k+1

Puin . Lemma A.1 and the integrality of the non-negative rewards imply that, for any situation

2k+1
S, 1w (G(s)) = Boin if 11, (G(s)) > 0. Thus, if 11,(G) > 0, then &” < ep1,,(G), and it follows that



Algorithm 1 FPTAS-BWR(G, w, ¢) Algorithm 2 FPTAS-BW(G,¢)

Input: a BWR-game ¢ = (G = Input: a BW-game § = (G = (V =Vp U
(V,E), P,r), a starting vertex w € V, Vv, E),r), and an accuracy e.
and an accuracy €. Output: a uniformly e-optimal pair
Output: an c-optimal pair (Sw,5p) for (Sw,sp) for G.
the game (G, w). 1: if 77(G) = 1 then
1 if r7(G) = 1 then 2. return A(G)
2: G = ((;,}D,t) 3. K = 5@%&;&47
3: r%ggaA@hw 4: 7o = |1e| for e € E; G = (G, 7)
4 K= g ) 5: (A ,5p) == A(Q)
5: 7 = |32] for e € B; G = (G, P,7) 6: Ui={ueV|pu(G)>2%
6: (Sm/,SB) }k(g,zu) 7. if U =V then
7 if 1, (G) > 3 then 8  return (Sw,Sp) = (Sw,SB)
8  return (SW,SB) 9: else
9: else 10:  G:=GV\U]|
10:  foralle € E, let 11:  for all e € E(G), let
+4 . + ,,+ t+
e R T = {
Te otherwise Te otherwise
11:  G:=(G,P7) 122 G:=(G,7)
122 return FPTAS-BWR(G,w,e) 13 (3w,3p) :=FPTAS-BW(G,¢)
14:  §(w ) $(w) for all w € U

15:  return §= (Sw,3p)

(8w, 8p) is relative e-optimal. On the other hand, if 11, (G) = 0, then p,(G(3)) < pw(G) +€” <
2k+1
p —min_ - implying that p,(G(5)) = 0. Thus, we get an e-approximation in both cases.

NOW let us consider the general case. Note that K'r —1<r< %r, and ||P — PHOO < ¢, and
hence by Propositions 3.1 and 3.2, we have

Kw(G) —26(G.€") < puw(G) < Kpw(G) + K +25(G, &), (9)

and the pair (Sy, $p) returned in step 8 is absolute K +24(G,¢’) < 2K-optimal for G. Suppose
that A determines that p,(G) > 3 in step 7, and hence the algorithm returns (5y, 55). Then
(9) implies that
Nw(g) < i (G) <<
= (@) -1 3/e—172
and we are done. On the other hand, if Mw(é) § then, by (9), pw(G) < K(?’j%) = gg(“i‘ig; By
M , we have that the game G defined in step 11 satisfies

wg),

Proposition 3.3, applied with ¢ =
1y(G) = 1y(G), and any (relative) e- optlmal strategy in (G, w) (in particular the one returned
in step 12) is also e-optimal for (G, w). O

Remark 3.7. It is easy to see that, for structurally ergodic BWR-games, one can easily modify
the above procedure to return uniformly e-optimal strategies.

3.5 Uniformly relative c-approximation for BW-games

Note that FPTAS in Theorem 3.6 does not necessarily return a uniformly e-optimal situation,
even if the given pseudo-polynomial algorithm A provides a uniformly optimal situation. In
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case of BW-games, we can modify this FPTAS to return a situation which is e-optimal for all
v € V. The algorithm is given as Algorithm 2. The main difference is that when we recurse
on a game with reduced rewards (step 13), we have also to delete all nodes that have large
values ,u(g~ ,v) in the truncated game. This is similar to the approach used to decompose a BW-
game into ergodic classes [20]. However, the main technical difficulty is that, with approximate
equilibria, WHITE (respectively, BLACK) might still have some incentive to move from a higher-
value (respectively, lower-value) class to a lower-value (respectively, higher-value) class, since the
values are just estimated approximately. We show that such a move will not be very profitable
for WHITE (respectively, BLACK). As before, we assume that the rewards are integral with
Mmine;r, >0 Te = 1.

Lemma 3.8. Let A be a pseudo-polynomial algorithm that solves, in uniformly optimal strate-
gies, any BW-game G in time T(n, R). Then for any € > 0, there is an algorithm that solves,

in uniformly relative e-optimal strategies, any BW-game G, in time (7(n, M) + poly(n))h,

o _ In(1+4¢)
where h = |log R] + 1, and &' = 4(}1_28 .

Proof. The algorithm FPTAS-BW(G,¢) is given as Algorithm 2. The bound on the running
time is obvious since, by (8), each time we recurse on a game G with 7 (G) reduced by a factor
of at least half. Moreover, the reward in the truncated game G is integral with maximum value
rt(G) < % < 2(1_27%/)% Thus the time taken by algorithm A for each recursive call is at most

7(n, 2L,

So it remains to argue (by induction) that the algorithm returns e-optimal strategies (Sy, §5).
Let us index the different recursive calls of the algorithm by i = 1,2,...,h’ < h and denote
by G = (GO = (V, E®W), ) the game input to the ith recursive call of the algorithm (so
G = @) and by 50 = (§%/), §g)), 50 = (58[,), ég)) the pair of strategies returned either in steps
2, 5, 8, or 15. Similarly, we denote respectively by v = B‘(,f,) U Véi), U@, @ g0 p0) G(i),
G the instantiations of V., U, r, 7, K, G, G in the ith call of the algorithm. We denote by SI(/‘Z)

and Sg) the set of strategies in G for WHITE and BLACK, respectively. For a set U, game
G and situation s, denote respectively by G[U] = (G[U],r) and s[U] the game and situation
induced on U.

Observation 3.9. (i) A(v,u) € E:v € Vf(f) NU®D, weVO\U®
(i) Vo e VI nU®D Jue U : (v,u) € E;
(i) Alv,u) € E:ve Vi\UD, ueUl;

(i) Yo € VU Jue VO\UD : (v,u) € E;

(iii) Let 3 = (3 3 50 )) be the sztuatzon retumed in step 5. Then Vv € U = 50)(y) € UW
andVvEV(gV\U’) D) e VO U@

Proof. By the optimality conditions in G (see e.g. [20]), we have
(1) MU(Q(i)) = min{uu(g(i)) | u e V@ such that (v,u) € E}, for v e Vg), and
5()) — 5(i i (4)
(I1) 1p(GD) = max{p,(GD) | u € VW such that (v,u) € E}, for any v € V.
(I) and (IT), together with the definition of U, imply (i) and (i4), respectively,. Similarly

(¢') and (i) can be shown. The optimality conditions also imply that p,(G®) = ug(i)(v)(g(i)),
which in turn implies (éi7). O

11



Note that Observation 3.9 implies that the game G [V® \ U®] is well-defined, since the
graph G[V@ \ U®] has no sinks.

For a strategy sy (similarly for a strategy Sp) and a subset V! C V| we write Sy (V') =
{sw(u): ueV'}

Observation 3.10. Let §% be the situation returned in step 5. Then foralli=1,...,h and
any w e U, we have

max (G0 (s, 55)) < (14 ) (GD),
sw: sw (UONVy ) CU @
min (GO (3 5p)) 2 (1) (GD).

sp: sp(UONVE)CU®

Proof. This follows from Proposition 3.1 by the uniformly optimality of §(*) in G and the fact
that 11,(G®) > =, for every w € U, O

Observation 3.11. Vu € UD, v € VO\ U . (1 4+ &)y, (GD) > 1, (GD).
Proof. For u e UD, v € VO\ UD | we have 11,(G?) > L and 1o (G0 < L. Thus,

(@) . . .
B2+ e) € KD (@0)(1 + ) < (@) (1 + 1.

1o(G) < KOy (G0) + KO <
O

Observe that the strategy §(), returned by the ith call to the algorithm, is determined as
follows (c.f. steps 13 and 14): for w € U®, 59 (w) = 5 (w) is chosen by the solution of the
game G® and for w ¢ U®, 0 (w) is determined by the (recursive) solution on the residual
game G = G+ The following claim states that the value of any vertex u € V(¥ \U (@) in
the residual game is a good approximation of the value in the original game G*)

Claim 3.12. Foralli=1,...,h and any v € VO \ UD | we have
1 (G7) < p(GOVINUTD)) < (1 426 1 (GD). (10)

Proof. Fix u € VO\U®. Let s* = (s}, s%) and (5w, 55) be optimal situations in (G*, u) and
(GO, u) == (GO \ U(Z)},u)7 respectively. Let us extend 5 to a situation in G by setting
5(v) = 59 (v) for all v € U®, where § is the situation returned in step 5. Then, by Observation
3.9-(¢'), WHITE has no way to escape to U, or in other words, sfj,(u') € V@ \ U® for all

(VS VV(;) \ U Hence

na(GY) = 1a(GV(sly, s5)) < pu(GW(siy . 55)) |
= (G (siv,58)) < 1u(GV (5w 58)) = nu(GY).

For similar reasons, 11,(G®) > 11, (GD), if s(v) € VO \ U for all v € V \U(Z such that
v is reachable from w in the graph G(sjy, s}j). Suppose, on the other hand that there is a
v E Vg) \ U such that u' = s(v) € UD, and v is reachable from u in the graph G(s¥, s).
Then 1, (G%) = (g(')) > K@y (G0 > KE(,Z) Moreover, the optimality of (31, §g) in G,

and the fact that =G )r( )1 << Kl(i>r(i), imply that
Vsw € Sy (6D (3w, 8p)) > K (‘@WamZKmm@@mw@»
> (g@ (sw.85)) = K 2 (G (5w, 35) = 'pu(G")
Vsp € SW 0 (69 (3w, 8p)) < 110 (G (SW,SB)) + KO < KD (69 (5, sp)) + KO
< (9“ (3w, s8)) + KO < (69 (5w, 58)) + €' (D).



In particular,

pa(GD) = (G (sl 5%)) > (G0 (3w, s3)) > 1G9 (3w, 5B)) — € pu(G)
106D (5w, 38)) — 26/ 1,(GD) = 1 (GD (5w, 58)) — 26" 1w (GD)
1 (6D (5w, 58)) — 26" 1, (GP) = pu(GD) — 2611, (G),

(A\VARAYS

where 11,(G9 (5w, 38)) = (G Z)(sW,sB)) follows by Observation 3.9 (since (sSw,$p)(v) €
VN U®). 1t follows that 11,(G") > 15571 (GW). O

Let us fix ey = &/, and for i = 1,2,...,h' — 1, let us choose ¢; such that 1+¢; > (1+¢&")(1+
2¢")(1 4+ €;41). We next claim that the strategies (58[,), ég)) returned by the ith call are relative

g;-optimal in G,

Claim 3.13. Foralli=1,...,h and any w € V@ we have

max s (G (sw,53))) < (14 )pa(G?) (11)
sWeS

min (G (317 55)) = (1= ) (G). (12)
SBESZ

Proof. By induction on i = I/, h’ —1,...,1. For i = I/, the statement follows directly from
Proposition 3.1 since fi,,(G®) > % for all w e V@, So suppose that i < A’

(I) Consider an arbitrary strategy sy € Sév) for WHITE. Suppose first that w € U®. Note
that, by Observation 3.9-(iii), 5%) (v) € UY for all v € Vg NUW. If also sy (v) € UD for all
v e ViyNU®, such that v is reachable from w in the graph G(sw, 35;)), then uw(g(i)(sw, ég))) <
(14 &) (GD) < (1 + ) (GD) follows from Observation 3.10.

Suppose that u = sy (v) & U® for some v € Vi N U® such that v is reachable from w in
the graph G(syy, Eg)).

By induction, 5% = (5%,), 555?) = (E(i) 500 )[ VO\U®] is g5, 1-optimal in GO = G Recall
that the game G is obtained from G g i [V(Z) \ U®] by reducing the rewards according

o (8). Thus, we get by Proposition 3.3 that 10 (GD) = 1 (GD), and

max (G (s} 85)) < (1 ei1)pa(G) (13)
s’WESMl,l
min (GO (57 55)) > (1= eis1)m(G?). (14)
shESH

Note that gg) (W) e VOONUW for all o/ € Véi) \ U®, and by Observation 3.9-(i'), Sx(/xl}+1) is
(4)

the restriction of Sy to 1749 \ U® . Thus, we get the following series of inequalities

1 (GO (s, 51)) uu<g<z‘><sw,§?>>

< (L4 i) (GOVEO\ UO)) (by (13))
< (14 eip1) (1 + 2 a(G9) (by (10))
< (L&) (1 +28)A 4 &)t (GD) (by Observation 3.11)
< (1 + &) (GD) (since (1 +¢e41)(1+2e)(1+€) < (1+¢&)).

If w € V@ \ U, then the above argument also shows that 11,(G% (syy, S’g))) <(1+ei41)(1+
26N 11 (GD) < (1 + &) (GD). Thus (11) follows.

(IT) Consider an arbitrary strategy sp € Sg) for BLACK. If w € U, then ,uw(g(i)(ég,), sg)) >
(1 — N (GD) > (1 — &) 1o (GPDw) follows from Observations 3.9-(4), 3.9-(444), and 3.10.
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Suppose now that w € V@O \ UO, If sp ¢ Sgﬂ), then we get by (14) and (10) that

uw(g(i)(§§,i[,), sB)) > (1 — €ip1)pw(GD) > (1 — ;)1 (GW). A similar situation holds if sp(v) €
VO U for all v € Vg) \ U@ such that v is reachable from w in the graph G(§§,9, sB). So
it remains to consider the case when there is a v € Vg) \ U® such that v = sp(v) € U®, and
v is reachable from w in the graph G(§g/), sp). Since, in this case, BLACK has no escape from
U® (by Observation 3.9-(i)), we get from Observations 3.10 and 3.11 that

(G (3 55)) = pru( GV (8. 55)) = (1= (@) > (1= )pn(G) = (1~ )G,

Finally, we set the ¢’s such that e; = [(1+2¢')(1 +&)]" (1 4+¢) -1 <e.

4 Smoothed Analysis

4.1 The notion of smoothed complexity

For many applications, the classic worst-case analysis is far too pessimistic. Worst-case analysis
is often dominated by artificially constructed worst-case instances, that do not reflect typical
instances. On the other hand, one drawback of average-case analysis is that random instances
usually have very special properties with high probability, and these properties are often not
shared with typical instances.

To overcome the drawbacks of worst-case and average-case complexity, Spielman and Teng
introduced smoothed analysis [37]. Smoothed analysis is a hybrid of worst-case and average-
case analysis: An adversary specifies an instance, which is then subject to a small amount
of random noise. The smoothed complexity is the maximum expected running-time that the
adversary can achieve by his choice of an instance. Smoothed analysis rules out the drawbacks of
both average-case and worst-case analysis and often allows more realistic conclusions about the
performance of an algorithm or the complexity of a problem. It takes into account that realistic
data is often subject to a small amount of random noise, be it from measurement or rounding
errors or from some arbitrary unknown circumstances. Smoothed analysis has originally been
invented to explain the practical performance of the simplex method [37]. Since then, smoothed
analysis has been applied successfully to a variety of algorithms and problems [2, 39, 34]. We
refer to Spielman and Teng for a survey [38].

A generalization of smoothed analysis has been introduced by Beier and Vocking [3]: They
went from the two-step model (an adversary chooses the instance, which is then perturbed) to a
one-step model. In the one-step model, the adversary specifies the density functions according
to which the numbers of the instance are drawn. In this case, the perturbation parameter ¢
restricts the adversary to density functions that are bounded by ¢: The larger ¢, the more
powerful the adversary. For instance, in case of Gaussian perturbation, ¢ is proportional to the
inverse of the standard deviation.

To characterize integer programs that can typically be solved in polynomial time, Beier and
Vocking introduced the notion of polynomial smoothed complexity [3]. Their notion is inspired
by the notion of average polynomial time [6]. A problem is said to have smoothed polynomial
complexity if and only if there exists an algorithm A with running-time 7" and a constant «
such that

Vo >1,VneN: max E, AT(X)Y) =0(N¢). (15)

feDN(9) el
Here, Dy (¢) denotes all possible vectors of density functions bounded by ¢ for instances of size
N, and X is an instance drawn according to f Another way to phrase smoothed polynomial
running-time is that there exists a polynomial P(N, ¢, 1/e) such that the probability that A
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exceeds a running-time of P(N, ¢,1/¢) is at most . Note that smoothed polynomial running-
time does not always give polynomial expected running-time. To get the latter, the o must be
placed outside the expectation. The reason for defining smoothed polynomial running-time in
this way is that it makes the notion robust against, e.g., simulation on a slower machine.

4.2 Smoothed complexity of BWR-games

Let G = (V, E) be a graph that admits a pseudo-polynomial algorithm A and G = (G, P,r) be
a BWR-game on GG. In this section, we show that any such game can be solved in smoothed
polynomial time. For this, we assume that an adversary specifies a game together with density
functions for the rewards (one for each arc), and these density functions are bounded by ¢, and
show a bound as in (15). One (technical) issue is that the perturbed rewards are of course real,
non-rational numbers with probability 1. Thus, we cannot really use existing algorithms as sub-
routine, and we cannot even compute anything with these numbers on an ordinary RAM. To
cope with this problem, we use Beier and Vocking’s [3] approach and assume that the rewards
are in [—1, 1] and that we can access the bits of the rewards one-by-one.

To state our results in a bit more general setting, we will assume that A solves any BWR-
game on G in uniformly optimal strategies. If this was not the case, then it is easy to modify
the procedure and analysis in this section to solve the game starting from a given vertex.

Before describing the procedure (Algorithm 3), we need to introduce some notation. Let us
write |x]p for the largest integer smaller than or equal to x that has b bits (i.e., we basically
cut off all bits after the b-th bit). Let v = v(G) := (kn)~2(2D)~2%++2) and £ > 0. Given the
game G = (G = (V, E), P,r), define, for each e € E, the game G.. = (G, P, r(e)), where

(16)

{re +2v7 e ife =e,
Ter (6) = .
Tl otherwise.

The basic idea behind our smoothed analysis is as follows: We use a certain number of bits
for each reward. Then we run the pseudo-polynomial algorithm to solve the resulting game
with the rewards rounded down (and scaled to integers) because we do not have more bits at
that point (Step 5). This can be done in polynomial-time as long as we have at most roughly
O(logn) bits. Then we try to certify that the solution obtained is also a solution for the true
rewards (Step 7). If this succeeds, then we are done. If this fails, then we use one more bit and
repeat the process.

To prove a smoothed polynomial running time, we need to show that with high probability
a logarithmic number of bits suffices to compute an equilibrium for the original (untruncated)
game. Furthermore, we have to devise a certificate proving that the computed equilibrium is
indeed an equilibrium for the original game (we will show that such a certificate is given in Step
7). Both results are based on a sensitivity analysis of the game: we show that by changing the
rewards slightly, an optimal strategy remains optimal for the changed game.

A key ingredient for our smoothed analysis is an adaption of the isolation lemma [32] to our
setting. An adaption of the isolation lemma has already been used successfully in smoothed
analysis of integer programs [3, 34]. It basically says the following: Of course there are ex-
ponentially many alternative strategies for each player. But if we consider the optimal pair
of strategies, then choosing an alternative strategy makes the payoff for the respective player
significantly worse (with high probability, at least).

As usual, we assume that the maximum (respectively, the minimum) over an empty set is
—oo (respectively, +00).

Lemma 4.1 (Isolation Lemma). Let E be a finite set, and F C RE be a family of (distinct)
vectors, such that for any distinct p, p' € F, there exists an e € E with |pe—pl| > 7. Let {we}ecr
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Algorithm 3 Solve(G)

Input: a BWR-game G = (G = (V, E), P,r).

Output: an optimal pair (Sy, 5p) for the game G.
1: £y < log((nD)¢) {co is a constant to be specified later}
2: 140
3: repeat

40 li=ly+ie« 2 i=i+1

- Z

6

7

Fo=|rlp G = (G, P,7); G = (G, P, 207)
(Sw,sB) == A(G") _
: until 5 is optimal in G, for alle € &/

be independent continuous random variables with mazimum density ¢. Define gap(w) := w’ p* —

w? p**, where p* = argmax ¢ r wlp and p** = argmax,c r L+ wl'p. Then Pr(gap(w) < ¢) <

\E\es(b”;, where k = maxeep | Fel, and Fe = {z | pe = x for some p € F}.

Proof. For e € ¥ and =,y € Ry, define

A = max (wlp—wez)— max (wlp—wey).
Y T B pe:az( p e) e pezy( p eY)

It is crucial to note that A, , is independent of w.. With probability 1, there exist unique
p* and p**, as defined in the lemma above. Since p* # p**, there exists an e € E such that
|pt —pt*| > ~v. Suppose that p} = z and p}* = y. Then w? p* —wer = max,cr, po—o(w? p—wex)
and w’ p™ — wey = max,er, po—y(W'p — wey) imply that w’ p* — wlp*™ = A, 4 + we(z — y).
Thus

Pr(gap(w) <e) < Pr(Fe€ E, z,y: 0<w’p* —w'p™ <e, pt =z, pi* =y, lx—y|>7)
= > ) Pro<wpr—wTpt<e, piF =2, pf =)
ecE zyeFe: lw—y|>y

< Z Z Pr(0<Acyy +we(z—y) <e¢)

ecE zyeFe: |z—y|>vy

= Z Z Pr<_AW/§we§E_Aevxvy>+

Xr — Tr —
ecE x,yeFe: z—y>7y Yy Yy

S % e cu s S
y—x

y—x
ecE x,yeFe: y—x>y

)R DR

<
eck : |:C a y|
zy€Fe: |z—y|>y
< |E|I€2@.
Y

O]

We will use the above lemma with the set F representing a set of arc-limiting distributions,
corresponding to a set of situations in the game starting from a certain vertex. For that we
need bounds for k and -y, given by the following lemma.

Lemma 4.2. Let G = (G = (V,E), P,r) be a BWR-game, u € V be any vertex, and s be an
arbitrary any situation. Then

(i) every entry of the arc-limiting distribution p(s) for the Markov chain (G(s),u) can be
written as rational numbers of the form ¢, where a,b € Z and a,b < kn(2D)**2. Hence,
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(ii) the number of possible entries in p(s) is bounded by r = (kn)?(2D)>*+2) | and

(ii1) for any situation s such that p(s') # p(s), there is an arc e such that pe(s) — pe(s’) > v =
1(9)-

Proof. The first claim was proved in [8], and the second claim is immediate from it. It is also
immediate that if p(s) # p(s'), then there is an arc e such that |pe(s) — pe(s')| > 7. To see the
stronger claim in (iii), we assume without loss of generality that there is no arc e such that
pe(s) > 0 and pe(s’) = 0. Then for all e, pe(s) > 0 if and only if p.(s’) > 0 and hence, P(s)
and P(s") have the same absorbing classes. (Indeed, if the absorbing classes of P(s) and P(s)
are respectively C1,...,Cy and C1,...,Cy, then for all i € [{], there is a j € [¢'] such that
C; C C;. Suppose that for some i and j, C; C C'J/-. Then there should be vertices v € Viiy U Vg
and u € C7} \ Cy, such that p(,,)(s) = 0 while p(,,)(s") > 0. But then there should also exist a
u' € C; (corresponding to the strategy s(v)) such that p(, . (s) > 0 and p, ) (s") = 0, which
contradicts our assumption. Hence, ¢ = ¢’ and C; = C/ for all i.) Let m¢;(s) and m¢,(s’) be the
absorption probabilities into class C; in P(s) and P(s), respectively. Since p(s) # p(s’) and
> oime(s) = > ;e (s') = 1, there must exist an i € [¢] such 7¢,(s) > m¢,(s”). Hence any arc
e = (v,u) with u,v € C; satisfies pe(s) > pe(s’) and hence the claim. O

To use the given pseudo-polynomial algorithm, we have to truncate the (perturbed) rewards
after a certain number of bits. The following lemma assures that this is possible (with high
probability) without changing the optimal strategies, as long as the rounded rewards and the
true rewards are close enough. Before we state the lemma, it is useful to observe that, if the
rewards are continuous, independently distributed random variables, then, for any two distinct
situations s and s', we have Pr(u,(G(s)) = uu(G(s"))) = 0 if and only if p(s) # p(s’). Thus for
the structurally ergodic case, with probability one, two distinct situations result in two distinct
values. On the other hand, in the general case, there might be many optimal situations, but all
of them must lead to the same limiting distribution.

Given a strategy sy € Sy of WHITE we call a uniform best response (UBR) of BLACK
any strategy s} € Sp, such that 1, (G(sw,s;)) < pu(G(sw,sg)) for all sp € Sp. Similarly, a
UBR of WHITE is defined. (Note that the existence of such a UBR is an immediate corollary
of the existence of uniformly optimal situations in BWR-games.) We denote by UBRg(sw)
and UBRg(sp) the sets of uniform best responses in G, corresponding to strategies sy and sp,
respectively.

Lemma 4.3. Let G = (G = (V,E),P,r), G = (G = (V,E), P,r") be two BWR-games such that
r = (Te)ecE s a vector of independent continuous random variables with mazimum density ¢,

and || — 1|l < €, for some given € > 0. Let 0 := i?;if Then, the following holds for any

situation s:

(i) Pr(s is not uniformly optimal in G' | s is uniformly optimal in G) < 26;
(i1) Pr(s is not uniformly optimal in G | s is uniformly optimal in G') < 26.

Proof. Tt will be enough to prove the following claim for any sp € Sp (and the analogous claim
for any sy € Sw).

Claim 4.4. Let sgp € Sp be an arbitrary strategy of BLACK, and sy, € UBRg(sg). Then

Pr(3u eV, sw € Sw : uu(G' (sw,sB)) > (G (sly,sB)) and
p((SW,SB),U) # p((S*W7SB)7u)) <.

Proof. For a starting vertex u, let A(u) be the event that there exists a strategy sy € Sy of
WHITE such that 1, (G (sw,sB)) > 1u(G' (s, sB)) and p((sw,sg),u) # p((sfy,sB),u)). The
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probability we want to bound is Pr(lJ,cy A(w)). Thus it is enough to bound Pr(A(u)) for a
fixed vertex v and then apply a union bound.
Suppose that there exists a strategy sy that causes the event A(u) to occur (this means that

pu(G (sw,sB)) > pu(G' (s, sB))). By the optimality of s}, (in G), we have (G (s}, sB)) >
pu(G(sw,sp)) with a probability of 1, with equality holding if an only if p((s}y,sB),u) =
p((sw,sp),u)). Since |7’ — 7|l < &, Proposition 3.1 implies that
pa(G(sw,sB)) = (G (sw,sB)) — & > (G (siy, sB)) — €.
Furthermore, j,(G'(s}y,sB)) > pu(G(syy, sB)) — €. This yields
1u(G(syy,58)) = pu(G(sw, s8)) = pu(G(sty, sB)) — 26 (17)

Now we show that the existence of such an sy is unlikely using Lemma 4.1.
Let F = {p((sw,sB),u) | sw € Sw}. Then the elements of F satisfy the conditions of
Lemma 4.1, with v and « as defined in Lemma 4.2, and

gap(r) = pu(G(sw,sB)) — max pu(G(sw s 5B))-
syrp((syy58),u)#p((s5y,58) 1)
Note that (17) implies that gap(r) < 2e, and by Lemmas 4.1 and 4.2, the probability of this

happening is at most ?&l;‘f The claim follows. O

Now we proceed to prove the lemma.
(i). Suppose that s = (sy,sp) is uniformly optimal in G. Then, sy € UBRg(sp) and sp €
UBRg(sw), and the claim implies immediately that Pr(s is not uniformly optimal in G') < 26.

(ii). Suppose that s = (sw,sp) is uniformly optimal in G’. Pick sj;, € UBRg(sp) and
sy € UBRg(sw). Then, by the claim, with probability at least 1 — @, for all u € V, either
pu(G (sw,sB)) < pu(G'(syy,sB)) or p((sw,sB),u) = p((sjy,sB),u). The former condition con-
tradicts the optimality of sy in G’, so we must have the latter condition, which in turn implies
that 1, (G(sw,sB)) = 1u(G(sjy, sB)), i-e., sw € UBRg(sp). Similarly, we can show that with
probability at least 1 — 60, sp € UBRg(sy ), and the result follows. O

Still, it can happen that rounding results in different optimal strategies. How can we be
sure that the solution obtained from the rounded rewards is also optimal for the game with
the true rewards? Step 7 in Algorithm 3 is one way to do this. The basic idea is as follows:
Let 5 be a uniformly optimal situation in the rounded game. Lemma 4.3 says that with high
probability § is a uniformly optimal situation in G, and hence it is also uniformly optimal in
any game on the same graph and transition matrix, but with rewards lying in a small interval
around the rounded rewards. Thus, we create |E| copies of the truncated game; in each copy
the reward on a single arc is perturbed by a certain amount within this small interval. If § is
uniformly optimal in all these games, then it is also uniformly optimal for all rewards from that
small interval. The following lemma justifies the correctness of this certificate.

Lemma 4.5. Let G = (G = (V, E), P,7) be a BWR-game and u be an arbitrary vertex. Consider
a situation § = (Sw,8p) such that, for all e € E, § is optimal in the game (Gee,u) (defined in
(16)). Then § is also optimal in (G = (G, P,r),u), for any v such that ||r — 7|lcc < €.

Proof. Fix an r such that ||r — Fllc < e. Let sy € Sw be any strategy of WHITE. If
wu(G(sw,58)) # wu(G(Sw,S8p)), then according to Lemma 4.2, there exists an arc e with

pe(sw,38) — pe(3w,55) > 7. Note that for any situation s, i, (Gec(s)) = u(G(5)) + %pe(s).
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Thus, we have

tu(G(sw,3B)) < Nu(g(5W7 5p)) +e by Proposition 3.1
5 - 2¢e
= Mu(ge,a<3W7 SB)) - 7pe(3W7 SB) + e
5 2 ~
< pru(Gee (5w, 3B)) — fpe(sw, Sp)+e since § is optimal in G, .
2e

= 1(G(5w,3B)) — ?(pe(sw, $p) — pe(Sw,5B)) +¢

< (G (3w, 3p)) —
< 1 (G(Sw, 5B))- by Proposition 3.1

This shows that WHITE cannot improve by switching to a different strategy. By a similar
argument, 1, (G(Sw,sB)) > pu(G(Sw,$p)) for all sp € Sp, which completes the proof. O

Now, we have all ingredients to prove that BWR-~games, on graphs which admit a pseudo-
polynomial algorithm and have a constant number of random vertices, can be solved in smoothed
polynomial time.

Theorem 4.6. Algorithm 3 solves (in uniformly optimal strategies) any BWR-game G =
(G, P,r) in smoothed polynomial time, given that G admits a pseudo-polynomial algorithm A
(that solves any such G in uniformly optimal strategies), the number k of random vertices is
constant, and D = poly(n).

Proof. For the correctness of Algorithm 3, it suffices to show the correctness of the certificate
step (Step 7). Note that, in the iteration corresponding to i = ¢, || — r|jec < & = 27¢. Thus,
by Lemma 4.5, since the situation §, found in Step 6, is uniformly optimal in (QN&E,U) for all
e € E, then it is also uniformly optimal in G.

It remains to argue about the running time of the algorithm. For this, we bound from above
the probability that we fail to certify that § is uniformly optimal in G . for some e € E. Note
that, for any e € F,

17(e) = rlloc 27+ 277127 <3 27070 (18)

Now conditioned on the event that § is uniformly optimal in QN let A be the event that 3 is
uniformly optimal in G, and let, for e € E, A, be the event that § is not uniformly optimal

for g&g By Lemma 4.3(i), applied to G and G’ = ge &, where the difference in rewards satisfies

(18), we have Pr( e | A) < 12"(5324 . By Lemma 4.3(i), applied to G and ¢’ = G, we have

Pr(4) < in ((b? Thus, the probability that § is not uniformly optimal in G, e, for some e € £

is

Pr(Je € E: A.)

IA

> Pr(A.) < (Pr(A | A) + Pr(A))

eclE eck
122927 4n3¢27*

. 16n°¢2~*
7(G)4 7(G)3

) < < (nD)*2%,

for some constant ¢y > 1.

Note that Step 7 of the procedure can be implemented in polynomial-time (in n and log D)
since it amounts to solving a number of Markov decision processes (which can be solved by linear
programming [30]) with polynomially many bits. Let c4n®2/2D be an upper bound on the
running time of each iteration of the Algorithm 3 which is dominated by the time required by
the pseudo-polynomial algorithm on an instance of size n where the maximum weight is 2¢, and
such that all probabilities are integer multiples of &, where ci, ¢, c3 and ¢4 are non-negative
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constants. By our assumption, there exists a non-negative constant cs, such that D < n®.
Define o = min{ L L1 Then,

c1+c3cstcocatcpcacs? 2c2

E(running-time®) < Z(nD)C°2_€¢(C4ncl2ZC2D03)a
>0y

0
_ ana(01+c3cs+coc2+006205)¢o¢cz . Z 2—i(1—acg) _ O(nd))

=0
This shows that Algorithm 3 runs in smoothed polynomial time. O
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A  Some Technical lemmas

For a situation s, we denote by dg(s)(u,v) the stochastic distance from u to v in G(s), which
is the shortest (directed) distance between vertices w and v in the graph obtained from G(s)
by setting the length of every deterministic arc to 0 and of every stochastic arc to 1. Let
A = ANG) = max; max{dg(s)(v,u) | v,u € V,dg)(v,u) is finite} be the stochastic diameter of
G. Clearly, \(G) < k(G). Some of our bounds will be given in terms of A, implying stronger
bounds on the running times of some of the approximation schemes.

A set of vertices U C V is called an absorbing class of the Markov chain M if there is no
arc with positive probability from U to V \ U, i.e., U can never be left once it is entered, and
U is strongly connected, i.e., any vertex of U is reachable from any other vertex of U.

Lemma A.1. Let M = (G = (V, E), P) be a Markov chain on n vertices with starting vertex u.
Then the limiting probability of any vertex v € V is either 0 or at least pﬁf;n/n and the limiting
probability of any arc (u,v) € E is either 0 or p>xi1/n.
Proof. Let m and p denote the limiting vertex- and arc-distributions, respectively. Let C1,...,Cy
denote the absorbing classes of M reachable from u. We deal with 7 first. Clearly, for any
v that does not lie in any of these absorbing classes, we have m, = 0. It remains to show
that for all i and every v’ € C; we have m, > p*} /n. Denote by ¢, = > vec; T the total
limiting probability of C;. Note that ¢, is equal to the probability that we reach some vertex
v € C; starting from wu. Since there is a simple path in G from u to C; with at most A
stochastic vertices, this probability is at least pf]‘nin. Furthermore, there exists a vertex v € Cj
with 7, > 7¢,/|Ci| > p).. /n. Now for any v’ € Cj, there exists again a simple path in G from
v to v’ with at most A stochastic nodes, so the probability that we reach v’ starting from v is
at least p\. . It follows that m, > p*} /n.

Now for p, note that pyy > TyPmin, if (u,v) € E. Since m, is either 0 or at least pfrf}n/n, the
claim follows. O

A Markov chain is said to be irreducible if its state space is a single absorbing class. For an
irreducible Markov chain, let m,, denote the mean first passage time from vertex u to vertex
v, and m,, denotes the mean return time to vertex v: my, is the expected number of steps
to reach vertex v for the first time, starting from vertex w, and m,, is the expected number
of steps to return to vertex v for the first time, starting from vertex v. The following lemma
by Cho any Meyer [13] relates these values to the sensitivity of the limiting probabilities of a
Markov chain.

Lemma A.2 ([13]). Lete > 0. Let M = (G = (V, E), P) be an irreducible Markov chain. For
any transition probabilities P with ||P — P|leo < € such that the corresponding Markov chain

~ . . . ~ max m.
M is also irreducible, we have |7 — 7|00 < %6 max, %, where My, are the mean values
VU
defined w.r.t M.

Let M = (G = (V,E),P,r) be a weighted Markov chain. We denote by p,(M) :=
Z(v,u)e E ToPvuTvu the limiting average weight, where 7 is the limiting distribution when u
is the starting position. We will write p, when M is understood from the context.

Lemma A.3. Let M = (G = (V,E),P,r) be a weighted Markov chain with arc weights in
[r_,r4], and € < $pmin = 3Pmin(M) be a positive constant. Let M= (G = (V,E),P,r) be the
weighted Markov chain with transition probabilities P such that |P — P|ls < €. Then, for any
weV, (M) = pu(M)| < (M, ) (defined as in (6)).

Proof. Fix the starting vertex ugp € V. Let and 7 denote the limiting distributions cor-
responding to M and M, respectively. We first bound ’7~T — T|oo. Since € < pmin, we have
Puw = 0 if and only if py, = 0. It follows that M and M have the same absorbing classes.
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Let C,...,Cy denote these classes. Denote by ¢, = ZveCi my and 7o, = ZveCi 7, the total

limiting probability of C; with respect to 7 and 7, respectively. Furthermore, let 7l* and #l* be
the limiting distributions, corresponding respectively to M and M, conditioned on the event
that the Markov process is started in C; (i.e., up € C;). Note that these conditional limiting
distributions describe the limiting distributions for the irreducible Markov chains restricted to
C;. By Lemma A.2, we have \w'i — ﬁ'i\oo < %5 mMaXyec, MaAXyeC,;

i m *
uv Vv

. A C;
Claim A.4. For any u,v € Cj, My, < %

min

Proof. Fix v € C;. Note that, for any v € C;, we have

Myy = Zpuw(l + mwv) + Puv- (19)
WA

Let h = max{dg(u,v) : uwe C;}. Forl =0,1,...,h,let X; = max{my, : u € C;, dg(u,v) =1}.
Let ¢ = argmax{X;: [ =1...,h}. Then Xy <|C;| and, for [ = 1,...,h, (19) implies that

X; < |Ci| + pminXi—1 + (1 — pmin) Xo. (20)

(Indeed, for a vertex for u € V such that dg(u,v) = [, there is a path @ from u to v with [ stochastic
arcs. Let u’ be the vertex closest to u on @ such that dg(u/,v) =1 —1, and let u” be the vertex on Q
preceding «’. Then u” is stochastic, and hence by (19)

My < punr (L Xi21) + D pur(1+ Xo)
wH#u’
= purw(1+Xi—1) + (1 = purw ) (1 + Xo)
> pmin(1 + Xl71> + (1 - pmin)(1 + X@)»

A

using the fact that X; < X, for all [ and pyrys > pmin. Finally, mu,, < |Ci| — 1+ myr, implies (20).)
Iterating (20), for [ =1,...,¢, we get

(+1

1—p*
Xy < |Cil 322 + Xo(1 = plyin),
— Pmin
: . 1—pitl -
implying that X, < [Ci|i=22p ) < |Cil(A + 1)y, O
It follows that ||7l* — 77| < sQ+DIG

2pmin
Claim A.5. ¢, — 7ic,| < endpi.

Proof. Without loss of generality we assume that ug ¢ C;. For a transient vertex v, let y, (resp.,
Uy) be the absorption probability into class Cj, in M, (resp., M). In particular y,, = 7¢,. Note
that

Yo = Z PovuYu + DuC;s where bve; = Z Pou- (21)
ugC; u€eC;
Similarly,
Yo = Z Poulu + DvC; = Z Poulu + Z (Pou — Pow)Yu + Poc- (22)
ugC; ugC; ugC;

Write Ay := |§y — Yp|. Subtracting (21) from (22) and bounding, we get:

Av < Z pvuAu + Z |ﬁvu - pvuwu + ’ﬁvc’i - va¢|

ugC; ugC;
< D pwlut (n—[Cil)e + [Cile = > poulu +en. (23)
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Let h = max{dg(u,C;) : u & C;, dg(u,C;) < oo}, where dg(u, C;) = min{dg(u,v) : v € C;}
is the stochastic distance in G from u to C;. For [ = 0,1,...,h, let X; = max{A, : u ¢
Ci, d(u,C;) =1}, and let ¢ = argmax{X; : [ = 1...,h}. Then Xy = 0 (since deterministic
vertices in M remain deterministic in M) and, for [ = 1,...,h, (23) implies that

X <en+ puinXi—1 + (1 - pmin)Xﬁ- (24)
Iterating we get that X, < an gm”‘ pmfn < an)\pmm O

Let v € V be an arbitrary vertex. If v does not lie in any absorbing class, then 7, = 7, = 0.
Otherwise, let v € C;. By the above claims, we have

= meml < (e + ) (7 + A+ 1)[Cilp)
< Myt gnp;;\n[gn)\()\ + l)pmw1 + 3\ + 1] := 7, + (M, e).

Similarly, we can conclude that 7, < m, + ¢’ (M,z-:). Note that pmin(M) > Pmin(M)/2, since
€ < Pmin(M) /2. It follows that

‘:U'uo(M) - ,qu(./\;l)| < Z |7Tupuv - 7:‘:uﬁ1w‘|741w|

(u,v)EE

< Z (|7Tu - 7~ru|puv + ﬁu‘ﬁuv - puv|)r*
(u,v)EE

< Z (6" (M, €)Puv + Tul)Ts
(u,v)eM

< (0'(M,e) 4 e)n < §(M, e)rs,

and the result follows. O
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