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Abstract

Consider a two-player zero-sum stochastic game where the transition function can
be embedded in a given feature space. We propose a two-player Q-learning algo-
rithm for approximating the Nash equilibrium strategy via sampling. The algorithm
is shown to find an e-optimal strategy using sample size linear to the number of
features. To further improve its sample efficiency, we develop an accelerated algo-
rithm by adopting techniques such as variance reduction, monotonicity preservation
and two-sided strategy approximation. We prove that the algorithm is guaranteed
to find an e-optimal strategy using no more than O(K/(e?(1 — ~)*)) samples with
high probability, where K is the number of features and + is a discount factor. The
sample, time and space complexities of the algorithm are independent of original
dimensions of the game.

1 Introduction

Two-player turn based stochastic game (2-TBSG) is a generalization of Markov decision process
(MDP), both of which are widely used models in machine learning and operations research. While
MDP involves one agent with its simple objective to maximize the total reward, 2-TBSG is a zero-sum
game involving two players with opposite objectives: one player seeks to maximize the total reward
and the other player seeks to minimize the total reward. In a 2-TBSG, the set of all states is divided
into two subsets that are controlled by the two players, respectively. We focus on the discounted
stationary 2-TBSG, where the probability transition model is invariant across time and the total
reward is the infinite sum of all discounted rewards. Our goal is to approximate the Nash equilibrium
of the 2-TBSG, whose existence is proved in|Shapley|(1953).

There are two practical obstacles standing in solving 2-TBSG:

e We usually do not know the transition probability model explicitly;
e The number of possible states and actions are very large or even infinite.

In this paper we have access to a sampling oracle that can generate sample transitions from any state
and action pair. We also suppose that a finite number of state-action features are available, such that
the unknown probability transition model can be embedded using the feature space. These features
allow us to solve 2-TBSG of arbitrary dimensions using parametric algorithms.

A question is raised naturally, that is, how many samples are needed in order to find an approximate
Nash equilibrium? For solving the one-player MDP to e-optimality using K features, Yang and Wang
(2019) proves an information-theoretic lower bound of sample complexity Q(K/((1—)?¢*)). Since
MBDP is a special case of 2-TBSG, the same lower bound applies to 2-TBSG. Yet there has not been
any provably efficient algorithm for solving 2-TBSG using features.

To answer this question, we propose two sampling-based algorithms and provide sample complexity
analysis. Motivated by the value iteration and Q-learning like algorithms given by [Hansen et al.
(2013); ' Yang and Wang| (2019)), we propose a simple two-player Q-learning algorithm for solving
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2-TBSG using given features. When the true transition model can be fully embedded in the feature
space without losing any information, our algorithm finds an e-optimal strategy using no more
than O(K/((1 — v)7€?)) sample transitions, where K is the number of state-action features. The
algorithm, together with its analysis, can be viewed in the appendix (Section[B).

To further improve the sample complexity, we use a variance reduction technique, together with
a specifically designed monotonicity preservation technique which were previously used in|Yang
and Wang|(2019)), to develop an algorithm that is even more sample-efficient. This algorithm uses
a two-sided approximation scheme to find the equilibrium value from both above and below. It
computes the final e-optimal strategy by sticking two approximate strategies together. This algorithm
is proved to find an e-optimal strategy with high probability using O(K/((1 — ~)%€?)) samples,
which improves significantly from our first result. Our results are the first and sharpest sample
complexity bounds for solving two-player stochastic game using features, to our best knowledges.
Our algorithms are the first ones of their kind with provable sample efficiency. It is also worth noting
thlat the algorithms are space and time efficient, whose complexities depend polynomially on K and

it and are free from the game’s dimensions. Moreover, we also provide model misspecification

error bound for the case where the features cannot fully embed the transition model.
Section [2| presents the problem formulation and basics. The accelerated two-player Q-learning

algorithm and its analysis are presented in Section[3|and Section[d] The related literatures has been
deferred to the appendix (Section [A).

2 Preliminaries

Basics of 2-TBSG A discounted 2-TBSG (2-TBSG for short) consists of a tuple (S, A, P, r,7),
where S = §; U Sy, A = A; U As and 1, So, Ay, A, are state sets and action sets for Player 1 and
Player 2, respectively. P € RIS*AIXIS| is a transition probability matrix, where P(s'|s, a) denotes
the probability of transitioning to state s’ from state s if action a is used. r € RISIXIl is the reward
vector, where r(s,a) € [0, 1] denotes the immediate reward received using action a at state s.

For a given state s € S, we use Ay to denote the available action set for state s. A value function is a
mapping from S to R. A deterministic strategy (strategy for short) 7 = (1, m2) is defined such that
my, To are mappings from S to A; and from S; to A, respectively. Given a strategy , the value
function of 7 is defined to be the expectation of total discounted reward starting from s, i.e.,

V™(s) =E

Z’yir(si,w(si))‘so = s] , VseS, (D
i=0

where v € [0,1) is the discounted factor, and the expectation is over all trajectories starting from s.

Two players in a 2-TBSG has opposite objectives. While the first player seeks to maximize the value
function (T)), the second player seeks to minimize it. In the following we present the definition of the
equilibrium strategy.

Definition 1. A strategy 7* = (7}, 73) is called a Nash equilibrium strategy (equilibrium strategy
for short), if V™1™ < V7 < V™17 for any player 1’s strategy 71 and player 2’s strategy 7o.

The existence of the Nash equilibrium strategy is proved in Shapley (1953). And all equilibrium
strategies share the same value function, which we denote by v* € RIS,

Notice that v* is the equilibrium value if and only if it satisfies the following Bellman equation
Hansen et al.[(2013)):
’U* = T’U*, (2)

where 7 is an operator mapping a value function V' into another:

maxee,[r(s,a) +7P([s,a)"V], Vs €S,

minge a4, [r(s,a) + vP(-|s,a)V], Vs € S,. )

TV = {

We give definitions of e-optimal values and e-optimal strategies.

Definition 2. We call a value function V an e-optimal value, if |V — v*|| < €.



Definition 3. We call a strategy m = (71, 72) an e-optimal strategy, if for any s € S,

max [V (s) — v*(s)] <€, min [V (s) —v*(s)] > —e.

1 2

Since ming, V™ ™2 < v* < maxz, V712, the above definition is equivalent to || minz, V™72 —
V*|loo < €and || maxz, V7™ — 0% <€

Features and Probability Transition Model Suppose we have K feature functions ¢ =
{¢1,- -+, oK } mapping from S x A into R. For every state-action pair (s, a), these features give a
feature vector

¢(87a) = [(;51(8,0,), T 7¢K(S7a)}T € R¥.

Throughout this paper, we focus on 2-TBSG where the probability transition model can be nearly
embedded using the features ¢ without losing any information.

Definition 4. We say that the transition model P can be embedded into the feature space ¢, if there
exists functions ¢, ..., %k : S — R such that

P(s|s,a) = Z dr(s,a)vp(s’), Vs eS8, (s,a) e S x A

ke[K]

The preceding model is closely related to linear model for Q functions. When P can be fully
embedded using ¢, the Q-functions belong to span{r, ¢} so we can parameterize them using K-
dimensional vectors. Note that the feature representation is only concerned with the probability
transition but has nothing to do with the reward function. It is pointed out by |Yang and Wang|(2019)
that having a transition model which can be embedded into ¢ is equivalent to using linear Q-function
model with zero Bellman error. In our subsequent analysis, we also provide approximation guarantee
when P cannot be fully embedded using ¢.

It is worth noting that Definition ] has a kernel interpretation. It is equivalent to that the left
singular functions of P belong to the Hilbert space with the kernel function K ((s, a), (s',d’)) =
#(s,a)T¢(s',a’). Our model and method can be viewed as approximating and solving the 2-TBSG
in a given kernel space.

Notations For two value functions V7, V5, we use V; < V5 to denote Vi (s) < Va(s),Vs € S.
We use []}, ;) V(s) to denote the projection of V(s) into the interval [a,b]. The total variance
(TV) distance between two distributions P, P» on the state space S is defined as || Py — Pal|rv =
> scs |P1(s) — Pa(s)|. And we use O(-) to hide log factors of K, L, e,1 —~ and é.

3 Variance-Reduced Q-Learning for Two-Player Stochastic Games

In this section, we show how to accelerate the two-player Q-learning algorithm and achieve near-
optimal sample efficiency. A main technique is to leverage monotonicity of the Bellman operator to
guarantee that solutions improve monotonically in the algorithm, which was used in|Yang and Wang
(2019). The entire algorithm can be viewed in appendix (Section [C).

3.1 Nonnegative Features

To preserve monotonicity in the algorithm, we assume without loss of generality the features are
nonnegative:

¢r(s,a) >0, Vke[K], V(s,a)eSxA

This condition can be easily satisfied. If the raw features ¢ does not satisfy nonnegativity, we can
construct new features ¢’ to make it satisfied. For any state-action pair (s, a) we append another
1D feature ¢ (s, a) such that ¢ (s,a) = ¢r(s,a) + ¢, (s,a) > 0 for k € [K], and there is a
subset K’ of § x A such that |[K’| = K + 1 and ®}., is nonsingular. Then ¢’ satisfies nonnegativity
condition and Assumption |l|for some L by normalization. More details are deferred to appendix.



3.2 Parametrization

We use a “max-linear” parameterization to guarantee that value functions improve monotonically in
the algorithm. Instead of using a single vector w, we now use a finite collection of K -dimensional vec-
tors § = {wM}Z_,, where Z is an integer of order 1/(1— ). We use the following parameterization
for the Q-functions, the value functions and strategiesﬂ

Qw(h) (S, a‘) = 7"(87 CL) + ’YQZS(S, a)Tw(h)a
‘/9(5) _ {maXhE[Z] maXgeA, Qw(h) (57 a)a Vs € &,

maxXpe(z) Mige A, Qum (,a), Vs € Sa, “4)
) = { et S, @uin ()] €5

maxpe(z] [arg minaEAs (Qw(h) (8, CL))] , Vse Sa.

For a given # and s, computing the corresponding Q-value and action requires solving a one-step
optimization problem. We assume that there is an oracle that solves the problem with time complexity
M.

Remark 1. When the action space is continuous, this M may become a constant which is independent
to the state set and the action set.

3.3 Preserving Monotonicity

A drawback of value iteration-like method is: an e-optimal value function cannot be used greedily
to obtain an e-optimal strategy. In order for Algorithm|[I]to find an 7 such that V'™ is an e-optimal
value, it needs to find an (1 — ~y)e-optimal value function first, which is very inefficient. However, if
a strategy 7 and a value function V satisfy following inequality

V <T:V, (&)
then there is a strong connection between V™ and V' as follows (due to monotonicity of the Bellman
operator 7T ): VS'EVS'E?VS'“S'EOOV:VW-

This relation will be used to show that if V' is close to optimal, the policy 7 is also close to optimal.
The accelerated algorithm is given partly in Algorithm [2{ which uses two tricks to preserve mono-
tonicity:
e We use parametrization (@) for Q,,, Vp and my. This parametrization ensures that in our
algorithm, the values and strategies keeps improving throughout iterations.
e In each iteration, we shift downwards the new parameter w7 to w9 by using a confi-
dence bound, such that
(s, a)T@(m’) < P(:|s, a)Tv(i-,j—l) < P(-s, a)Tv(iJ),

which uses the nonnegativity of features. The shift is used to guarantee (3).
3.4 Approximating the Equilibrium from Two Sides

Making value functions monotonically increasing is not enough to find an e-optimal strategy for
two-player stochastic games. There are two sides of the game, and V™ may be either greater or less
than the Nash value. Having a lowerbound V for V™ does not lead to an approximate strategy. This
is a major difference from one-player MDP.

In order to fix this problem, we approximate the Nash equilibrium from two sides — both from
above and below. Given player 1’s strategy 71 and player 2’s strategy 72, we introduce two Bellman
operators Tr, min, Tmax,r -

F o [remE) PP M), fse s,

TL,mm minge 4, [T(Saa) + 7P(-|3,a)TV] ) if s € S, (6)
T v {maxsea, [r(s, a) + 7P(~|3,a)TV] ) if s € Sy,

V= N rls molo) +APCs, )TV, ise sy

'Here maxy,c(z)[arg minge 4, Q,,n (s, a)] is defined to be the solution of a in the max-min problem:
maxXpe|z] Minaea, @, ) (8, a). The definition of maxy,c(z)[arg maxaea, @, (s, a)] is similar.



Then if there exist value functions V, W such that all of the following
V< TrminV;  Tmaxm,W < W (7
hold, then by using the monotonicity of 7, min, Trs,max WE get
V<minV™™ < p* < max V™™ < W.

o T
Hence if we have ||V — v*||o < € and [|[W — v*||s < €, they jointly imply
|| min v v oo <6
™ @®)

I max V7" 0 < 6,
1

which indicates that (71, 72) is an e-optimal strategy.

To achieve this goal, we construct a “flipped" instance of 2-TBSG M’ = (S, A, P, r’,~), where the
state set and the action set for each player, the transition probability matrix and the discounted factor
are identical with those of M. The reward function 7’ is defined as

r'(s,a) =1—1(s,a). 9)
And the objective of two players are switched, which means in M’ the first player aims to minimize
and the second player aims to maximize. M, M’ share the same optimal strategy (but flipped).

We use V" to denote the value function of M’, and let W (s) = 1= — V'(s) forany s € S, which
serves as the value function approximating the equilibrium value v* from upper side. This W,

together with V/, forms a two-sided approximation to the equilibrium value function.

We use Algorithm [2]to solve M and M’ at the same time. Next we construct a strategy 7 where the
first player’s strategy is based on parameters from the lower approximation, and the second player’s
strategy is based on parameters from the upper approximation. This process is described in Algorithm
and its output is the following approximate Nash equilibrium strategy:
(s) T, m(8), ifse Sy,

W:](R,VR) (s), ifse Sy,

where for n = {z(")}7_, 7 is the strategy defined as

() = 4 ARhelZ] [arg minge 4, (r'(s,a) + y¢(s,a)TzM)], Vs € Sy,
T \maxpepz) [arg maxaen, (1'(s,a) +79(s,a) 2 M)], Vs €Sy,

(10)

3.5 Variance Reduction

We use inner-outer loops for variance reduction in our algorithm. Let the parameters at the (4, j)-th
iteration be §(*7). At the beginning of the i-th outer iteration, we aim to approximate P(-|s, a)” V.0,
accurately (Step 6, 7). Then in the (i, j)-th inner iteration, we use P(-|s,a)T Vj o) as a reference to
reduce the variance of estimation. That is, we estimate the difference P(-|s,a)” (Vyu.i-1) — Vo))
using samples and then use the following equation (Step 11, 12 in Algorithm 2)

P(|57 a;)T‘/()(i,j—l) = P(‘S, a)T‘/g(i,o) + P(|$7 G/)T(‘/g(i.j—l) - ‘/9(1,0))
to approximate P(-|s,a)” Vjy..;-1). Since the infinite norm of (Vy¢i.;—1) — Vyei.0)) is guaranteed to
be smaller than the absolute value of Vj:,0), the number of samples needed for each inner iteration
can be substantially reduced. Hence our algorithm is more sample-efficient.

3.6 Putting Together

Algorithms [2}{3] puts together all the techniques that were explained. In the next section, we will
prove that they output an e-optimal strategy with high probability. It is easy to see that the time
complexity of Algorithmis O(K“ + MK/((1 —~)*?) + K2/(1 — ~)). The first term K is the
time calculating CI),El. The second term is the time of sampling and calculating the value function
in each iteration, and M is the time of calculating V() given parameter ¢ and state s, which can
be viewed as solving an optimization problem over the action space. The last term is due to the
calculation of ®x M (7). As for the space complexity, we only need to store <I>,€1 and the parameter
0(7) at each iteration, which take O(K? + K /(1 — 7)) space. Hence the total time and space
complexities are independent from the numbers of states and actions.



4 Sample Complexity of Algorithms 243|

In this section, we analyze the sample complexity of our Algorithms [2}[3]

Theorem 1. Let Assumption [I| hold and let features be nonnegative. Suppose that the transition
model P of M can be fully embedded into ¢ space. Then for some ¢ > 0,6 € (0, 1), with probability
at least 1 — 20, the output of Algorithm[3)is an e-optimal strategy. The number of samples used is

2
N=0 ((152% ~poly10g(K671571)).
We present a proof sketch here, and the complete proof is deferred to appendix.

Proof Sketch. We prove ||[Vyio) — v*]|oc < 27%/(1 — ) by induction. It is easy to know that
Voo — v*]|oe < 1/(1 — 7). Next we assume ||Vpi-1.0) — v*||oo < 27971/(1 — 7) holds.

The error between Vy(:,0) and v* involves two types of error: the estimation error due to sampling and
the convergence error of value iteration. Due to the variance reduction technique, estimation error
has two parts. The first part is the estimation error of <I>,€1P;<V9(i71,o>, which we denote as €(*°), and
the second part is the error of @,Elpj(:(VQ(i—l,j) — Vpi—1,0)), which we denote as (&3 for short.

According to the Hoeffding inequality, we have €(*9) = O(L/(1 — ) - v/1/m) and (")) = O(L -
max; |Vpi-1,-1(8) — Vyi-1.0)(s)| - v/1/m1) with high probability. By the induction hypothesis,
we have max [Vyi-1.5-1)(8) — Vyi-1.0)(8)] < m If we choose m = cL?/((1 — v)%€?) and
my = 1 L?/(1 — )2, we will have (%9 = O(e(1 — 7)) and e7) = O(277).

The convergence error of value iteration in the inner loop is v/*/(1 — 7). If we choose R =

crlog(e™1(1—~)71) /(1 —~), we will have v /(1 — ) = O(€). Bringing these two types of errors
together, we have with high probability that

R R i "

"~ Vo i Rj((i0) 4 (i) A=r)+27Y _ (2
[|v Vb(zﬁ)”ooﬁl_,y-i-jz::l’y 7 (e +e") <O e+ T =0 )
where the last equality is due to e < 2% /(1 —~) < 27%/(1 — 7). Choosing R’ = ¢ log(e~1(1 —
7)™ 1), we have ||[v* — Vyri.m |loo = [[vF — Vgri1,0)|oo < €. Here we have omitted the dependence

on any constant factors.

Similarly, we can show [[v* — W, (r+1.0)[[oc < € for the “flipped" side. Hence we have Vya/,r) <
v* < W, r), therefore the combined strategy m = (71, ) given by Algorithmis an e-optimal
strategy since

Voo <min VT2 < 0" <max V™ < W, i), (11)
2

T
whose proof is based on the monotonicity of two operators 7, min, Tmax,x,- The total number of
samples used by Algorithmis R'(R-my+m) = O(L?/((1 —7)*?)). O

According to Theorem [3|and[I} we have the following theorem when the transition model cannot be
embedded exactly, whose proof is deferred to appendix.

Theorem 2 (Approximation error due to model misspecification). Let Assumption|l|holds and let
features be nonnegative. If there is an another transition model P which can be fully embedded into
¢ space, and there exists £ € [0, 1] such that | P(-|s,a) — P(-|s,a)||rv < & for¥(s,a) € S x Aand
P(-|s,a) = P(:|s,a) for (s,a) € K, then with probability at least 1 — 25, the output of Algorithm
is an (25/(1 -2+ 26) -optimal strategy, and with probability at least 1 — §, the parametrized
strategy (7T71u<R> , wim)) according to the output ofAlgorithm is (25/(1 —7)% + 26) -optimal.

5 Conclusion

In this paper, we develop a two-player Q-learning algorithm for solving 2-TBSG in feature space.
This algorithm is proved to find an e-optimal strategy with high probability using O(K/((1 —v)*€?))
samples. It is the first and sharpest sample complexity bound for solving two-player stochastic game
using features and linear models, to our best knowledges. The algorithm is sample efficient as well as
space and time efficient.
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A Related Works

The 2-TBSG is a special case of games and stochastic games (SG), which are first introduced in
Von Neumann and Morgenstern| (2007)) and Shapley|(1953). For a comprehensive introduction on SG,
please refer to the books Neyman et al.|(2003) and |Filar and Vrieze|(2012). A number of deterministic
algorithms have been developed for solving 2-TBSG when its explicit form is fully given, including
Littman|(1996); Ludwig (1995); Hansen et al.| (2013). For example Rao et al.|(1973) proposes the
strategy iteration algorithm. A value iteration method is proposed by |[Hansen et al.|(2013)), which is
one of the motivation of our algorithm.

In the special case of MDP, there exist a large body of works on its sample complexity and sampling-
based algorithms. For the tabular setting (finitely many state and actions), sample complexity of
MDP with a sampling oracle has been studied in|Kearns and Singh! (1999); Azar et al.| (2013)); Sidford
et al.| (2018bla); Kakade|(2003); |Singh and Yee| (1994));|Azar et al.|(2011b). Lower bounds for sample
complexity have been studied in|Azar et al.[(2013);|[Even-Dar et al.| (20006); |Azar et al.|(2011a), where
the first tight lower bound Q(|S||.A|/(1 — ~)?) is obtained in Azar et al.[(2013). The first sample-
optimal algorithm for finding an e-optimal value is proposed in |Azar et al.[(2013)). Sidford et al.
(2018a) gives the first algorithm that finds an e-optimal policy using the optimal sample complexity
O(|S|]A]/(1 — ~)?) for all values of €. For solving MDP using K linearly additive features, Yang
and Wang|(2019) proved a lower bound of sample complexity that is Q(K/((1 — v)3€?)). It also
provided an algorithm that achieves this lower bound up to log factors, however, their analysis of the
algorithm relies heavily on an extra “anchor state” assumption. In|Chen et al.|(2018)), a primal-dual
method solving MDP with linear and bilinear representation of value functions and transition models
is proposed for the undiscounted MDP. In|Jiang et al.|(2017), the sample complexity of contextual
decision process is studied.

As for general stochastic games, the minimax Q-learning algorithm and the friend-and-foe Q-learning
algorithm is introduced in [Littman| (1994) and |Littman| (2001a), respectively. The Nash Q-learning
algorithm is proposed for zero-sum games in [Hu and Wellman|(2003) and for general-sum games in
Littman| (2001b); Hu and Wellman| (1999). Also in [Perolat et al.|(2015), the error of approximate
Q-learning is estimated. In|Zhang et al.|(2018), finite-sample analysis of multi-agent reinforcement
learning is provided. To our best knowledge, there is no known algorithm that solves 2-TBSG using
features with sample complexity analysis.

There are a large number of works analyzing linear model approximation of value and Q functions,
for examples [Tsitsiklis and Van Roy| (1997); Nedi¢ and Bertsekas| (2003)); [Lagoudakis and Parr
(2003); Melo et al.| (2008); |Parr et al.|(2008)); Sutton et al.| (2009); Lazaric et al.|(2012); Tagorti and
Scherrer| (2015). These work mainly focus on approximating the value function or Q function for
a fixed policy. The convergence of temporal difference learning with a linear model for a given
policy is proved in [Tsitsiklis and Van Roy| (1997). [Melo et al.| (2008) and |Sutton et al.| (2009))
study the convergence of Q-learning and off-policy temporal difference learning with linear function
parametrization, respectively. In Parr et al.|(2008]), the relationship of linear transition model and
linear parametrized value functions is explained. It is also pointed out by [Yang and Wang| (2019)) that
using linear model for Q function is essentially equivalent to assuming that the transition model can
be embedded using these features, provided that there is zero Bellman error.

The fitted value iteration for MDPs or 2TBSGs, where the value function is approximated by functions
in a general function space, is analyzed in |Munos and Szepesvari| (2008); |Antos et al.| (2008alb);
Farahmand et al.[(2010); Yang et al.|(2019); |Pérolat et al.|(2016)). In these papers, it is shown that the
error is related to the Bellman error of the function space, and depends polynomially on 1/¢,1/(1—+)
and the dimension of the function space. However, only convergence is analyzed in these paper.

B A Basic Two-Player Q-learning Algorithm

In this section, we develop a basic two-player Q learning algorithm for 2-TBSG. The algorithm is
motivated by the two-player value iteration algorithm |[Hansen et al.[(2013)). It is also motivated by the
parametric Q-learning algorithm for solving MDP given by Yang and Wang|(2019).
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B.1 Algorithm and Parametrization

The algorithm uses a vector w € R to parametrize Q-functions, value functions and strategies as
follows:

Qu(s,a) =r(s,a) + (s, a)Tw7
12
Vi (5) = m.aXaeA Qu(s,a) s €S8y, o (5) = arg m.axaeA Quw(s,a) s &, (12)
Mminge 4 Qu(s,a) s € Sa, argminge 4 Qu(s,a) s € Sy.

The algorithm keeps tracks of the parameter vector w only. The value functions and strategies can be
obtained from w according to preceding equations when they are needed.

We present Algorithm [T} which is an approximate value iteration. Our algorithm picks a set K of
representative state-action pairs at first. Then at iteration ¢, it uses sampling to estimate the values
P(-|s,a)TV,, -1, and carries value iteration using these estimates. The set K can be chosen nearly
arbitrarily, but it is necessary that the set is representative of the feature space. It means that the
feature vectors of state-action pairs in this set cannot too be alike but need to be linearly independent.

Assumption 1. There exist K state-action pairs (s, a) forming a set K satisfying

lo(s,a)1 <1, Vse€S,ac A, 3L>0, [ <L,

where @ is the K x K matrix formed by row features of those (s, a) in K.

Algorithm 1 Sampled Value Iteration for 2-TBSG

1: Input: A2-TBSG M = (S, A, P,r,v), where S = S§1 US2, A= A1 U As.

2: Input: €,6 € (0,1).

3: Initialize: w® « 0.

4: Initialize: R <+ ©(1/(1—7)log(1/(1—7)e)), T« O [(L*-log(KR/5)/(¢*(1—7)%))].
5: Pick a set KC of state-action pairs, which satisfies Assumption

6: fort =1: Rdo

7. MY+ 0eRX

8: for (s,a) € K do

9: Sample P(:|s, a) for T' times to obtain s§t>, s S(Tt) €s.

10: Let MM (s,a) = £ 527 o1 /(1) Viptt—1) (s\"), where V,, is defined in (T2).
11: end for

12 w® oM@,
13: end for

14: Output: v ¢ RX,

B.2 Sample Complexity Analysis
The next theorem establishes the sample complexity of Algorithm which is independent from |S|
and |A|. Its proof is deferred to the appendix.

Theorem 3 (Convergence of Algorithm [I). Let Assumption [l holds. Suppose that the transition
model P of M can be fully embedded into the ¢ space. Then for some ¢ > 0,6 € (0,1), with
probability at least 1 — 6, the parametrized strategy T,,r) according to the output of Algorithm|[I]is

e-optimal. The number of samples used is @) (% - poly log(Keilé’l)).

B.3 Proof of Theorem 3

We first present the definition of optimal counterstrategies.

Definition 5. For player 1’s strategy 71, we call w2 a player 2’s optimal counterstrategy against
w1, if for any player 2’s strategy 7o, we have V™72 < V772 For player 2’s strategy ma, we
call m; a player 1’s optimal counterstrategy against 7o, if for any player 1’s strategy 71, we have
VT > VT2

It is known in [Puterman| (2014) that for any player 1’s strategy 7, (player 2’s strategy ), the optimal
counterstrategy against w1 (o) always exists.
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Our next lemma indicates that we can use the error of parametrized () functions to bounded the error
of value functions of parametrized strategies.
Lemma 1. If

1Qu (s, a) = Q"(s,a) [ < ¢, (13)

2¢

*

—v < — v
e < 72
where (71, 7o) = Ty, and T}, 75 are optimal counterstrategies of 7o, 1.

then we have

. x 2
o T < £ 14

Proof. We only prove the first inequality of (T4). The proof of the second inequality is similar.
For any s € Sy,

[0THTE (5) — 0¥ ()] = 0™ (s) = Q" (s, 7 (s))]
< [0 (s) = Q" (s, mi(5))] + Q" (s,m(s)) — Q7 (5,7 ()]
= [YP(-[s, () 0™ =y P(-|s,m1(s))v*| + Q" (s,m1(5)) — Q" (5,7 (s))]
<A P(s, m(s) (0™ = o) +[Q" (s, mi(5)) — Q" (s, 7" (5))]
<A = 0%l + Q7 (5, m1(s)) — Q% (5,77 (5))]-
According to the definition of 7, = (71, 72) and Q*,
Q" (s,m(s)) < Q" (s,7(s)),
Qu(s,m1(5)) = Qu(s,7"(s)).
Combine this inequality with inequality (T3), we get
0<Q%(s,m(s)) — Q% (s,mi(s))
<1Q7(s,77(5)) — Quis, 7 ()| + Qu (s, 77(5)) — Qui(s, m1(5))
+ [Qu(s,mi(s)) — Q" (s, m(s))]
< 2Qu — @"lleo < 2€,
which indicates that
V™2 (5) — v*(s)] < YU — 0¥ || +2¢, Vs € S

Furthermore, for s € Sy, we have

T, Ty ok — . . Ty m,75 | : . Ty *
[v™ 72 (8) — v (s)] min [r(s,a) +vP(:|s,a)' V 2} min [r(s,a) +vP(|s,a)" V*]

acAs

< max [1P(|s,) V™" — yP(|s,0)" V"]

a€A,

*
T1,To *
— V|| oo-

<Alv

Therefore, we have . .
0772 — v oo S [T — v |oo 4 2¢,
which indicates that
0072 — | < —2—.

The first inequality of (T4) is verified. O

Proof of Theorem[3l We define

maxqe A, 7(s,a) + yPL,V, Vs e S,
minge 4, 7(s,a) + 'yPS:':aV, Vs € Sa,

TV ={

FOV(s) = maxgea, 7(8,a) + vo(s, a)T<I>,E1]5,(Ct)V, Vs € Sy,
minge 4, 7(s,a) + yo(s, a)T<I>,Elp,(Ct)V, Vs € So,
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where P() € REXISI (1 <t < R)is the approximate transition probability matrix obtained by
sampling at ¢-th iterations:

5

T

R 1

P((;a),s/ = f 2 :l[sgt):s/]v V(s,a) € ]Cﬂ Sgt)ﬂ e a5¥) ~ P(|57a)
=1

Then our algorithm can be written as

Vo < TOV, o1, V1I<I<R,
where Vw(t—l) = H[Owl/(l,w)]Vw@fl).
We define the following event as &;:

~ ~ 1 log(KR/§)
1P = Pe) Vi tlloo < 1 3= 0 gy =5

According to Hoeffding inequality for both state-action pairs in X and applying their union bound,
the event &; holds with probability at least 1 — §/R. Also &; indicates that for any s € S,a € A,
we have

’)/QS(S,G)T@]EIPISE)V,LUU—I) — ’yPg:anafl) < Ley, (15)

< ’a;(s,a)T@,gl(P,S) — PV

where we let P; , = P(+|s, a) and the last inequality comes from the assumption ||¢(s, a)||; < 1 and
[®x']|oe < L. Noting that for any s € S,

9

[T Vie-n](s) = [T Vi ()] < max ‘Ws(s,a)T@,;ng)Vw(,,,n — A PT Vi)

and Tv* = v*, we have

[Vier =0 [l < ||7Ad(t)‘7w<t—1) - TVw(t—1>|\oo + ||T‘7w<t—1> —Tv" |
< Ley+ [TVe-n — To" oo
< Let + 9 Vi1 = 070,
where in the last inequality we use the contraction property of 7.

Therefore, when £, - .. | £ all hold, we get

Vi = V*lloo < Ler + 9| Vipta-1) = 0*[log
< Lep +9|[Viyr-1 = v*[|o
< ~-Le + Leg + ’}/ZHVw(R—z) — U*”oo
< ..

,YR

1—7 1—7’
where we use the fact ||V, — V*||oc < 1/(1 — +) in the last inequality. Furthermore, according to
Qo (s,a) =71(s,a) +vyo(s, a)Ttb,Elp,(CR) V. r-1), we have

< - Ley +

. L R
vla v

1Quiw = Qlleo < Ler + 1Vt = 0%lloo < 75+ 77—

when £ holds, similar to the derivation in (T3). Finally if we suppose 7. ), 72, are optimal
counterstrategies against 71'121]( R 71'111]( ry» UsSing Lemmawe get

2v - Ley 2yH
oo = (1=7)2  (1-9)?

27y - Ley 2y Ft
o T (1= (1=79)?

1 =2
HV%(R) TR

—1 2
HV”w<R>’”w<R> —y*
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if events &1, - - - , € all hold. Since every &; holds with probability at least 1 — 6/ R, the probability
when all these events hold is at least 1 — §.

Hence if we choose

1 o 1 o = e(1—~)? B log(KR/0)\ L? -log(KR/6)
=15y 10( L ) T0(6?(1—7)2>O< (1 —7)S

we can obtain a strategy 7(*®) such that

<e

oo

1 =2
HV%(R) TR _*

—1 2
<k, vawmw“w(m —V*

oo

with probability at least 1 — §. And the number of samples required is

~ kL?
Tk =0 (s )

C Variance Reduced Q Learning Algorithm

In this section, we will present the whole algorithm described in Section 3]

Algorithm 2 One-side Parametric Q-Learning with Variance Reduction for 2-TBSG

1: Input: A two-TBSG M = (S, A, P, r,~) with feature map ¢, where S = S1 U Sz, A = A1 U A
2: Input: €,6 € (0,1)
3: Initialize:

R « O(log1/(e(1—7))), R+ OR/1-7)), 6%+ {0} ecRF

m + O(L?*log(R' RK& ) /(2(1 —)Y), m1 + O(L*log(R'RKS ) /(1 —7)%)),
€1 < O[L/(1 —7) - v/1og(RR'K§~1)/m)],

€D e +O[L-27"/(1 — y)VIog(RR'KS— 1) /m1], YO<i<R

4: fori=0,1,--- ,R do

5. fork e [K]do

6: Generate state samples xfcl), e ,:rém) € S from P(:|sk, ax) for (sk,ar) € K.
7: Let MO (k) « LS V0 (2)

8: end for

9: forj=1,--- ,Rdo

10: for k € [K] do

11: Generate state samples ml(:), e ,xfgml) € § from P(-|sk, ax) for (sk, ar) € K.
12: Let M(i’j)(k‘) — le ln;ll (Vg(i,jfl) (CC,(CZ)) — Va0 (l’g))) + M0
13: end for

14: w9 (I))ElM(m')

15: WD (k) w9 (k) — €D VE € [K]

16: 0-3) =1 | {gp()

17: end for

18: U0 gl F)

19: end for

20: Output: 9F"F)

D Construction of Non-negative Feature

In this section, we discuss how to construct nonnegative features such that the Assumption [I|holds.

Theorem 4. Suppose the transition model P can be embedded into ¢. If there exists a set KC of
state-action pair such that |KC| = K and ®x is nonsingular, then we can construct dimension-(k + 1)
nonnegative features ¢' (s, a) for every state action pairs (s, a) such that P can also be embedded
into ¢', and Assumptionholds for a state-action pair set K' and some constant L.
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Algorithm 3 Two-side Parametric Q-Learning with Variance Reduction

: Input: A two-TBSG M = (S, A, P, r,~) with feature map ¢, where S = S1 U Sz, 4 = A; U A
: Input: €6 € (0,1)

: Construct M’ = (8, A, P,1 — r,~) where objectives of two players are switched

. Solve (R using Algorithm [2| with input M and €, 0

: Solve n(R,’R') using Algorithm [2| with input M’ and €, §

: Construct a strategy 7 : S — A:

AN AW =

(s) = {TFG(R/,R) (s), VseS, 6

TI';](R/,R) (s), Vse€Ss.

7: Output: 7

We first present a lemma which is useful in proving Theorem 4]
Lemma 2. [f A is a non-singular matrix and k € [K]|, and A'(l) is the following matrix
A+l ifi=k
A/ l R 2,7 bl
( )Za] {AiJ? le 7& k.

Then for any N > 0, there exists | > N such that A’ (l) is non-singular.
Proof. This lemma directly follows from the fact that det(A’(1)) is a linear function of {. O

Proof of TheoremH] We construct a feature map £ from ¢/(s, a) to ¢(s, a) in the following way.
L ([¢/1(57 a)’ ¢/2(37 CL), ) ¢IK(37 a)v ¢/K+1(s’ a)])

= [¢I1(57 CL) - ¢/K+1(Sa Cl), QS/Q(Sa CL) - (bll(+1($7 a)a Tty QS/K(& a) - (ZS/K+1(S? a)] (17)

= [¢1 (87 CL), ¢2(85 Cl), ) ¢K(87 Cl)],
which means ¢ (s, a) = ¢1.(s,a) — ¢’ (s, a) for any k € [K]. Adopting this feature map, P can
be embedded into ¢’. Hence we only need to construct nonnegative features ¢’ satisfying both (T7)
and Assumption [T}
For any (s, a) there exists N(s,a) such that for any ¢ ,(s,a) > N(s,a), we have ¢y (s,a) +
P 11(8,a) > 0 for any k € [K]. We choose arbitrarily a state-action pair (s’, a’) not in K, and
let K’ to be the union of K and {(s’,a’)}. If we choose ¢’ ,(s",a’) > max{0, N(s',a’)} and
¢, (s',a") = én(s',a’) + ¢ (8", a’), we will have

d1(s1,a1) - Pr(s1,a1) 0
$1(s2,a2) - PK(s2,a2) 0
det #0
¢1(sk,ax) -+ OK(SK,ak) 0
(sa) e d(shd) Peya(ssal)
since @ is nonsingular, where K = {(s1,a1), -, (sk,ax)}. Next for k € [K], we iteratively

choose ¢K+1(8k7 ax) > N(sk,ax) and add it to the k-th row of the feature matrix ®-, such that
the matrix is still nonsingular. (According to Lemmal such oy 1 (8%, ay,) exists.) After these K
operations, we have

Pi(s1,a1) - P(si,a1)  Priq(s1,an)
P1(s2,a2) - P(s2,a2)  Piq(s2,a2)
det @}, = det £0,
P (sk,arx) o Pr(sk,ax) Grii(Sk,arK)
Pi(s,a’) o P(shad) P (8 d)

where ¢} (sk,ar) = Or(sk,ar) + ¢ 1 (sk, ar). This indicates that @, is nonsingular. Next for
(s,a) notin K', we choose ¢ | (s,a) = N(s,a) and let ¢} (s,a) = ¢r(s,a) + ¢, (s, a).

Then we have ¢'(s,a) > 0 for any (s,a) € S x A and ®}., is nonsingular. Finally we normalize
all features such that ||¢’(s,a)||s < 1 while keeping ¢'(s,a) > 0 for any (s,a) € S x A. And
Assumptlonholds for L = [[(®}) ™| so- O
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E Proof of Theorem[l

In this section, we present the formal proof of Theorem[I] In the following, we assume that all
features ¢(s, a) are nonnegative, and Assumption holds for all the time.

E.1 Notations
We define the following 7 -operators and () functions:
(TV](s) = maxge 4 7(s,a) +yP(-s,a)TV, Vse€ Sy,
|\ mingear(s,a) +vP(:|s,a)TV, Vs €S,
[TaV1(s) = r(s,7(s)) + v P(|s,7(s)) "V,
QG(LJ) (Sa a’) = 7’(87 (l) + 7¢(87 a)TE(i7j)>
@e(i,j) (8, a) = T'(S, a) + ’7P(|S, a)T‘/g(z‘,j—l).
For these 7 and 7T, operators, we have the following monotonicity and contraction property:
Proposition 1. For any value function V, V', if V. < V', we have
TV STV T.V<TV'
1TV =TV oo ANV = Vllso, 172V = TV o ANV = V'lloo
for any strategy w. Furthermore, v* and V'™ are unique fixed points of T and T, respectively, and

lim 7'V =v*, lim T!V =v".
t—o00

t—o0
Next we use the following events to describe properties of our algorithm.
e Let G to be the event
0 < Vhyao (s) < [TVoao] (s) <v*(s),
Vo (s) < [Twe(i,o) Veum} (8)s
9—i

v (8) = Vouo (s) < 7= >

o £:0) to be the event of
w0 — ! PcVyio [l < €1,
where w0 = &1 A70);
e £(19) to be the event of

L-27% [log(RR'KG&—1)
1=y my

||w(i’j) — w(i,O) — @,Elpj(:(VQ(i,j—l) — Vg(i,o))Hoo § ©

E.2 Preserving the Monotonicity

We first present several lemmas to establish some properties of 7 and 7, on Vii,j .

To(ig)
Lemma 3. Suppose G, £:0) ... £6:9) holds. We have
0 < Viiisn () < [TVgain](s) < v™(s),
Voaan(s) < ﬁre(i,qug(i,j/)} (s),

Jorvo < j' <.
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Proof. We prove this result by induction. When j’ = 0, these conditions already hold according to
the event G(9, Now assuming these conditions hold for j* — 1 > 0, we consider the case of j'.

According to the construction of Vy ;1),

Vg(i,j/) (8) = max {‘/e(i,j’l) (8), géax Qe(m) (8, a)} Z ‘/g(i,j’—l) (8), Vs S 81,
’ (18)
Vyai.in () = max {Veu,a"l)(s)’ min Q. (s, a)} = Vouir-n(s), Vs €Sy,

Hence for any s € S, there are two cases:

L. Vo (8) = V-1 (8). Then myain (8) = myair—1 (8);
2. (@) Vyuyn(s) =max, Qyu.i (8, a) and myq,;1) = argmaxee 4, Qya.in (s, a) if s € Si;
(b) Vi (8) = ming Qgei (8, a) and w1 = argmingea, Qg1 (8, a) if s € Sa.
In the first case, according to induction results and the monotonicity of 7, 7, we have
Vo.in (8) = Vyaar—1(8) < [TV -nl(s) < [TVyuinl(s)
Ve(m")(s) = Ve(z‘,a"—l)(s) < ﬁre(i,j/,l)%u,j’—l)} (s) = [ﬁrg(i,j/)vmm’—l)] (s) < [7;9(1.’]./)‘/9(1',;") (s)
In the second case, according to the event £ (i’o), gig '), we obtain
Hw(i’j/) - @ElPK%(mz,n lloo
< Jw® = w0 — ! PV = Vowo)lloo + o = @' PeVieo oo

L-27" [log(RR'KS1)

<0e
1—7v m

+61

— D)

)

which indicates that
w(id’) _ (P]EIPICVQ(i,J"fl) — w(i»j/) _ 6(z) _ <I>,21P/cV9(i,jul) <0.
Since all features are nonnegative, we have the following inequality for Va € A,.
QG(L'J’) (Sa CL) = T(57 CL) + 7¢(87 a)Tw(i,j') < T(57 CL) + 7¢(37 a’)T(I)IEIP)C‘/@UJ'*l)
=r(s,a) +vP(:|s, a)TVe(,i,jr,l) = Qi (s, a).
Therefore, we have
Vi (s) = max Qg (8,a) < max Qyiin (s,a) = [TVyai-n](s), ifseSi;

Ve(vt.j’)(s) = gggl Qe(w’)(S,G) < 522{1 @9(@1’)(3;@) = [TVWJ’—U] (3), if s € Sy;

Vb(i,j’)(s) = Qe(i,jﬂ(sﬂf(gu,j')(s)) < @9<i,j/>(3»7fg(i,j'>(5)) = [ﬁrs(i,mvmi,ﬂ—n (s).
Noticing Vi ;1-1) < Vy.;7) and the monotonicity of 7 and 7}9(11],,71), we have
Ve(m")(S) < [TVW,J"—U] (s) < [TVO(M’J (s),
Vi (s) < {ﬁre(iyj/_l)vau,j’)] (s).
Therefore, for all s € S,
Vi (8) < [T Vpaan] (s),

Voiin () < [ﬁrg(i,j,,m‘/@(i,j')} (s).
Again according to the monotonicity of 7, we have
Voiiin (8) < [TVpian] (5) < [T?Vgaan] (s) < -+ < 0*(s).

This completes the induction. O
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Next, we will exhibit an approximate contraction property of our algorithm.
Lemmad4. [fG® €00 ... £6d) holds, then for 1 < j' < j we have

v (s) — Vyagn (s) < max [vP(-|s,a)" (v* = Vyu—ny)] + 2, vseS.

Proof. According to Algorithm 2]
w03 = B3 _ @) > S PLV, 1) — 269,
Using Vy;—1) < Vyayn < v* in Lemma 3} we have for Vs € Sy,

v*(8) = Vyain (s) S v*(s) — max [r(s,a) + (s, a)TE(ivj/)}

S v*(s) — max [r(s,a) + ’7¢(57 a)T(q))El-P]ng(i,j/_m - 26(1))]

a€EA,

= max [T(s, a) +vyP(:s, a)TU*] — max {r(s,a) + (s, a)T(Q,ElPEVe(M/,l) — Qe(i))}

a€A, a€A,

< Helsz‘X {'yP(-|s,a)Tv* — 'yP(-|s,a)TV9(i,j/,1> + 26(i)||¢(8,a)||1:|
a s

< Héax [’YP('|57G)T(U* - Ve(m’—l))] + 2€(i)7

where the first inequality is due to Vj.;n (8) > maxge 4, [r(s, a) + yé(s, a)Tﬁ(“j/)}, and the third
equality is due to the property of v*. And for s € Ss, similarly we have

v (s) = Vg (5) < 07(s) = min [r(s,a) +6(s, ) @)

< 0(5) = mip [r(s.0) +76(5,0)7 (@5 P Vi — 260

= min [r(s,a) + P(-|s,a)"v*] — min {r(s,a) +y¢(s,a) (@' PEVgiir—1) — 2e(i))]

a€As aC€As
< max [1P([s,0) 70" = yP([3,0) Voo +2¢7 o(s,a) 1
< max [yP(-]s, )" (v" = Vyar)] +2¢7.
The proof is completed. O

E.3 Analysis of the Confidence Bounds

In this subsection, we analyze the confidence bound of sampling.
Lemmas5s. For0 <i< R/,

) . . 1)
Pr (5(%0)7 . ,g(hR)|g(%)) <1-+
Proof. Conditioned on G we have
1

0 § ‘/g(z‘,()) (S) S 'U*(S) m,

IA

2—1’
U*(S) — ‘/9(1‘,0)(8) < -

For any k € [K] and § € (0, 1), according to Hoeffding 1nequa11ty, with probability at least 1 —

log| log|
|M(Z 0)( ) — P(:|sk, ax) Voo | < e - maX|V0(7 o \/T \/T

holds for some constant ¢;. If we switch ¢ into §/(RR'K), then we obtain

|MEO) (k) — P(-| sk, ar) Voo | < e1/L

18



holds with probability at least 1 — §/(RR’K). Next using the fact || ®x||oo < L and apply the union
bound for all k¥ € [K], we have

[w — @, PcVyio l|se = |05 (MO0 — PVl < €1
holds with probability at least 1 — §/(RR’). This indicates that £ ) holds with probability at least
1-46/(RR).

As for £V, since M1 = M®0) and w1 = w9, the event £>1) holds with probability 1.
For 2 < j < R, again using the Hoeffding inequality and the event G ) we have

‘M(i’j)(/{) — M(i’o) (k) - P(-|Sk7 ak)T (Vg(i,j—l) — Vg(i,o)) ‘

1 &

= Z (%(nw)(mg)) — Vit (:c,(cl))) — P(-|sk,a1)T (Va1 — Vo)
=1
log(6—1!
< cxma Vs (5) = Vi (9)] - %1)
log(6—1
< rmaglu” (o) ~ Voo ()25
S cy - 2 %
I—v mq

with probability at least 1 — 4. Since w7 = &t MEI) (0 = ! M9 we switch § into
d/(RR'K) and apply the union bound for all k£ € [K] to obtain that
||’w(i’j) — w(i,O) — @EIPK(VQ(i,jfl) — Vg(i,o))”oc
= [[o! (M09 = MEO — Pe(Vysn = Voeo) ) oo
<L- ||M(i’j) — M0 _ P](:(V@(i,j—l) — Vg(m))”oo

L-27" [log(RR'KS1)

<0
- 1—7 m

holds with probability at least 1 — §/(RR’). So is the probability of £(*7) conditioned on G(*).
Applying the union bound for all £, (1) £(2) ... £(L.R) 'we have

Pr (5(1%0)7 . ,g<i,R>|g<i>> <1- %7

which completes the proof. O

E.4 Analysis of the Error in the Next Iteration

Lemma 6. For V1 < i < R’, we have

, , , , 5
Pr(gt+h G0 .. @R gy > VR
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Proof. Conditioned on G, suppose £(-0), ... | £(:-R) gl hold. Using Lemmal4]for R times, there
exists a constant C' such that

0" = Voim [loo < Jpax [vP(:]s,a)" (v* = Vye.n-)] + 2¢(1)

<Al = Vo llos + 26
< ...

R—-1
< A" = Voo lloo +2 Z 7 e

R / /
< 17 +1 [log(RR'K§—1 [log(RR'K6—1
-

where the last inequality is due to events £%0) ... €05 and [|v* —Vji.0) || oo < 1/(1—7) according
to G(9 . Hence if we choose

R—cp. o8/ =7) L2log(R'RKG§™1)

1= er-a)r

L?log(R'RK§! 277

my = Csy - 8 5 ), €< ;

(1=2) 1—v

where Cr, C1, Cy are constant numbers, we will have

—i—1

'U*—V(i‘R)|OoS .
0" = Vol € —

Furthermore, since §¢T1:0) = §(i-7) the following inequalities
0 < ‘/9(14—1,0)(5) < [T‘/g(i+1,0)] (S) < ’U*(S),
V10 (8) < [Tryia Voo | (5)
272'71
v (8) = Vouro(s) < 7— 5

hold according to Lemma Hence the event G#t1) holds when G, £:0) ... £(i.F) 31 hold.
Therefore, according to Lemma 5| we have proved that

, , , , 5
Pr(g(@+1)’(c;(2,0)7 e ’g(%R)|g(1/)) >1— 2

E.5 Analysis of Approximation from Two Sides

Lemma 7. With probability at least 1 — 5, G0, G £6=1.9) hold for¥1 <i < R',0 < j < R and
V(e ry is an e-optimal value.

Proof. First of all, according to the initialization,

b1

maxgeca, 7(s,a) >0, ifseSy,
minge 4, 7(s,a) >0, ifs e Ss.

This indicates that

[TVQ(0,0)] (8) = {

maxaea, 7(s, @) + YP(:|s,a)" V.0 > maxaea, 7(s,a) = Voo (s), if s € S,
minge 4, 7(s,a) + YP(:|s,a)T V0,00 > minge 4, r(s,a) = Vyo,o (s), if s € Sa.

and

[7;’(9(0,0) V9<°*°>] (5) = 7(s,mg0.0)) + VP (]38, Tg0.0)) Vyo.0) (8) > 7(8, Tp0.0)) = Vigeo.o) (8)-
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According to the monotonicity of 7T,
0 < Vyooo <TVyooy <+ <o < ——.

Hence G(©) always holds.
Next based on Lemmal[6] we have
(g(i) g(i—lyj)’v1 <i<R,0<j< R|g(0))
=Pr(¢W, 019 v1 <i< R —1,0< j < RGO Pr(gF), g®-10) ... g -LR)GR-1)
>Pr(¢W 0719 v1<i<R —1,0<j < R|GD)-(1-6/R))
> Pr(g V-1 Y1 <i <R -2,0<j<RIGY).(1-6/R)?

> -
> (1-6/R)Y
>1-0.
If G holds, then we obtain
yatid
[|[v* — Vocr, r Jloo < 1=

Hence when choosing R’ = O[log(e~1(1 — ) ~1)], we have
[0 = Vo lloo <€,

which indicates that V(r r/) is an e-optimal value. Therefore, the event that Vj(r r/) is an e-optimal
value, together with G(), £(%:3) happens with probability at least 1 — §. O

Next, we provide some notations and lemmas for the 2-TBSG M. Suppose the equilibrium value
function of M’ is v’ For = {2 }7_, we define

, maxpe(z) Mingea, (r'(s, a) +vo(s, a)Tz(h)) , Vs €Sy,
Vo(s) = ’ ()

K maxye(z) Maxaea, (1'(s,a) +y(s,a)"2M) Vs € S,

, maxpe(z) [argminge 4, (1'(s, a) +v¢(s, a) z(h))] , VseS,
T (s) = ’ 7 (h

maxje|z] [argmaxaeA (r s,a) +vo(s,a)T 2 )] , VseS&,,
1
W,(s) = T Vi (s).

To describe the connection between values of M and M, we introduce the following lemma, whose
proof is obvious.

Lemma 8. v'(s) = 1/(1 — ) — v(s). Any equilibrium strategy for M’ is also an equilibrium
strategy for M. And if ||V;) — v'|| < €, then W, is an e-optimal value.
Next we define events g<0>, QY), El(ifl’j) for1 <¢< R',0 < j < R similar to the case of M.

o Let gi“ to be the event

0< Vyom (5) < [TV | () <0/(9)

Vé(i,m( s) < [T/( 0) V,;(z‘.m] (),
2—i
(s) = Vyuo (s) < =
where 7" and 7, is defined as
[T'V'](s) = {mmae“ r'(s,a) +7P([s,a) V], Vs €Sy,
maxee 4, [1'(s,a) + YP(]s,a)TV], Vs €Ss. (19)

[T2V')(s) =7/ (s,7(s)) + vP(:|s,7'(s))TV', VseS.
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This event is equivalent to the event

1
1—v > Wyeo(s) 2 [TWyao] (s) 2 v"(s),

Wnu,o) (s) > [7;;@,0) Wnu,O)} (5),

272'
1—7’

v*(s) = Wy (s) >

° Sl(i’o) to be the event of
129 — ‘I);EIPICVJ(W oo < €13

° El(i“j) to be the event of

y ; B L-27% [log(RR'K&1)
HZ( v]) — Z( 70) — q)KlP;C(VT;(m_l) — V7;(71,0))||OO S @ 1— ~ My

We present two following lemmas, which can be viewed as counterparts for W of Lemma [3and
Lemmal7l

Lemma 9. Suppose Q:Ei), 51(1',0)7 e ,51(i’j) holds. We have
/(1 =7) 2 Wi (s) 2 [TWyain] (s) = 0" (s),

Woa.in (s) = [ﬁr’ﬁ,jl)We(im] (s),

Sforv0o < j' <.

Proof. The proof is similar to Lemma 3] O

Lemma 10. With at least probability 1 — 0, Algotithm_o_r M will output nB-R) which satisfies
V' wy — V|| < ¢ together with events g(‘”, g“%g(““) orl<i:<R,0<j<R
n(R.R") 15591561

Proof. The proof is similar to Lemma[7} O

Our next lemma indicates that if Vy and W, are both e-optimal values, then the strategy obtained
from Algorithm [3]is an e-optimal strategy.

Lemma 11. If Vyr' &) and WW(R'*R) are both e-optimal values, where Q(R”R), n(R”R) are param-
eters obtained from Algorithm [2| with inputs M and M', respectively. and G0, G g(=1.7)

£0)’ ii), Sfifl’j) all hold for V1 <i < R',0 < j < R, then the strategy m = (71, T2) output from
Algorithm|3|is an e-optimal strategy.

Proof. We define the following operators mapping from value functions to value functions.
maXge A, [T(Sa a) + ’YP(|S? a)T]K Vs € 817
r(s,ma(s)) +vP(|s,m2(s))TV, Vs €S,

r(s,m(3) + 7 P(ls mi )TV, Vs € 5,
minge 4, [7(s,a) + vP(:|s,a)T]V, Vs € Ss.

[Tonax,ms V() = {

TevmnV 1) = {

Then Tmax, s s Ty, min are both monotonic and contracting operators with contraction factor -, and it
is easy to see that V712 V7.2 are fixed points of 77, Tz, respectively, where 71, T2 are optimal
counterstrategies against o, 7.

We next prove that V712 satisfies

v* < YT < an',R)- (20)
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According to Lemma[J] for any s € S;, we have

[Tmax,WQWn(R’,R)} (3) = ({Iéi\)ir(s’ a) + ’YP(‘S, G)TWU(R/,R) = |:TW77(R/,R):| (S) S WU<R/‘R>(S)’

and for any s € Sy, we have

{TmaXMWn(R”R)} (5) = (s, m2(s)) + VP (|5, m2())" W, )

= {7; an',m} (s) < W ar m (s).

’

(R, R)

These inequalities indicates that Tpax r, Wn( rR) < Wn< r’,r). Hence according to the monotonicity
— ’

of Tmax,r,» We have V712 < WéR 2 (s). Moreover, since 7 is an optimal counterstrategy against

o, we have v* < V™72 The inequalities (20) has been proved.

Next noticing that [|W, (z/.r) — v*[| < €, we have
[V — o < e
Similarly we have ||[V™ ™2 — v*|| < e considering the operator Ty, min. These two inequalities

together indicate that 7 is an e-optimal strategy. O

E.6 Proof of Theorem[l

Proof of Theorem[l] According to Lemma [7 and @I, the event that Vyr.r), W, (r.r/) are both e-

optimal values, together with events G(0), G(9) £(5:7) g§0>,g§i),£{i’j) for1 <i< R,0<j<R,
happen with probability at least 1 — 24. Hence according to Lemma|[TT] the output 7 of Algorithm 3]
is e-optimal strategy with probability at least 1 — 2§. The total samples used in our algorithm is

~ KI?
/ / o
2(RRRKmi+ R'Km) =0 <62(1 7)4>

samples. O

F Proof of Theorem 2
We first present a proposition indicating that an approximate optimal strategy of M = (S, A, P, r,7)
is also an approximate optimal strategy of M’ = (S, A, P',r, 7).
Proposition 2. Suppose P, P are two transition models such that

|P(-|s,a) = P'(:|s,a)||rv <&, V(s,a) € S x A.
Then for two 2-TBSGs M = (S, A, P,r,v), M' = (S, A, P',r,v), if 7 is an e-optimal strategy of
M, mis also an (ﬁ + 2e> -optimal strategy of M'.

Proof. Suppose m = (w1, m2), T1, T2 are optimal counterstrategies against 7o, 71 in M, and f’l, ﬁ’Q
are optimal counterstrategy against o, 71 in M’. We also assume that V, U are value functions of
M and M’ respectively.

According to the TV condition, for any strategy 7 we have
VT = U oo = (I = vPr) "1 — (I = vPp) "'ralloc
= ”(I - 'VPT/r)_l('YPW - ’VP;-)(I - 'YPﬂ')_err”oo

<= AP MoV Pr = APl = v Mloolaloe
1 1
S - 110 /YPTF - /YP‘[{A' o0 B TR T Tﬂ' o0
e ! oo T A I
£
< 7’
T (=92
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where the last inequality follows the facts
1Prlloo = [1Pxlloc = 1. llrelloc <1, [ Pr=Prlloc = max|[P([s, m(s)) =P (s, w(s) |7 < &
Next, since 7o, 75 are optimal counterstrategies against 71 in M and M’, we have
Vﬂ'l,fg < Vﬂ'l,fé U‘n’l,ﬁz > Uﬂ'l,?é
— ) — .

Hence for any s € S,

5 p— -— —_ = —/ —/ é‘
_ Svﬂh‘ﬂ'z(s)_Uﬂ'l,ﬂ'z SV”I’WQ(S)—UFDTFZ(S) SV"H,TFQ(S)_Uﬂ'l,ﬂ'z(S) S ,
(1-7)? (1—7)
which indicates that ¢
YT Umf'g < )
| S re
Similarly, we have
_ . €
V71'1,7T2 _Uﬂ'l,TK‘Q S .
H o = (1—7)2

Moreover, since 7 is an e-optimal strategy of M, we have
[V = VTR oo < VT | [V = < 2,

where v* is the equilibrium value of M’. This inequality, together with above two inequalities,
indicates that
2€

U7l'1 7?/2 _ U?,l ,TT2
H (1—7)?

< + 2e.

Next noting that
UT{'1,7T2 S U* S U‘n'l,Trz)

where u* is the equilibrium value of M’, we have

— 2 — 2
U7r1,71'2 _ u* S + 267 HUTflm'z _ U* S + 26.
H = 17 =17
These two inequalities indicate that 7 is an (ﬁ + 26) -optimal strategy of M. O

Proof of Theorem[2] Since Algorithm and[3|only sample from P(:|s,a) for (s, a) € K, and P
and P’ agree on K, the results of these algorithms executing on M = (S, A, P,r,~) are same as
the results of these algorithms executing on M’ = (S, A, P’,r, ). According to Theorem (3| and
Theorem with probability at least 1 — 6, Algorithm outputs w ™) such that 7, (r) is an e-optimal
strategy of M, and with probability at least 1 — 28, Algorithm [3]outputs an e-optimal strategy 7 of

M. Therefore, according to Proposition T, (r) and m are (ﬁ + 26) -optimal strategies of M.
The proof is completed. O
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