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Abstract

We study a typical optimization model where the optimization variable is com-
posed of multiple probability distributions. Though the model appears frequently in
practice, such as for policy problems, it lacks specific analysis in the general setting.
For this optimization problem, we propose a new structural condition/landscape
description named generalized quasar-convexity (GQC) beyond the realms of con-
vexity. In contrast to original quasar-convexity [24], GQC allows an individual
quasar-convex parameter -y; for each variable block ¢ and the smaller of v, implies
less block-convexity. To minimize the objective function, we consider a generalized
oracle termed as the internal function that includes the standard gradient oracle as
a special case. We provide optimistic mirror descent (OMD) for multiple distri-
butions and prove that the algorithm can achieve an adaptive (9((2?21 1/9:)e™ )
iteration complexity to find an e-suboptimal global solution without pre-known
the exact values of ; when the objective admits “polynomial-like” structural.
Notably, it achieves iteration complexity that does not explicitly depend on the
number of distributions and strictly faster (Zle 1/7i v.s. dmax;e1:q) 1/7:) than
mirror decent methods. We also extend GQC to the minimax optimization problem
proposing the generalized quasar-convexity-concavity (GQCC) condition and a
decentralized variant of OMD with regularization. Finally, we show the appli-
cations of our algorithmic framework on discounted Markov Decision Processes
problem and Markov games, which bring new insights on the landscape analysis of
reinforcement learning.

1 Introduction

We study a common class of generic minimization problem

min f(x), (H

xreX

where the optimization variable x is composed of d probability distributions {x;}&; and X’ denotes
the product space of the d probability simplexes. Problem (I)) meets widespread applications in
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reinforcement learning optimization [62} 2| 35], multi-class classification [53] and model selection
type aggregation [29]. In this paper, we are particularly interested in the case where d is reasonably
large and we manage to obtain complexities dependent of d non-explicitly.

When f is convex with respect to &, many efficient algorithms can be powerful tools for solving
Problem (). One well-known algorithm is mirror descent (MD) [3]] which is based on Bregman
divergence. The wide choices of Bregman divergence enable the algorithm to iterate and converge
under specifically constrained region [34]. In particular, if one applies the usual Euclidean distance,
the algorithm reduces to project gradient descent [37]]. One common and more sophisticated selection
is the Kullback-Leibler (KL) divergence, the algorithm thereby becoming the variant of multiplicative
weights update (MWU) [41]] over probability distribution.

Turning to the non-convex world, specific analysis for Problem (T)) is rare. In general, finding an
approximate global solution suffers from the curse of dimensionality [51,146]. And one interesting
direction is to consider suitable relaxations for the desired solutions, such as an approximate local
stationary point of smooth functions [31} [19]. However, for many cases, local solutions may not
be sufficient. Moreover, the algorithms often converge much faster in practice than the theoretic
lower bounds in non-convex optimization suggest. This observed discrepancy can be attributed
to the fairly weak assumptions underpinning these generic bounds. For example, many generic
non-convex optimization theories, e.g. Carmon et al. [/, [3] only focus on the consideration of
Lipschitz continuity of the gradient and some higher-order derivatives. In practice, the objective is
often more “structured”. For example, the recent progress in neural networks shows that systems of
neural networks approximate convex kernel systems when the model is overparameterized [28]. As
pointed out by Hinder et al. [24], much more research is needed to characterize structured sets of
functions for which minimizers can be efficiently found; It was also noted by Yurii Nesterov [47] that
lots of functions are essentially convex; Our work follows this research line.

We propose generalized quasar-convexity (GQC) for the class of “structure”. The original quasar-
convex functions [22] is parameterized by a constant v € (0,1] and requires f(x) — f(x*) <
%(V f(x),x — x*). These functions are unimodal on all lines that pass through a global minimizer
and so all critical points are minimizers. We extend quasar-convexity by introducing individual
quasar-convex parameter -y; for each distribution a;. Therefore GQC is parameterized by d constants
{7:}L, and implies quasar-convexity in the case d = 1. The main intuition of the generalization is
the observation that d/ min;e(y.q) Y often depends on the number of distributions d in real problems,

whereas, 2?21 1/~; may not. That is to say, the hardness for distribution ¢ diverges according to the
magnitude of ~;. The larger of ~; implies more convexity and the simpler to solve x;. In general,
one always have Zle 1/ < dmaxe[i.q) 1/7:. In the worst case, ijl 1/~; can be d times
smaller than d max;¢1.q 1/7; (see discussions in Section , which motivates us to study the GQC
condition.

We then study designing efficient algorithms to solve (I). One simple case is when {v;}™, is
pre-known by the algorithms. The possible direction is to impose a -y;-dependent update rule, such as
by non-uniform sampling. However, in general cases, {; }7*; is not known and determining {~; },
require non-negligible costs.

In this paper, we consider a generalized oracle, which we refer to as the internal function. Here
the standard gradient oracle can be viewed as a special case of the internal function. We pro-
vide the optimistic mirror descent algorithm for multiple distributions, which makes sure that
each probability distribution is updated according to its own internal function. We first establish

an (’)((d'ymax)l/Q(2:?21 v; ')3/2Le~'log(N)) complexity with N = max;e[1.4) 7 and Yimax =
max;e(1:d] Vi when yax < 00. However, such an complexity depends on dyy,.x and requires the step

size rely on pre-known vy ax Z?Zl o7 !, We then consider f satisfies “polynomial-like” structural (see
Assumption[3.3). We show the assumption can be achieved in a variety of function classes and impor-
tant machine learning problems. Under the assumption, we show the algorithm can adapt to the values

of {v;}!, and guarantees an reduced iteration complexity O((Z?Il 1/7:)e " log(N) log* 5 (e71)).
In the following, the O(-) notation hides factors that are polynomial in log(¢~!) and log(N).

We also extend our framework to the minimax optimization
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Solution Related [teration Single
type work complexity loop

Cen et al. [9] ~ 1
Chenetal [12] © (7(1—@25) X

Weietal 7] O(5) v

e-approximate NE

Cenetal [10] O 5h) v

This Work  O((psz) ¢

Table 1: Comparison of policy optimization methods for finding an e-approximate NE of infinite
horizon two-player zero-sum Markov games in terms of the max-min gap (see Eq. {@)). Since the
iteration complexity of several research works (such as Zhao et al. [75]], Alacaoglu et al. [3]] and Zeng
et al. [72]]) involve concentrability coefficient and initial distribution mismatch coefficient, we will
not delve into them here.

where both x and y are composed of d probability distributions, and Z = X x ) is a joint region. In
the general non-convex and non-concave setting, it is known that finding even an approximated local
solution for (2) is computationally intractable [[16]. We introduce the generalized quasar-convexity-
concavity (GQCC) condition analogous to GQC and demonstrate the feasibility of obtaining an
e-approximate Nash equilibrium with O((1 — §)~2° maxzez(zgl:l ¥i(2))e~ ! log(M) log(s1))
iteration complexities, where max ¢ z (Ele 1;(z)) is analogous to (Zle 1/~;) with ¢);(z) defined
in the GQCC condition; 6 is the discount parameter; M = maxie[l:d]{mi + n;}. Intuitively, the
GQCC condition can be viewed as the generalization of convexity-concavity condition. Similarly, the
O(+) notation hides factors that are polynomial in log(¢~!) and log(M).

Finally, we demonstrate the applications of our framework. For problem (T), we consider both infinite
horizon discounted and finite horizon MDPs problem. For problem (2)), we study the infinite horizon
two-player zero-sum Markov games. We prove the learning objectives admit the GQC and GQCC
conditions, respectively. This provides new landscape description for RL problems, thereby bringing
new insights. Accordingly, our algorithms achieve state-of-the-art iteration complexities up to loga-
rithmic factors. We provide O (e~ 1) iteration bound for finding an s-approximate Nash equilibrium
of infinite horizon two-player zero-sum Markov games, which outperforms the O(|S|3¢~2) bound of

Wei et al. [67] and the O(|S|e 1) bound of Cen et al. [I0] by factors of |S|>~! and |S|, respectively,
up to a logarithmic factor.

1.1 Contribution

(A) We introduce new structural conditions GQC for minimization problems and GQCC for
minimax problems over multiple distributions.

(B) We provide adaptive algorithm that achieves (’)((Z?:1 1/7;)e~1) iteration complexities to
find an e-suboptimal global minimum of “polynomial-like” function under GQC. We also
provide an implementable minimax algorithm, given a generalized quasar-convex-concave
function with proper conditions, uses O((1 — )25 max,ez(3>%, ¢i(2)) e~!) iterations
to find an e-approximate Nash equilibrium.

(C) We show that discounted MDP and infinite horizon two-player zero-sum Markov games
admit the GQC and GQCC conditions, respectively, and also satisfy our mild assumptions. In

addition, we provide O((1 — #)~25¢1) iteration bound for finding an s-approximate Nash
equilibrium of infinite horizon two-player zero-sum Markov games. Detailed comparisons
between our method and prior arts are provided in Table T}

1.2 Related Works

Minimization: Convexity condition has been studied at length and plays a critical role in optimizing
minimization problems [59, 144} 25| 160, 16l 149]]. Several other “convexity-like” conditions have



attracted considerable attention, which provide opportunity for designing algorithmic framework to
achieve global convergence. Star-convexity [47/] is a typical example that relaxes convexity, showing
potential in machine learning recently [32| [76]. Quasi-convexity, which admits that the highest
point along any line segment is one of the endpoints, is also an important condition [6]]. Following
this, the concept of weak quasi-convexity is proposed by Hardt et al. [22] which is an extension of
star-convexity in the differentiable case, and Hinder et al. [24] provides lower bound for the number
of gradient evaluations to find an e-minimizer of a quasar-convex function (a linguistically clearer
redefinition of weak quasi-convex function claimed by Hinder et al. [24]] ).

Minimax Optimization: Minimax problem attracted considerable attention in machine learning.
There exist a variety of algorithms to find the approximate Nash equilibrium points [63} 43}, 48],
435,140, 133, 1551 166 127] or stationary points [/1] for convex-concave functions. Without convex-
concave assumption, there exist related work considered specific structures in objective, including
nonconvex-(strongly-)concave assumption [39, (73}, 150], Kurdyka—Lojasiewicz condition (or specific
PL condition) |68 [11} 69 [38]], interaction dominant condition [21]] and negative comonotonicity
[17,136].

RL Landscape Descriptions: For the policy gradient based model of infinite horizon reinforcement
learning problems, Agarwal et al. [2] provides a convergence proof for the natural policy gradient
descent, which is the same as the mirror descent-modified policy iteration algorithm [20]] with
negative entropy as the Bregman divergence. Subsequently, Lan [35] focuses on exploring the
structural properties of infinite horizon reinforcement learning problems with convex regularizers.
For two-player zero-sum Markov games [61} [42] under full information setting, there are various
algorithms [26] 54} 164} 18,142,167, 9} (74, 70] have been proposed. Specifically, Cen et al. [9] focus on
finding approximate minimax soft ()-function in regularized infinite horizon setting; Zhao et al. [74]
focus on finding one-sided approximate Nash equilibrium in standard infinite horizon setting with
@(5’1) iteration bound which depends on the concentrability coefficient; Yang and Ma [[70] focus on

finding approximate Nash equilibrium in standard finite horizon setting with O(¢~!) iteration bound.

Related Works on Optimistic Mirror Descent (OMD) and Optimistic Multiplicative Weights
Update (OMWU): The connection between online learning and game theory [58, 4} 23| [1] has
since led to the discovery of broad learning algorithms such as multiplicative weights update (MWU)
[41]]. Rakhlin and Sridharan [57]] introduces an optimistic variant of online mirror descent [56) [14]-
optimistic mirror descent. Daskalakis et al. [15] shows that the external regret of each player achieves
near-optimal growth in multi-player general-sum games, with all players employ the optimistic
multiplicative weights update.

2 Preliminary

Notation: Letx = (21, - ,xq) € RX1 7 be the joint vector variable, for every vector
variable ; € R™. Let o = (a(1),-- - , (n)) be the multi-indices, where a(i) € Z,, we define
o] =37 a(i) and a! = a(1)!---a(n)!. For any vector u = (u(1),--- ,u(n)) € R", we

define u® = u(1)*M ... (n)*™), Let f : R® — R be a smooth function, we expand its Taylor
expansion with Lagrange remainder R{(7w(u) as follows,

Rewlw) = £ =3 57 L -y ®

i=0 |a|=i

Given matrices Q and P in R%*%2 we claim that Q < P if [Q];; — [P];; < 0 for every i, j.
For a sequence of vector-valued functions { F;}%_,, we say that { F;}2_, is uniformly L-Lipschitz
continuous with respect to || -||- under ||- || if || F'; (z;) — F; (u;)|], < L||@; —u;]|| forevery i € [1 : d]
and any =, u € X. We denote by || - || the dual norm of || - ||. Let P : Rf1*%2 — R™1X"2 be a matrix
function, we say that P is a f-contraction mapping under || || if [|[P(Q1) —P(Q2)|c < 0||Q1—Q2]|

for any Q;, Q2 € R >z, For matrix-valued function P : R® — R4*2 we define Dp(z, ') =

P(xz) — P(2’) for any , 2’ € R™. The KL divergence KL(p|q) = Z;L:l p(j) - log (%)

between distributions p and q is defined on probability simplex A,,. And the variance of & over p
is defined by Vary(x) = 2?21 p(7) - (x(j) —Ejrnp [2(j")])°. We define max-min gap of function



f: X x)Y — Ras follows,
Gr(x,y) := max f(z,y') — min f(z',y). )
y'ey x'eX

We claim that (, y) is an e-approximate Nash equilibrium (e-approximate NE) if G¢(x,y) < ¢
When € = 0, (x,y) is a Nash equilibrium.

Infinite Horizon Discounted Markov Decision Process: We consider the setting of an infinite
horizon discounted Markov decision process (MDP), denoted by M := (S, A, P,0,0,p,). S is
a finite state space; A is a finite action space; P(s|s’,a’) denotes the probability of transitioning
from s to s’ under playing action a’; o : & x A — [0, 1] is a cost function, which quantifies the
cost associated with taking action « in state s; @ € [0, 1) is a discount factor; p, is an initial state
distribution over S.

7 : S — Ay (where A 4 is the probability simplex over .A) denotes a stochastic policy, i.e., the
agent play actions according to a ~ 7(-|s). We use Pr[ (s'|s) = Pr™(s; = s'|sp = s) to denote
the probability of visiting the state s’ from the state s after ¢ time steps according to policy 7. Let
trajectory T = {(s¢, at)}$2,, where sg ~ p,, and, for all subsequent time steps ¢, a; ~ 7(-|s;) and
St4+1 ~ P(-|s¢, ar). The value function V™ : & — R is defined as the discounted sum of future cost
starting at state s and executing T, i.e.

T, 80 = s:| .

Moreover, we define the action-value function Q™ : S x A — R and the advantage function
A™ : S x A — R as follows:

VT(s)=(1—-0)E |:Z 0'o(s:,ar)

(oo}

Q™ (s,a) = (1-0)E [Z 0'o(s:,ar)

t=0

, AT(s,a) = Q™ (s,a) — V™ (s).

™,80 = S,a0 = a

It’s also useful to define the discounted state visitation distribution d, of a policy 7 as d (s) =
(1—0)>2,60"Pry (s]so). In order to simplify notation, we write dg (5) = Esonp, [d5, (5)], where
d:,’o is the discounted state visitation distribution under initial distribution p,.

3 Minimization Optimization

In this section, we propose the generalized quasar-convexity (GQC) condition, and analyze a related
algorithmic framework for minimization over X = Hle A,,,, under mild assumptions.

3.1 Generalized Quasar-Convexity (GQC)

We provide a novel depiction of function structure—generalized quasar-convexity, which is defined as
follows:

Definition 3.1 (Generalized Quasar-Convexity (GQC)). Let x* € X C R3{=1 7 be a minimizer of
the function f : X — R. We say that f is generalized quasar-convex on X with respect to «* if for
all z € X, there exist a sequence of vector-valued functions {F; : X — R™}¢_, and a sequence of
positive scalars {~; }&_, such that

d
fla) > f()+ Wi (Fi(x), ! — 1) 5)

If Eq. () holds, we say that ' = (F'| ,--- , F ;)7 is the internal function of f. Giveni € [1 : d] we
say that F'; is the internal function of f for variable block x;.

Our proposed GQC condition concerns the multi-variable generalized extension of the quasar-
convexity condition. In the case d = 1, the GQC condition degenerates into the y-quasar-convexity
condition as studied in Hinder et al. [24]] with the gradient V f (x) belongs to the internal functions
of f. In the case d > 1, the GQC condition is instrumental in capturing the crucial characteristic of
those optimization applications with each variable block has difficulty to be optimized.



Algorithm 1 Optimistic Mirror Descent for Multi-Distributions

Input: {g) =) = (1/n,--, 1/m)}j:1, nand T.

Output: Randomly pick up ¢ € {1,--- , T} following the probability P[t] = 1/T and return ="
1: while ¢t < T do

2: foralli€[1:d]do

3: ! = argmin 7 <F¢(:ct_1), a:l> + KL (:1:2 Hgffl) ,
T, €EAn,

4: gl = argrfin n <F¢(a:t),gi> + KL (gi Hgffl) .
g;€ n;

5 end for

6: t+—t+1.

7: end while

3.2 Main Results

Recall that GQC condition provides a perspective to bound function error f(x) — f(x*) based on
internal function, which is different from that based on gradient oracle. We therefore aim to provide
an algorithmic framework for finding an approximate suboptimal global solution using internal
function. Given an objective function f : X — R with internal function F', our algorithm (Algorithm
independently computes points g¢ and x! following OMD over each block. If max;e[1:.q) Y < 00
and internal function F' has Lipschitz continuity, we have following basic and primary convergence
result of Algorithm [T}

Theorem 3.2. Assuming that F is L-Lipschitz continuous with respect to || - || under || - || and
. d _—1y—
Ymax = MaX;c[1:q) Vi < 00, and setting 1 = (L?dVmax > ie1 Vi 1) 1/2/2, we have

3/2
2L maie(1.q log(ns) (dymax) ' (X1, 77

1 T
> (f(a") = fla") < 7 . ©

el

However, the estimation provided by Theorem [3.2]depends on d7ymax. And the step size relying on
Ymax <Z?:1 v 1) might be difficult to set when {v;}%_, is unknown.

We then hope to propose an alternative analytical method that can adapt to unknown {v;}&, and
obtain complexity which does not depends on block dimension d explicitly. The challenges includes:
1) The algorithm does not know the weight 1/+;; 2) every F; has dependence on the joint variable
x instead of depending on x;. Before we present the details of convergence analysis, we need the
following notations and assumptions:
K D% o 1
Denote P, (2)) = 310 X japmi 2L - (2| + [yl)* and let PE () = (PR (), -,
P}?fﬁ) () for any vector-valued function ¢ : R™ — R, Recalling the definition of R}; » in Eq. @B),
1 ¢
we shall also define R?}y(a:) = (R}i(yy)(zc), e ,R?;(y)(w))
Assumption 3.3. Let F' be the internal function of f. There exists ©1,02 > 0, Ky € Z,, and

6 € [0,1), and a fixed y € R>==1 " such that

[Aq] HRiy(a:)H < 010X for any integer K > Ky and x € X.

[A] HPﬁy(m)H < ©, forany integer K € Z, and x € X.
(o)

Assumption [3.3]is a characterization of “polynomial-like” functions. We clarify this view as follows.
For a standard polynomial function p, it’s clear that p satisfies Assumption [3.3] since the Taylor
expansion of p after order K is always equal to 0 ([A1] in Assumption olds) and X is a
bounded and closed set ([A,] in Assumption[3.3|holds). Assumption[3.3]is easy to achieve. Shown in
Proposition and Remark [B.3]in Appendix [B] Assumption [3.3]can be satisfied by many smooth
functions defined on bounded region X'. In addition, we introduce a simple machine learning example:
learning one single neuron network over a simplex in the realizable setting.



Example 3.4. The objective function is written as f(p,P) = 1E, , (31", p,o(x " P;) — y)?, where
peA,andP = (Py,---,P,,) € [[[~, Ay and the target y given € [—C,C]? admits y =
o(x " P?) for some P} € A,. For activation function o(x) = exp{z}, f satisfies GQC condition
and Assumptionwith the internal functions F', = {IE[(ZJm:1 po(x'P;) —y)o(x P;)]},
for block p and Fp, = E[(o(x " P;) — y)z] for block P;.

Note previous work [65] studies single neuron learning by considering P7 in the sphere and assuming
x follows from a Gaussian distribution. To our knowledge, there is no evidence shows that objective

function of Example [3.4]has quasar-convexity. This example demonstrates the advantage of studying
the GQC framework over the previous approach. The proof of Example 3.4]is in Section[B.2]

Parameter Setting Before stating the convergence result, we set the parameters as follows:

- . ) /Bo/8 1
®:@1+®2+17 H= |_10g(T)L /30:(4H) 17 ﬂ_mln{ H03 726(H+3)}7

B . Hlog(4871) + log(©:) . B Bo
I'=e"+0(0:), K= rnax{ log(6—1) ’KO} SR { 6e3 KT max{0,1} O(©)
@)

Theorem 3.5. Let f satisfies the GQC condition and denote N = maX;c|1.q) {n;}. Under Assumption
the following estimation holds for Algorithm ’s output {x'}1_,

d

T
=3 (@)~ f)) < (Z 1 /%) E log(N) + 70°(6 + 330240@}15)] T, @®

i=1

Theorem implies that for any generalized quasar-convex function f satisfies Assumption
the T'-step random solution outputted by Algorithmis a O((Z?zl 1/7)T~ " log(N) log"®(T))-
suboptimal solution. Ignoring the logarithmic factor, the iteration complexity of our algorithm
is competitive to the state-of-the-art algorithm when applied to specific application (i.e. policy
optimization of reinforcement learning [2]]). Moreover, our algorithm makes iteration complexity
depend on Z?Zl 1/; linearly. In some common applications, Ele 1/4; has no dependence on d,
which is the number of variable blocks (see discussions in Section[3.3).

3.3 Application to Reinforcement Learning

This section reveals that GQC condition provides a novel analytical approach to reinforcement
learning. We show how to leverage Algorithm [I]to find e-suboptimal global solution for infinite
horizon reinforcement learning problem. And in Appendix[B.3.2] we show how to leverage Algorithm
[T to minimize finite horizon reinforcement learning problem.

The infinite horizon reinforcement learning is formulated as the following policy optimization
problem:

min J™(py), ®)

where J™(p) = Egynp, [V ™ (50)] and X' = H»S‘l A 4 denotes |S| probability simplexes. We write

|
i=
S= {si}gl and denote the action-value vector on state s; by Q™ (s;, ). The next Proposition
states that J™ (p,) satisfies the GQC condition for any initial state distribution p.

Proposition 3.6. Let {7*(:|s) € A4}, g denote the optimal global solution of problem (9). We
have that J™ (p,) satisfies the GOC condition in Eq. (3) with internal function F;(w) = Q™ (s;, ")
for variable block 7; and F satisfies Assumption[3.3|with ©1 = 0,05 = 1 and K, = 1.

According to Theorem [3.5] if we apply Algorithm|[I|to the infinite horizon reinforcement learning
basing action-value vector Q™ with parameter selection Eq. (7), which is actually a simple variant of
natural policy gradient descent [2], then the iteations 7" we need to find an e-suboptimal global solution
is upper-bounded by O(max{1,log ' (1)} (1—-0)*e~'log*?(¢~!) log(|.A|)) under Agarwal et al.
[2]s setting. Therefore, the iteration complexity of Algorithm[I]does not depend on the size of states,
since the summation of d:: over S (Zl»s‘l 1/v = 251 d;’; (s;) = 1) mollifies the accumulation



of the maximum of dg: over S with | S| times. Specifically, if we take into account the loosest upper
bound |S| max;e1.|s] d;’: (8;), then the iteration complexity of algorithm may suffer from the linear

dependence on [S|, since max;c1;|s|] d:,'[:(si) > (1 — 0) max;ep1.5)] Po(s:). Previous research
[2} Theorem 5.3] has demonstrated that utilizing the information of joint variables to separately
update each variable block ensures global convergence for problem (9) with O((1 — 0)~2e71)
iteration complexity. However, their analytical approach is carefully designed for infinite horizon
reinforcement learning problems.

4 Minimax Optimization

In this section, we introduce the generalized quasar-convexity-concavity (GQCC) condition, which
can be verified in real applications such as two-player zero-sum Markov games. We provide a
related algorithm for minimax optimization (minimizing G(«,y) has been defined in Eq. (@)
over Z = H?Zl Z = H?Zl (A, X A,,,), under proper assumptions. We specify the divergence-
generating function v as v(x) = E;4(.)[log(x(¢))] in probability simplexes setting. We also provide
a framework for minimax problem over the general compact convex regions in Appendix [C]

4.1 Generalized Quasar-Convexity-Concavity (GQCC)

We provide a new notion called generalized quasar-convexity-concavity for nonconvex-nonconcave
minimax optimization, which is defined as follows:

Definition 4.1 (Generalized Quasar-Convexity-Concavity (GQCC)). Denote Z; = X; x ); for any
i €[1:d],andlet f : Z — R be the objective function. We say that f is generalized quasar-convex-
concave on Z if for all z = (x,y) € Z, there exist a sequence of functions {f; : R4 x 2, —
R}4_,, a sequence of non-negative functions {1; : Z — Ry U0}%_; and a matrix-valued function

P = (Py,---,Py) : Z — R where every P; is a /-dimensional vector-valued function, such
that
d
Gi(z,y) < Z¢i(z)gfi(P(z),<,-)(wi7yi)’ (10)
i=1
where each f;(Q, -, -) is convex-concave for a fixed Q = (Qq,--- , Qq) € R*4. We denote the in-
ternal operator of f for variable block z; by F'; where F';(Q, z;) = ((Va, fi(Q, 2:)) ", (—Vy, f:(Q,
2;))T)T. Moreover, we say that F = (F{ ,--- | F})7 is the internal operator of f.

The GQCC condition is an extension of the GQC condition in minimax optimization setting. The
specific connection between them can be found in Appendix [C] The GQCC condition can be viewed
as an extension of the convexity-concavity condition in multi-variable optimization; it seamlessly
reduces to the convexity-concavity condition with f1(P(z), z) = f(z) and 11 (z) = 1, in the case
d = 1. Assuming every 1; is bounded, f;(P(z), z;) = f;(0, z;) with Lipschitz continuous gradient
and is convex-concave with respect to z;, then finding the Nash equilibrium point of f is reduced to
finding the Nash equilibrium points of d independent convex-concave minimax problems. However,
how to find the approximate Nash equilibrium points in more general case has not been well-studied.
Most of existing work for minimax optimization without convex-concave assumption are focused on
finding the approximate stationary points.

4.2 Main Results

For simplicity, we denote by F'7 and FY the projection of F; in the ; and y, directions, respectively,
ie, F] = (FZ)",(FY)"). Given an objective function f : Z — R with internal operator F, our
algorithm (Algorithm [2) employs regularized OMD over each distribution independently basing on
F; and updates matrix Q! to track the behavior of function P iteratively. It’s worth noting that each
iteration of Algorithm provides explicit expressions for ! and g! (see the proof of Theorem in
Appendix [B). Consequently, Algorithm 2] essentially operates as a single-loop algorithm.
Assumption 4.2. In Definition [4.1] we assume that matrix-valued function P has the form of
P(Q?, z) where Q* € R**? depends on z, and P satisfies the following properties on region
{Q e R [|Q]« < C} x Z for some constant C' > 0:



Algorithm 2 Optimistic Mirror Descent with Regularization for Multiple Distributions

Input: {z?}jzl = {g?}jzl ={(1/ns, -, 1/ni), (L/ma, -+, 1/ma) Y|, {ar > 0}y with 327 =1,
{7e >0} 1. {\ > 0}{_1.nand Q° = 0.

Output: 27 = 3./ | 2",

1: whilet < T do

2 Q' =(1-8-1)Q ' +B1P(Q", z—1).
3: forallic [1:d]do

4: @} = argmin n (FF(Q"™", 2i7"),@:) + 7KL (i || (g7) ") + Mew(s),
St anamin g (FH@ 27,0 49K (@) + A
6: (g7)" iagrmggn n(FF(Q', 20),g7) + 7KL (g7 [[(g7)' ™) + Mo(g?),
7 (gY)' = agrgglym n(F¥(Q',2!),g¥) + 7KL (¢ [ (g¥) ") + Aw(g?).

8: end for
9: t+—t+1.
10: end while

[A1] There exist constants Ly, Ly > 0 such that F;(-, z;) is uniformly L;-Lipschitz continuous
with respect to || - || oo under || - ||, and F';(Q, -) is uniformly Lo-Lipschitz continuous with
respect to || - || under || - ||1.

[A2] There are a positive constant v > 0 and a set of non-negative constant matrices
{B;,C;}%_, satisfying ||Zf:1(Bi + Ci)Hoo < 7, such that Dp(q,. 4 (x, ') <
d x d
Zi:l C7/<Fz (Qrzi)vmi - "B;> and DP(Q,w,~)(y7y/) > Zi:l B7,<F'zy(Qv Zi)’yg - yz>

[A3] There exists 8 € [0,1) such that P(-, z) is a f-contraction mapping under || - ||, and
[P(Q, 2)||loc < Cforany z € Z.

We present Lemmato demonstrate that there exist Q* € R&*4 x* € X and y* € Y satisfy the
saddle point and fixed point conditions of function P, i.e., Eq. (TT)), under proper assumptions.
Lemma 4.3. Assuming that Assumptionholds, [P(Q, -, )]k, is continuous, convex with respect

min{[C;]r,;,[Bilk,; }
[Ci]k,ji[Bi]k"; > C' for some C' > 0,

to &, concave with respect to y for any (k, j), and miny, ; ;
then there exist Q* € R**? and z* € Z such that

For Algorithm we let B, = 5y HJ.T:t 41 (1—B;) forany T > t and Br = Sr, and set parameters

_ p\l/2
_17 n< (1-9)
16L2((L1) /% + 1)

Qp—
7at:5T,t,’Yt: : 1,/\t:1—%- (12)
(627

c=2(1-10) y Be =

C
c+t
Then we have the following convergence result by denoting M = max;¢[i.q) {mi + n4}.

Theorem 4.4. For any generalized quasar-convex-concave function f which satisfies Assumption
with P = Q*, where Q* satisfies Eq. (T1). Algorithm ’s output zr = (T, Yr) satisfies

d
_ 12 _
Gy (@7, 9r) < 60 max (;wz)) (1-0)" (nlog<M> +nLY +L1Yﬁ) T

where Y1 = 8(c + 1)[%2 log(M) + 1607 Ly + 27yL3(1 + 64C%)](log(c + T) + 1).

Similar to minimization Algorithm the iteration complexity of minimax Algorithm [2| linearly

depends on the upper bound of "7, 1; over Z. Generally, the upper bound of 2?21 P; on Z
is related to d. In specific problems of multi-variable optimization (such as two-player zero-sum

Markov games), one can uniformly bound Zle 1; on Z by a constant.



4.3 Application to Infinite Horizon Two-Player Zero-Sum Markov Games

In this section, we show how to leverage Algorithm [2]to achieve accelerated rates for optimizing

infinite horizon two-player zero-sum Markov games. Our algorithm use @(5‘1) iteration bound to
find an e-approximate Nash equilibrium of infinite horizon two-player zero-sum Markov games.

As similar as the definition of discounted MDP in Preliminary, we utilize M = (S, A, B,P, 0,0, p,)
to define a infinite horizon two-player zero-sum Markov game. The difference here compared to
Sectionis that the cost function o is defined on S x A x B with values in [0, 1], and the transition
model P(s|s’,a’,b") denotes the probability of transitioning into state s upon player 1 taking action
a’ and player 2 taking action b’ in state s’. We can define the value function V# and action-value
function Q= on the joint distribution z = (,y) € Z = [[1¥], A4 x [1!%!, Ap. The infinite horizon
two-player zero-sum Markov games consider the following policy optimization problem:

i J=Y 13
min max (Po); (13)

where J#(po) = Es,~p,[V*(50)]. The following proposition indicates that J* is general quasar
convex-concave, and satisfies Assumption d.2]and the condition of Theorem §.4]

Proposition 4.5. For any Q = (Q,---,Qqs)) with every Q; € RMIXIBI. define function
fi(Q,z:) == =/ Quy, forany i € [1 : |S|]. There exists a tensor-valued function P such that
JZ(py) satisfies GOCC condition with f;(P(z),z;) = fi(Q*, z;) for any py € As, where Q*
satisfies the conditions mentioned in Eq. (T1). Moreover, P satisfies Assumption4.2)

According to Proposition and Theorem if we apply Algorithm [2] to the infinite horizon

two-player Markov games basing internal operator F;(Q, z) = (y,] Q, —x,/ Q;)" for block z;
with parameter selection Eq. (T2)), which is actually a variant of optimistic gradient descent/ascent for
Markov games [67], then the iterations 7" we need to find an e-approximate Nash equilibrium is upper-
bounded by O((1 — §)~25¢~1). To the best of our knowledge, our iteration bound matches state-of-

the-art iteration bound and is a factor of (1 —6)~1-5|S| better than O((1—6)~*|S|e~!) bound of Cen

et al. [10]. Since the upper bound of > Lill 1); over feasible region Z in infinite horizon two-player
- : S| IS] g2y ( “(y),

zero-sum Markov games’ setting satlsﬁes S i(z) <352 (A 9«’)(57) +dZ WY (s)] < 2

for any z € Z, our algorithm’s iteration bound does not depend on the size of states.

5 Conclusion

In this work, we introduce two function structures: GQC and GQCC and provide related algorithmic
frameworks with convergence result. To complement our result, we also show that discounted MDP
and infinite horizon two-player zero-sum Markov games admit the GQC and GQCC condition,
respectively, and satisfy our mild assumptions.
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A Preliminary

A.1 Supplemental Notation

For simplicity, we denote g(T') := >"32, T7*[k7 + (k + 1) exp{2k}], the chi-squared divergence
n N N2 n i i

between p, q as %(pllq) = > i1 %, Ep(z) := 3> 5, p(j)z(j) and Vary(z) :=

Z?le(j) (x(5) —I[-E,[,(:c))2 for any p,g € A, and x € R"”. For ¢ > 0,n € Z4, we say

that a sequence of distributions p',--- ,p” € A,, is (-consecutively close if foreach 1 < t < T, it
holds that max {’ p’t’—il B o } < 1+ (. For positive scalar § € [0, 1), non-negative integers ¢

and T, we define 8., := f3; HJT;tl(l — B+ 08;).and B} = 1.

A.2 Finite Differences

Definition A.1 (Finite Differences). For a sequence of vectors L = (LO, ‘e ,LT) where each
L' € R™, and integers h € Z, the order-h finite difference sequence for the sequence L is denoted
by DiL := ((DyL)°,- -, (D} L)T") recursively with (DoL)t := L' forall t € [0 : T, and

(DnL)! := (Dyp_1 L) — (D},_1 L), (14)
forallh > landt € [1:T — hl.

As stated in [[15, Remark 4.3], we have

h
(DpL)! = (Z) (=1)h=sLis, (15)

s=0

To guarantee the coherence of the analysis’s structure, we introduce the definition of the shift operator
FE; as follows:

Definition A.2 (Shift Operator). For a sequence of vectors L = (LO, Sl LT) where each L' € R”,
and integers s € Z, the s-shift sequence for the sequence L is denoted by E, L := ((ESL)O, SRR
(E;L)T=") with (E,L)* = L*** fort € [1: T — s].

A.3 Finite Horizon Markov Decision Process

We also consider the following finite horizon Markov decision process (MDP), denoted by M :=
(H,S1.5,A1.8,Po.y,0,p,). H € Z denotes the number of horizon; S1.y = (S1,--+ ,Sy) isa
sequence of H finite state spaces; Aj.p = (A1, -+, Ag) is a sequence of H finite action spaces;
Pr(sh|Sh—1,an—1) denotes the probability of transitioning from sj,_; to s, under playing action
ap—1 athorizon h — 1; 0 : S1.y x Ay.g — [0, 1]is a cost function; p, is a initial state distribution
over S7.

7w = (w1, ,7mH) : Sty — Ay, X -+ X Ay, denotes a stochastic policy. Similarly, we
use Pr; """ (s'|s) = Pr; """ (sp, = s'|s1 = s) to denote the probability of visiting the state s’

from the state s at horizon h according to policy 7y.,—1. Let trajectory 7 = (sp, ah){f:l, where
s1 ~ py, and, for all subsequent horizon h, ap, ~ 7 (-|s,) and sp41 ~ Pry1(:|Sn, an). The value

function V,""# : S, — R is defined as the sum of future cost starting at state s;, and executing

16



Algorithm 3 Optimistic Mirior Descent for Multi-Variables

Input: {g) = :c?}?zl, nand T.
Output: Randomly pick up ¢ € {1,--- , T} following the probability P[t] = 1/7 and return x’.

1: while ¢t < T do
2:  foralliec[1:d]do

3: x! = argmin n (F;(z'~1),z;) + V (iﬁiyglfl) ;
x; €EX;
4 gi = argn;in n(Fi(z'),g;) +V (g:.9.7").
g,€X;
5 end for
6: t<+—t+1.
7: end while
g = (mh, - ,TH), i€,
H
Vhﬂ'h:H (S}L) = IE Z O’(Sh/’ Clh’) Th-H, Sh‘| .
h'=h

For convenience, we define V{™ (s1) = V""" (s1). Moreover, we define the action-value function
QZ"’“:H :Sp X Ap, — [0,1+ H — h] as follows:

H
n (shyan) = o(snyan) +E | D o(sw,an) 77h+1:H;3h7ah] -
h=h+1

B Minimization Optimization

We begin with a general version of Theorem [3.2]basing Algorithm [3]in this part.

Theorem B.1. [General Version of Theorem[3.2]] We consider the divergence-generating function
v with Bregman’s divergence V (x;,u;) = v(x;) — v(u;) — (Vo(u;), ; — u;) for any block X;
and any x;,w; € X;. Assuming that F is L-Lipschitz continuous with respect to || - ||« under || - |,
Vi(xs,wi) > [|@; — ug|? for any @i, u; € X; and ~pax = max;eq1.q) v < 00, we have

1/2 1 /
ZT:(f(xt) ~ fla) < 2L ()" (Sl >3 2 max [

Vv 2 ? ) 16
pt T i€[1:d)] max V(e gl)} (16)

x; EX;

Nl =

with setting 1 = (L2dyna iy 757 ) /22

Proof. According to GQC condition (Definition [3.T]), we have the following estimation

T T

S ~ @) € 30— 30 (Fila').al —ai). a7

For any fixed ¢ € [1 : d], we obtain that
(Fi(z'), @} — 2]) = (Fi(a') - Fi(z'™"),j — g;) + (Fi(z'"), z; — gj)

z Iz
+ (Fi(@'), g — i) (18)
—_—
Since F is L-Lipschitz continuous with respect to || - || under || - ||, we have following estimation of

7 by using Cauchy-Schwarz inequality

2
e A o (19)

2n

17



In addition, utilizing the result of [Lemma 3.4, [34]] on step-3 and step-4 of Algorithm [3] we have

1
IZ < [Vighgi) =V (ghai) =V (zh.g)] (20)
1
I <[V (2i.gi7") — V (2f.g0) =V (ghgi )] 1)
Therefore, by applying Eq. (I9), 20) and (ZI) into Eq. (I8), we obtain
T
S o) o~ a7) <5V (st gl) +Z[ e 1 R
t=1

T

T
Zng’ T; _lzv( ﬁvgf 1)
nt:l nt:l

2 T
<LV (el g0+ 550 > et — et
t=1

@n
1 d t 2 1 d t t—1)2
“ gy 2ot el - g et gl

1 * 0 Lo op2 L277T t o t—1]2
%Ev(wiagi)—*—%Hgi | +TZHw o |

L at— a1 @)
477 t=1 '

where (a) is derived from the assumption that V' (x;, w;) > ||x; — u; H2 for any x;, u; € X; and (b)
follows from the convexity of || - ||. Applying Eq. (22) to Eq. (IE) we have

- 1K Vizr,g?) L2
t= i= P

1 ilz |t — 2~ 1|| 1

t 1 Li=1
Zz 1,71
o0 H}[ o Vi)
( i Sl D
o — a7, (23)
Adyma s

where (c) is derived from the fact that g9 = x? for any i € [1 d] and (d) follows from the convexity

of | 1| (G iy llzal® < 15 220, 2il®. O

Since KL divergence satisfies KL(x; ||u;) > ||2; — w;||3 (Pinsker’s inequality), Theoremcan be
directly derived from Theorem[B.I] Next, we propose Proposition[B.2]and provide related proof.

Proposition B.2. We denote N = Zle n; and let a smooth vector-valued function F : RN — Rf
satisfies:

1. There is a point y € RY such that || D*F (y)||oc < ~* with |a| = k forallk € [0 : K],

< 4" with || = k uniformly over X,

with a positive constant ~ and a positive integer K, then F satisfies Assumption 3.3
ProofofProposition@ Forany k € Z, and j € [1 : {], we have

k i
)<Y Lot = 3 LI sy, en

i=0 |a\—z =0



using the fact that | D¥F(y)||oc < ¥ for any k € Z, and || = k. In addition, by the Taylor
expansion of F'(j) with Lagrange remainder formula for any j € [1 : /] and k& > 1, we can obtain

RO @)= | 3 DaF<j><ya+! He =), e| < D0AF ky!ynl)]’j @s)
=k
where ¢ € [0,1] depends on F(j),x and y. Letting kg = [3v(d + ||y||1)] and supposing k >
ko (1 + W), we derive that
[y(d +k!|'y||1)]k < gho—k, (26)
Therefore, in the light of Eq. (24), Eq. and Eq. (26), it’s direct to derive that F' statisfies

Assumption with Ko = kg (1 + W), 0 = %, ©1 = 3" and ©, = exp{y(d +

lyll)}- O

The following remark discusses the reasonability of Proposition [B.2] conditions, which supports the
reasonability of Assumption[3.3]

Remark B.3. Since region X' = Hle A,,, is bounded, it’s reasonable to assume that the growth rate
of the upper bound of internal function’s high-order derivatives is not faster than linear growth rate.
For example, the upper bounds of high-order derivatives of sin(Cz), cos(Cx) and exp{Cz} have
linear growth rate over X for fixed constant C. Therefore, if the internal function F' can be generated
by the linear combination of {sin(Cyx)}X_, and {cos(Crz)} | (or {exp{Crx}}X ) with finite
K, F satisfies Assumption [3.3|by using Proposition[B.2]

B.1 Proof of Theorem 3.3

We briefly introduce our techniques to make the proof of Theorem more comprehensible
in this part. Our proof consists of two ingredients. The first is applying Lemma to con-
struct a variant upper bound of average function error S (f(xt) — f(x*)) that is differ-
ent from the upper bound derived from the classical OMD algorithm. This bound is com-
posed of a) O (WLT) invariant error and b) weighted sum of the variance for finite difference
sequence {(DF ( =T and {(DoF;(z'~1)}]_, overi € [1 : d], which has the form of
> - [O(l) SO, Var ot (D1Fy(x' 1)) - %1) S Varg: (Fi(z'~"))]. The second is applying
Lemma|D.7] (refer to it as control lemma) on each { F';(z*)}7_, to bound (b) by a quantity that grows
poly-logarithmically in 7. Therefore, it’s necessary to leverage Theorem[B.3]and Lemma[B.7|to show

that every sequence {Fi(mt)}tT:0 outputted by Algorithm [I{satisfies the preconditions of Lemma

B.1.1 Partl

The next Lemma [B.4] provides a variant convergence proof of the OMD algorithm. In this Lemma,
basing on KL divergence, an explicit expression for the optimal solution of the OMD sub-problem is
utilized to provide an upper bound of Zthl (f(xt) — f(z*)).

Lemma B.4. Suppose | F(z)|,, < © (© > 1) for any x € X and policy set {x'}_, follows the
iteration of Algorithmwith step sizen € (0, %) Then, it holds that

T d T
1 |log(n;) . _
Z (f(=") - Z 7— [ g + 91 (n©)ne2 ZVarmf (Fi(z") — Fi(z'"))
t=1 i=1 t=1
T
—G2(n©)nO* Y _ Varg, (Fi(w”))] , 27)
t=1
where §1(n) := % + 64 (3(1 oy T 2) nand §2(n) := 5 — 16 (m + 2) n.
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Proof. As claimed by Definition 3.1} we have the following estimation

> (f(ah) <Z Z xl —x]). (28)

t=1 i V=
In the following, considering a fixed ¢ € [1 : d], it’s easy to obtain that
(Fi(x'),x} — @]) = (Fi(a') - Fi(x'™"),2; — gi) + (Fi(z'™"), z; — gi)
z Iz
+ (Fi('), g; —=}) (29)
177

Recall the update of Algorithm|[I]can be devided into two parts:

gi =arg_min 7 (Fi(@"),g;) + KL(g;llg; ™), (30)
z!t™ =arg min g (Fi(x"), ;) + KL(x:]|g}), 31)
T €Ay,
.
for any i € [1 : d] where g9 oc 2 - exp{n(F;(z°) — Fi(x™ "))} and x; ' = x? = (%7 . w%) .
According to Cauchy-Schwarz inequality, we can evaluate Z as follows
< |lg! — @l - \/Vara: (Fi(a!) — Fi(a'-1). (32)
In addition, utilizing the result of Lemma[D.2} we have
1 _
IT = [KL (gillgi™") — KL (gill2f) - KL (allg; )], (33)
1 * — * —
II1=_ [KL(=llgi™") ~ KL (#]llg}) KL (gillgi™")] - (34)
Therefore, by applying Eq. (32)), (33) and (34) into Eq. (29), we obtain
T
S (Fi(at), @l - a]) < KL llg?) + Z gt = @Iy - \/Vary: (Fi@!) - Fi(a'-))
t=1

—fZKLglllw —fZKL ztlgi™h). (35)

Since there is a vector F;(x') — F;(z'~!) such that for any j € [1 : n;]

i (5) exp {n (Fi(5)(=") — Fi(j)(=' ")) }

90) = ST G exp (0 (B (@) — B ()@ ) (0
we have that
max ;f; <exp{2n ||Fi(a") — Fi(z' )|} < exp{4n©} <1480,  (37)
and
mox | 5| <l ) < eolzn0) < 14 ane,

with combining Eq. (3T)) and choosing proper 7 such that n© < %. According to Lemma we
have

1—-8nO 1610
KL(g! ! z( - )x? L at),
@il =~ - g ) X n
_ 1—4n6 8nO _
KL(x!||gi™!) > - X2(xt, gi™!
(legl ) — < 2 3(1 477@)) (wz?gz )7



2
for any i € [1 : d]. Noting that X2(p, ) = <||p - u||Z) , in the light of Lemma we derive that

X%(g},x}) < <1 +32 ( 7t 2> n@> (10)*Varg: (Fi(z') — Fi(z'™")),

3(1— 1600

T +2) 70 (1) Vany (Fi(a) ~ Fila' ).

(39)
X% (gt @}) > <1 - 32 (

as long as n® < 3—12 There exists a similar lower bound with respect to X2 (!, gf_l)
1
Azl g™ ) > (1-16( o +2) 70 ) (n©)*Var 1 (F;(z"!
CHAE s T2) 10 (O Var (Fu(at )

> (1 — 16 (3(118”@) + 2) 779) (n©)? exp{—2nO} Varg: (Fi(z'™"))

_ ; 2 t—1
o (1 10 (3(1 —800) 3) 77@) (n0) Varg (Fi(z"")), (40)

where (a) is derived from exp{—2n©} > 1 — 47O for any 76 < 5. Relying on Eq. (33), Eq. (38)-
@0), we conclude that

T
Z <Fz(:ct),a:f - :1:2‘)

log(n;) 1 2 = t t—1

t=1

1 32 s ; -1
= - (3(1—16776) + 36) n@) n0* > Vary (Fi(a') — Fi(z'™))

t=1

(- (5 ) w0 e 3 Vary: (Fia')

t=1

3
log(n; 1 1 2 o t t—1

! t—1
1 1 T
(=16 —————+2)nO ) nO? Var, (F;(zt~1)). 41
(2 (3(1—16n®)+ )’7 )’7 ; arg: (Fi(x"")) A1)
Finally, applying the estimation Eq. {T) to Eq. (Z8), we complete the proof. O

B.1.2 PartIl

Basing on the conclusion of Lemma if the finite sum of Varg: (F(x') — F;(z'~")) can be
controlled by the finite sum of Varg: (F'; (x'~1)) with a O(poly(log(T'))) constant for each i € [1 : d],
the final convergence result can be obtained directly. Hence, to demonstrate this relationship, we

require the assistance of auxiliary Lemma Our initial step is to prove that F;(x!) satisfies the
first condition in Lemma([D.7|for any i € [1 : d|.

Theorem B.5. Assuming f satisfies GOC condition and Assumption holds, x' follows the

iteration ofAlgorithm we set 3 € (O, m), T > e2 + 3225600,, K > max{ Ko,

Hlog(w_l)ﬂog(@l)} and n = Then, the following finite difference bound with

log(6—1)
respect to {Fi(azt)};l:1 holds

B
6e3 KT max{©,1}"

max ||(DpFi(z))|| < BrA*"T, (42)
1€([1:d] oo

forallh € [1: H] and ty € [0 : T — h]. Without loss of generality, we require that H does not
exceed T'.
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Proof of Theorem|B.3] According to the Taylor expansion of each component k of F'; at y, one can
notice that

D> F to
‘(DhF(k) ZZ | |1th— f0\+‘(DR W (a )) )
7=0 |al=j
forany K € Z. . Therefore, setting K > max { Hlog(‘ff g};)_'ﬁl)og(gl) , Ko} and combining the remark

Eq. (T3) of operator Dy, in Appendix[A.2] we can guarantee the validity of the following estimation
Fi(h) ()"
(DhRf( Y (ac))
forany h € [1 : H]. Moreover, as stated by Assumption , we obtain m[a)é} [|1Fi(x)| . <©1+6-
i€ (1:

> 1 1
< 2h mea;((‘RF (k) )‘ < @12h0K < §ﬁH < §/6)H]_LBh-i-17 (44)

for any @ € X. Suppose that max |(Dp Fi(®)) ||, < 8" h/Bh+1 holds for any h' € [1 : h] and
i€(1:
to € [0: T — 1], we deduce

(K 1
|(Dh+1Fi(k to| <g(T ﬂh+1(h+1) (h+1)+1p;;7,;k)(wto)+§5h+1(h+1)B(h+1)+1
’ (45)

< <; Jrg(r)@z) B (b + I)B(h+1)+1 < BM(h + 1)B(h+1)+1

by using Lemmaw1th p(x) == m( y)™ and the fact that g(I')©2 < I (which

a!

can be derived from Lemma [D.I). Therefore, to apply mathematical induction, it suffices to
prove that mex |(Dp Fi(x))e|| . < B"h'BW+1 holds when h' = 1. Observe that Lemma
i€ (1:

[B-6] holds in the case h = 0. Thus, we can obtain Eq. @3) for h = 0 as well. Hence, we have
mas. |[(D1F3 ()], < 5. O

The proof of Theorem [B.3|relies on the next Lemma[B.6
Lemma B.6. Assume m[ax |Fi(x)| . < © forany € X and each element in u; belongs to
el

one of the d probability distributions generated by Algorzthmlwzth n < STE 8 for some

max{O,1}
I > 1,K > K in iteration t, and consider positive constants B > 3, B € (0, m)
and polynomial function p(u) := C’Hi(zl(u(k) — y(k)) where u := (u(1),--- ,u(K))" and
y:=(y(1), - ,y(K))" € RE is aﬁxedpoint Given h € [1 : H — 1], we derive that

|(Dpsip(w))'e| < g(T CH (k) + ly(k)[)B" ! (b4 1) PREDFL (46)

if the condition ‘m[?)é] H(Dh/Fz’(m))tOHO@ < BY WBNHY holds for any ' € [1 : h] and ty € [0 :
re|l:
T —h].

Proof. Drawing on the premises outlined in the lemma, we assume that each (k) corresponds to a
unique °(®) (5(k)). According to the iteration of Algorithmm we can obtain

41 ) (7(k)) - exp {1+ (2Fi) (5(k)) (&) — Figy( ( )}
u (k) = :
> ! (7) - exp {n - (2Fi) () (') — z(k ) (@=1))}
_ (k) -exp{n- (2F)(j(K)) (') - z(k) (fﬂt )}
Sl : - 47)
ZJ 1 w(@(])'eXP{U'(QFi(k)( ) (2 1(k)( ) (x ))}
forany k € [1: K]andt € [1 : T — 1]. Given the sequence x', - - - , x‘o*" generated by Algorithm
[} it is straightforward to derive that
t
Wt (k) = (V) Tl (k) - exp{n - (Figy (5(0)) (@) + Y Fi (§(k) (@)
=0
= Fiy (G (k) (=" 1)}, (48)
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forany k € [1: K].to € [1: T —h—1]and ¢t € [1 : h], where Nf = 37717 wl(k)( §) - exp{n -
(Figry () (@) + 300 _ Figry () (@) = Fiy () (2'071))}. We write

t—1
ok = Figy @0 3 Figy (@) — Figy (o). (49)
/=0
Also, for a vector z € R and an index j € [1 : n;(1)], define
exp{z(j)}

1 e(z) = (50)

: k
S (51) - exp {271}
so that u'o (k) = :cf‘()k)(j(k)) ié k) (nrto ) = uto(k) - ts k) (nrto k) for ¢t > 1. For conve-

nience, we denote that D := {a € N¥|a(i) € {0,1},Vi€ [1: K]} ande:=(1,---,1) € N¥. In
particular, for any a € D, we have

e—at e—o E—OLO
| (Dw (ue)"| < ()= | (D, (72, )=™) . (51)
Z(ax,h’ to)
where by, (7, ) i= (Wi Ot 1), Wit 1)) W€ [ R 1and to € [1: T—h 1],

It is important to observe that the finite difference in Eq. (51)) pertains specifically to ¢§ (kk) (777°t0 5)-

Notice that

(D1710,4)" = 2(B1Figry ()1 = Fig (271, (52)
for any ¢ € [0 : h]. Therefore, for any A’ € [1 : h + 1], we obtain
(Dh/’l"to’k)t =2 (Eth/,1 (Fz(k) (w)))t0+t_1 - (Dh/,1 (Fi(k)(il:)))t0+t_1 5 (53)

forany ¢t € [0: h+ 1 — h']. Because the step size 7 satisfies < 8

(Do) _ <
o)
< BWWBM AL for all b’ € [1 : h), the following

oo

nHe < — 511“K and max H (D Fi(x))"

estimation holds

H(Dh/+1777°t0)0H 2I‘Kﬂh +H(p + 1)B(h +1) (54)
2e
I%anydillj [0 %by u}slmg Eq. 33) where r} = (rf ,(j(1)), -, 7}, x(§(K))). By Lemma
and Lemma we have

I(a, b+ 1,t9) < g(T)B" T (h+ 1)BHDFL (55)
Noting that
K .
=CY (=T Yy, (56)
1=0 a€D:|a|=i

and applying bound Eq. (33) to Eq. (50), we can derive

K h+1
(Drsap()| =IC1 30" | 2 Z(h“) DY (e

=0 a€D: |a|_z h'=1

<|c| f Sy o

=0 a€D:|ax|=1

K
<101 Y i) (D) A (h 4 1) PO

1=0 aeD:|cx|=1

(Dhor (=)

<g(1)B" ! (h + 1)P D H o (k) + ly(k))), (57)

k=1
for any tg € [1 : T — h — 1] where (a) is derived from the equivalent expression Eq. (36) of the
polynomial p(w) and Eq. (T3) of the finite difference (Dj, f(x))" w.r.t function f respectively. []
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Recalling that we set parameters as follows

1

T >4, H := [log(T)], 5 = 8(0, + O, + VHT/2

I' = e? + 3225600,

_ (58)
. Hlog(4571) +1
K:max{ 0g(45 )t Og(el),Ko} U:LA,BZ&
log(6~1) 6e2KT
According to Theorem [B.5| we have Jnax H DnFi(z H < phH3"*! foreach h € [0 : H] and

t € [1:T — h]. We are now prepared to prove that ! satisfies the second condition of Lemma

Lemma B.7. The sequence {x!}L_, which has been generated from Algorithm.ls ™m(©1 + O2)—
consecutively close when H > 1, By = (4H)"t and n € (0, 83(©1 + O3 + 1)~ /57792].

Proof. According to the iteration of Algorithm[I} we have

2 () = (k) - exp{n - (2F;(k)(=") — Fi(k)(=*" 1))}
D hi— (K - exp{n - (2F(k')(a?) — 2F; (W) (')}

forany i € [1:d] and k € [1 : n;]. Therefore, forany ¢ € [1: d] andt € [1 : T — 1], we obtain

(59)

x! xitt
max ‘ || | < exp{6n(01 + O2)} = (1 + (01 +62)),  (60)
7 o0 i (o]
where (a) is derived from the fact that exp(z) < 1+ Zx for z € [0,1/24]. O

B.1.3 The Last Step

With the preparatory work for proving Theorem [3.3]is completed, we now turn to providing the final
proof:

Proof of Theorem[3.5] Applying Theorem [B.5]and Lemma[B.7]to Lemma|[D.7] we have

> Varg (Fi(x') — Fi(z'™")) <280 Varg: (Fi(z'™")) + 1651200%(1 + T7©) H® + 2.
t=1
(61)

According to the result of Lemma|[B.4] we obtain

T d T
S (@) - f@) <304 |8 6, 10)00? - 26041 (10)102) 3 Varye (Fi(arh))

t=1 im1 Vi n t=1
41
+01(nO)NO° >~ — (80O + 1651200%(1 + TnO) H” + 2. (62)
Yi
i=1
Combining Assumptions [3.3]and parameters selection Eq. (7), we complete the proof. O

B.2 Simple Example

In this section, we provide the proof of Example 3.4 which satisfies GQC condition and Assumption

B3

Proof of Example[3.4] Recalling the objective function f(p, P) = $E5 (37", p;o(x " P;) — y)2,
we have

f(p*,P)—f(p,P)Z <Fp(paP)?p*_p>7 (63)
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since f(-, P) is convex for any fixed P. In addition, we obtain

FB", ) f("P) =~ JE [(o(aPy) ~ o(a )Y

(@ B,
> E[(o@P) —o(@ P}z (P}~ P1))]
B
== E[(0(@"P}) —y)z, P] ~ P1], (64)

where B¢ is a constant depends on C' and (a) is derived from the fact that Bo (exp{x1} —
exp{za}, 1 — x3) > |exp{x1} — exp{z2}|? for any z1,25 € [~C,C]. Therefore, summing
up Eq (63) and Eq. (64), we have that f satisfies GQC condition with the 1nterna1 functions

= {E[(X]L, pjo(x " Pj) — y)lo(x"P;)}2, for block p and Fp, = E [(o(xP;) — y)x]

for block P;. Notice that v, = 1, vp, = BTC and vp, = 0 for any ¢ # 1. Furthermore, we
have |[D®Fp(-)|le < 2exp{C}(2C)!*! and |[D*Fp,(")||c < exp{C}C!**! by using and
€ [-C,C]%. According to Proposition we complete the proof. O

There is also a toy example satisfying GQC condition and Assumption[3.3]
Example B.8. Assuming (p;,p,;) € A, x A,, the function f(p;,p,) = 3||p.p |3 satisfies

GQC condition and Assumption [3.3| with the internal functions F, = ||p,|*p, for block p; and
F,,, = p, for block p,.

Proof. We have 5[[(p}) ' pollr — s3llpipollr > lIpol°p( (BT — p1) and 5ll(p7) "p3llr —
(1) "pollr > |IPilI*p; (P5 — py). Therefore, we have that f satisfies GQC condition with
the internal functions F, = ||p,||*p, for block p; and F'p,, = p, for block p,. Notice that 7, =1
and vp, = ||p}]|. Since both ||p,||*p, and p, are polynomials with respect to (p;, p,), we derive
that the internal function of f satisfies Assumption 3.3]

B.3 Application to Reinforcement Learning
B.3.1 Analysis of Infinite Horizon Reinforcement Learning

Proof of Proposition[3.6] The following performance difference lemma [30, 13| [2| [35] plays an
important role in the policy gradient based model of infinite horizon reinforcement learning problems,

V™ (po) = V7 (Pg) = Eqgre (A7 (5,7), 7" (]s) = m(]s)). (65)
Let d = [S,S = {s;}, and write 1/, = d;’,';(si), Fi;(w) = Q"(s;,-). According

to Eq. (63) whose proof is given in Cheng et al. [13] and (A™(s;,-), 7 (:|s;)— =(|s)) =
(Q™ (si,+), 7 (:|s;) — m(+]s)) for any policy 7 and 7', we obtain that

M&

V™ (po) — 7 ([si) = 7 (:[s4)) - (66)

1
im1 ’Yz

Eq. (66) implies that V™ (p,) satisfies GQC condition. For every a € A, the Taylor expansion of
Q™ (s;,a) up to K-th order at origin is the same as its truncation at horizon K, which indicates

R () = 05T By, [V (5504150 = 56,09 = a] < 051,
Therefore, according to the fact that
PR () < Q7 (si,a) < 1,

we have that Q™ (s;, -) satisfies Assumption[3.3|with ©1 = 6, ©; = 1 and K = 1. O
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B.3.2 Analysis of Finite Horizon Reinforcement Learning

The function structure of finite horizon reinforcement learning on policy is strictly polynomial.
Moreover, since the action-value functions on horizon h is only dependent of policy 7 1.7, we may
therefore verify that the objective function of finite horizon reinforcement learning satisfies GQC

condition by utilizing finite difference expansion on function error J7 (p;) — J& (p,).
The finite horizon reinforcement learning considers the following policy optimization problem:

min Ji*(py), (67)

where JTT(p;) = Eq,~p, [VI™(51)], and X = X} X - -+ x Xy, and each A}, denotes |Sj| probability
simplexes. We write Sj, = {Sh,ih}fi for any h € [1 : H| and denote the action-value vector on

state s, ;, at horizon h by Q""" (s,,). According to the definition of finite horizon value

function V;""# | we obtain the observation as Eq. (68).

H

T (o) = TE(py) = 3 [JTH0 0 () — T T ()]
1

-

3

E

M=

Q" (s, ), w5, (lsn) — wal-lsn)),

(68)

lih—1
sp~vEsimp Pry, T (fs1)

h=1

Since Q""" (sp,, ap) is a polynomial with respect to policy 7.z, whose value is bounded by
1+ H — hfor any sp, € S, and ap, € A, we derive that JT(p,) satisfies GQC condition with
internal function FJ, ;, (7) = Q""" (s, ) for variable block zy,;, where i, € [1 : |Sh|],
and F' satisfies Assumptionwith 0 =06, =06y = Hand Ko = H. Therefore, for
finite horizon reinforcement learning, it follows from Theorem [3.5]that Algorithm [T] with parameter
selection Eq. finds an e-suboptimal global solution in a number of iterations that is at most

O(H maxpe[o: log(|.Ap|)e~! log4(5_1)).

C Minimax Optimization

We begin with showing the connection between GQCC condition and GQC condition. Without loss
of generality, we assume n; = n and m; = m forany i € [1: d], and let £ = n 4+ m. If f(-,y) and
—f (=, -) satisfy GQC condition with respect to a pair of minimizers «*(y) and y*(x), respectively,
then we have the following estimations of function error

1
)

flxy) — f(2"(y), y) (fi(P(2),zi,9;) — [i(P(2), 2" ()i, y:)) . (69)

)

IA
<M&
2

=1

1

TZ((L')

f(may*(m)) _f(x7y) < (fZ(P(Z)7.’BZ,y*(-'B)Z) _fi(P(z)amiayi))v (70)

-

=1

where f;(Q, z;) = (Qy, z;) for any Q € R**? and z; € R"*™, and each P; includes the internal
function of f (-, y) for varriable block x; and the internal function of — f (z, -) for variable block y,. It

follows from Eq. (69) and Eq. (70) that Eq. (I0) holds for f with ¢;(z) = max{1/v;(y),1/m(x)}.

C.1 Preparatory Discussion

In this section, we provide the convergence analysis of general version of Algorithm[2] i.e., Algorithm
We consider the divergence-generating function v with Bregman’s divergence V (i.e., V(x,u) =
v(x) —v(u) — (Vu(u), z — u) for any ¢, u) over general compact convex regions Z = X x ) C
R0 x RE-1™i | Before we introduce the main theorem, we need the following assumptions:

Assumption C.1. There exists positive constants A, D such that

[A4] m[flﬂé]{”ZzH} < A uniformly on Z.
e |l:
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ot o (a1 4V (01611 e ) #4000 < .
i€[1:d] i€[1:d]
[A3] v modulus 2 with respect to || - || (i.e., Vi € [1 : d], V(xi,u;) > ||@; — u;]|? for any
zi,u; € X and V(y;, w;) > ||ly; — w;||? for any y,;, w; € ;).

If we choose v(x) = Z;.Lzl x(j)log(x(j))and || - || = || - |1, then (1) in Assumptionmholds with
A = 2; (2) in Assumption|C.1|holds with D = 2 max;c[1.q){log(n;) + log(m;)}; (3) in Assumption
[C1]holds following Pinsker’s inequality. According to Remark [C.2] we state that there exist some
compact convex regions in R (nitmi) with proper divergence-generating function v and proper
choice of g° satisfy Assumption

Remark C.2. If the feasible region Z is a compact set of Euclidean space, then it is reasonable
that assuming the divergence-generating function v (i.e., v(x) = Z;”Zl x(j) log(x(j)) over the
probability simplex or v(zx) = ||||3 over the standard compact set) and the norm || - || are uniformly
bounded on every Z;. For some Bregman divergences, if ° is a fixed point, V (-, %) can be
bounded by a constant (may depend on the dimension of space) on a compact feasible region,
such as V(-,2°%) = || - —x||3 with ° = 0 on the closed ball B (0) for radius R € (0, 0) and
V(-,2°) = KL(:||2°) with z° = (1/n, - -+ ,1/n) on the probability simplex A,,.

Assumption C.3. In Definition let matrix-valued function P has the form of P(Q?Z, 2)

where Q* € R**“ depends on z, and assume that P satisfies the following properties on region
{Q e R ||Q|lo < C} x Z for some constant C' > 0:

[A4] There exist constants Ly, Ly > 0 such that F;(+, z;) is uniformly L;-Lipschitz continuous
with respect to || - ||« under || - ||, and F;(P, -) is uniformly Ly-Lipschitz continuous with
respect to || - ||« under || - ||.

[As] There are a positive constant v > 0 and a pair of sets of matrices {{Bl 4 ,,{C; ;-’lzl} C

R%*? U 0 satisfying HZ?:l(Bi +C))

< 7, such that the following bounds hold

d
DP(Q,‘,y) (m7wl) < Z C; <Fzm(Q7 zi)a Ty — CC;> ;
1=1

d
DpQ,)(¥,y) < Z B, (—FY(Q.z),y; — y,),
i=1
forany y,y' € Yand z, ' € X.
[Ag] There exists @ € [0, 1) such that P(-, z) is a f-contraction mapping under | - ||, and

IP(Q, 2)|lc < Cforany z € Z.

Lemma C.4 (General Version of Lemma . Assuming that Assumption and hold, [P(Q, -,
)k,; is continuous, and convex with respect to x, and concave with respect to y for any (k, j), and

min PGk Biles} > o for some C > 0, then we claim that there exist Q* € R? and
k. [Cilk,;+[Bilk,;
i€[1:d)

z* € Z such that

Q" =P(Q",z",y"), (71)
Q" <P(Q",z,y"), (72)
Q" =P(Q", ", y). (73)

Proof. We shall begin the proof by proving the following lemma.

Lemma C.5. Under the conditions of Lemma it can be proven that for any Q € R**?, there
exists a pair of x*,y* that satisfy the following

P(Q,z",y) <P(Q,z",y") <P(Q,x,y"). (74)
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Proof. Considering the following iteration

z{ = argminn (F;( ,2ih), zi)+V (2, (g7) ) +V (v (g9) )
Z,€2Z;
(75)

g; = argminy (Fi(Q. 2).9;) +V (g7 (67)) + V (9. (1)),
9, i

for any i € [1 : d] and combining [57, Lemma 1], we have

M%

T
[Ci}k,j <Fw(Qa ) :B - :B k,g Z Fy Q7 7, y;>
t=1

t=1

<([Cilkj + Bilk,j)n D + [Cilk,; Z |F?(Q,2)) - FE(Q, 27|, ||l=i — (g9)"]|

T
Bile; > [FY(Q 2) - FYQ 2N, [lvi — (g?)']
t=1
Cz] s d 2
n“Z(nw @)+ oty —=t][%)
t=1
k] d 1 2
> (vt = @)1 + e = wil%)
t=1
L2([Cilw T
<([Cilks + [Bily)n D+ 2((C4 Z:Hzﬁ—zif_l”2

(a)
T

-Gl Bl S (et gl g i ). as)

forany i € [1 : d], (k,j) € [1 : €] x[1 : d], and 2, € Z;, where (a) is derived from A4 in
Assumption and Cauchy-Schwarz inequality. Therefore, by setting n = ‘2/5? and % ZtT:1 2zt =
zr = (Z1,Yr), the following estimation holds for any (, j)

_max [P(Q, 27, y) —P(Q. 2.yl

d
< 23S (il (Fi(@ 21,0t — (@) + Bl (Fi(Qu 2.9t — (57)1)

1t=1
2 D+ 4nyA2%L3
< D +4ny 7 7
T
where the convexity of function [P(Q, -, w) — P(Q, u, -)]x ; for fixed Q and v = (u, w) implies

(b), and (c) is derived from Eq. (76) and the definition that (Z}., y%) := argmax[ (Q,z1,vy’) —

P(Q.2',y7)]k,;- Since Z is a compact set, the sequence {(Zr,yr)} 7, must have a convergent
subsequence. Therefore, all accumulation points of the sequence {(Z7, y )}, satisfy Eq. by
using the continuity of P(Q, -, -). O

Now, we define the iterately update as follows

Q" =P(Q" z},y)), (78)
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where (z}, y;) satisfies Eq. (74) in LemmalC.5|w.r.t P(Q?, -, ). It’s direct to derive that
Qt+1 - Qt SP(Qtv w;p yr) - P(Qt_17 m;fkflv yr)

<0Q -Q .. (79)
Q' - Q' >P(Q" x;, ¥ 1) - P(Q @), yp )
>-0[Q" -Q" - (80)
Finally, according to the contraction mapping principle, we complete the proof. O

Corollary C.6. Assuming preconditions of Lemmahold, and letting {fi(Q,-) : Rmitmi —
R}4_, be a sequence of continuous convex-concave functions which satisfies V f;(Q, ) = (F¥(Q, ),
—F¥(Q,")) for any fixed Q € R and i € (1 : d|, then there exist a matrix Q* and a pair of
(x*,y*) which satisfy Eq. (T1)-Eq. (73) and

fz(Q*a m:7yr) > fl(Q*a m:ayz)7
forany z; € Z;and i € [1 : d].

Proof. With proper selection of 77, we have the following bound which is similar to that derived from
Eq.(77)

max f;(Q, (Zr)i,y;) — Join £i(Q, i, (¥r):)

Y€V
T
<Y 1(Q = (95)) — [i(Q, (@7)i,9))]
T
<> [FiQ 20, i — (@7)i) + (Fi(Q, 20), 9 — (57)3)]

t=1
< 4n~'D + 8nA%L3
= T Y
for every i € [1 : d], where {z; = (x,y,)}_, follows from the iteration (73) and (2%); =

(&%), (g%):) denotes argmzax[fi(Q, (Z1)i,y;) — fi(Q, x, (gr):)]. Hence, by directly leveraging
zleZ;
the result of Lemmal[4.3] we obtain the result. O

1)

Before stating the general version of Theorem [.4]as follows, we define

1
Y/ =8(c+1) PD (n - 16nL2) + 40m3yA2LS + 29y L3 (1 + 6410° L2C?) | (log(c + T) + 1).
(82)

C.2 Theorem and Relate Proof

Theorem C.7. [General Version of Theorem[{.4)] For any generaized quasar-convex-concave function
f which satisfies Assumption and with constant matrix function P = Q*, where Q* is
unknown and satisfies Eq. q. (73), with parameter configuration in Eq. (12)), the weighted
average of Algorithm ’s outputs {z+ };_, satisfies the following inequality

6 (I;nea%c Z?Zl wi(z)> (1-0)"1 (% +10nL? + AL Y] + 477A2L§)
T, Yr) < 83
Gs(Zr,yr) < T+3 (83)
For a generalized quasar-convex-concave function satisfying smoothness and recurrence conditions,
the iteration complexity of our algorithm matches the lower bound [52] for solving e-approximate
Nash equilibrium points in the smooth convex-concave setting, up to a logarithmic factor. Furthermore,

we prove that standard smooth convex-concave functions satisfy the preconditions of Theorem[C.7]
(as discussed in Appendix [C.3.2).
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Algorithm 4 Optimistic Mirror Descent with Regularization for Multi-Variables

d d
Input: {20} ={g0};_ . {ow >0} (X, a0 =1), {7 >0} 1, {\ >0}/ 1. nand Q" = 0.
Output: zr = > ;2"
1: whilet < T do

2: Q' = 1- ,Bt—l)Qt_l + ,Bt—lp(Qt_l, Zi—1).
3: forallic [1:d]do

4: x} = argn}(in n(FHQ™ zi ), @) + eV (@i, (g7) ") + Mv(za),
5: Y = azlgzniln n(FY(Q™1 27, y,) + 7%V (9, (g¥) ) + Aev(y,),
6 (o) = a;;égp n(FE(Q',20),97) + 7V (g7, (97) ") + Mv(gh),

7 (g = argmin 0 (FY(Q 20, 67) + iV (g%, (7)) + An(g?).

8:  end for e

9: t—t+1.

10: end while

Our analysis relies on the connection between F;(Q', z!) and F;(Q*, 2!). Theorem [C.8|combines
a) classical O(log(T")/T) bound derived from regularized OMD, and b) the weighted average of
iteration error || Q' — Q'~1||2, over t € [1 : T] which has the form of 3/, oy || Q" — Q' 1|12,
with magnitude O(T~!1og(T)), and c) weighted average of approximation error ||Q? — Q*||» over
t € [1 : T which has the form of Zthl a¢]|Q" — Q*|| oo to bound the max-min gap of f at z7. Next,
we leverage Lemma [C.9| to show the decreasing trend of approximation error || Q! — Q* || and
bound Zle a¢||Q! — Q* || by a quantity that grows only logarithmically in 7. We may therefore
obtain the result of Theorem [C.7)by applying the estimation of weighted average of approximation
error 71 ]| QF — Q*[|so to Theorem

C.2.1 Partl

Theorem C.8. Assuming that Assumption|C.1|holds, we set the hyper-parameters for Algorithm 2]
carefully such that

a(ve + M) > @1V, (84)
. Ye (e + Ae)
< -
= et 4Ly 85)

Suppose that v modulus 2 w.rt || -
Algorithmd) then we can show that

z| < Aforany z € Z, and {z,}I_, follows the iterations of

>

max f(@r.y) — min f(«',g7) <B(Y) max {‘” max (V (i, (97)°) +V (v:r(97)"))

T
1 - Vet N
s S [ullst = gl 2R gt 2P
t=1

2 Z?:l Oét/\t
S max (v + ()

T
2B L2 Qi t t—1 2:|
#2Bwmt Y S -

8AZB(v)Lian

T
+2AB(Y)L ar||Qf — Q¥ +
() 1; Q" — Q| Tt N

(86)

where B(v)) := max ’Z?Zl wi(z)‘ and zp = Y1 a; 2",
z€
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Proof. Recalling the definition of GQCC, we derive that
max f(z,y') — min f(z',y) <B(Y) max | max fi(Q", x;,w;) — nin fz(Q Wi Y;) |, (87)
u;€EX,

y'ey zr'eXx i€[1:d) [w €V

forany z = (z,y),v = (u,w) € Z and

T
£Q7, (@r)i, wi) — £(Q, wi, (Gr)s SZ [£Q7, @, wi) — £i(Q7 ws, y))] (88)

E/%‘\] Il

o <Fz-( *,zﬁ),zﬁ - vi>

o~
Il
-

T
o (Fi(Q',20), 28— v,) + 240 Y 0l Q' — Q7.
t=1

o~
Il
-

for any v; € Z;. Using the optimality condition, we obtain

(Fi(Q1, 2071, 2 gz>_7;(v«g:~'>t,<g¢> N+ V ((g¥) (g¥) )

— V(@ (97) ) V(8 ) )

LRV (g2) )+ V (@) )
+%( ((g7)") +o((g))) —v (@) —v(yi)). (89

(Fi(Q', ), gt —v;) s% (V (wiy (@) ) + V (wi, (g¥) 1))

— W ((g2) (6®)Y) + V ((gY) (g¥) )

n
= A (s (98)) +V (s (67)')
20 (ufun) + o) = v (69)) ~ v (@2)) - OO

For each ¢ € [1 : T, we can apply Eq. (89) and Eq. (90) to the following equation

a (Fi(Q', 27), 2 —vi) =ou [(Fi(Q', z,gz—v> +(F (Qt g E Y. 2i — gi)
+<F’L va 7, - Z(Qt 1, '7 > 9

]
o [ (1 (s (071 1>+V(wz, 00 ) = 2 ()

+ V (wi, (g¥)")) — % (V (2L, (g2)" ™) + V (¥l (g¥)" 1)

f%At (V((g?)'l) +V ((g1)" ) | +

—v((g9)) —v((g¥))) + e (FilQ',20) = Fi(Q'™",271), 2 — gf) -
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Therefore, by summing Eq.(OT) from ¢ = 1 to ¢t = T and utilizing Eq. (84), we have

D e (Fi(Q', 1), 50— v) <= (V (s (97)°) +V (ws, (1))
t=1

22?:1 O[t)\t
+ S max (o) + ()

1 - Y+ A
5 R

i[w&nF - F@ = o

According to the Lipschitz continuity of F';, we derive that

ni[%+/\t I[P #) - P@ =)

T T
Qg _ it
<2nlL} -z N1P | + 2L}
=27 22 |:’yt+Atzz zz || + n 12 ’-Yt‘i’)\

t=1 t=1

Q' - QHHZO} . (93)
t

It follows from parameter setting Eq. (84) and Cauchy-Schwarz inequality that

Yt - a1 (-1 + Adi—1 - - Yt -
— =i =g P + ( )llgﬁ B Rl [ AN D)
2 2 4

Combining Eq. (83) and Eq. (94), we may therefore obtain

T
_ Y, +)\ _
Zat[ 2t — g2+ 2 Ay g f||2] oL Z[ E
t=1
277L2041 1 012
< z; —z;|"- 95)
1+ M ” ”

Applying Eq. (93) and Eq. (93) to Eq. (92)) and utilizing Eq. (87), Eq. (88), we complete the proof. [
C.2.2 Part II: Estimation of Approximation Error | Q' — Q*||

According to the iterately update of Qf, we can derive the upper bound of weighted average of
QF — Q'1||2,. Next, we aim to bound || Q! — Q*|| for each iteration ¢. In this section, we select
the following parameter settings:

— (1- 9)1/2 _ _ 1 _
=2(1-0)" anfmvﬁt ? t—ﬁT,t»'Yt—Ttv)\t—l_'yt' (96)
Lemma C.9. Consider the settings: v; = =1—y,andn < %. Then, we

obtain the estimation of ||Q! — Q*|| as follows,

t

1Q - Qlle < > 8720 97)

j=2

foranyt > 2 where

j—1
H; :=yD (77 + 1677L2> <5j1,171 + QZﬂjLn)‘n>
k=1

j—1
+ 20y L3 (1 + 640 L3C) > " B 1 kB 1 + 1280 yA L3S, 1 1. 98)
k=1
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Proof. According to the fact that Q* is a fixed point of function P, we have

Q' -Q =) Bi-1.4[P(Q",2") - P(Q",z")]

SZBt 1f€{[ (Q x" Y ) (Qﬁaw*7yﬁ)]+[P(Qﬁaw*7yﬁ)_P(Q*vw*7yﬁ)]}

d t—1 t—1
<> (Z Bt (F2(QF, 25), @ — :c:f>> Cit0 (2_; BrornllQF - Q*|oo> caey.
99)

Where (a) is derived from the maximizer’s property of y* for matrix-valued function P(Q*, x*, -).
Similarly, we can obtain

d t—1 t—1
QoY (Zﬂt—m Q) g y:>) B0 (z branl @ - Q*Ioo>
k=1

i=1 \r=1
(100)
Hence, we derive

¢ Bi—11m 2\ YN0
1Q" — Q| <7 m[?}é]{n max (V (s, (g7)°) + V (ys, (9¥)?))

25 Bt
_,_f max (v(z:) +v(y;))

t—1 /6 . 5
vy e o

+2777LQZ Bt;; 1Q° - Q% +0<26t 14l1Q° - Q oo>,
r=1 k=1 (101)

by combining 8;_1 Hf:t(l — Bj) = «, and Eq. (99), and using the proof technique of
Theorem Next, for any ¢ € [l : d], we can obtain an upper bound estimation of

Jneag Z,i 1 515 1 (Fi(QF, 2f), 25 — v;) as follows

t—1

D
max Zﬂt 1 (Fi(QF, 27), 2§ —v;) <— <5t 1,171 +22Bt 1,k n) +877A2L§5t—1,1

v;EZ;
‘ k=1

t—1 t—1
1
+8nL30 > Bror By — & ;:1&—1,& (B

k=1
(102)
Furthermore, we also have a lower bound estimation of it
t—1 t—1
Inax Z:lﬁt L (Fi(QF, 27), 25 — v;) >511€aXL Z:lﬁt 1r (Fi(QF,v5), 27 —v;)
>
_glea%( Zﬁt lm Q )vl) vz)
t—1
—2AL1 ) Bi14Q° — Q"o
k=1
t—1
> =241 Y Bi-1.4Q" — Q7o (103)
k=1
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Therefore, combining Eq. (T02) and Eq. (T03)), we derive the following result

t—1 t—1

Z Br—1,r ||Zf - ZfilH2 <16nAL, Z Bi 1.k lQF — Qoo + 6402 AZL2B; 1 4

k=1 k=1

t—1 t—1
+8D <5t1,1’¥1 +2 Z Btl,n)\n> + 64n*C?L3 Z Bi1,sBr_1,

r=1 k=1
(104)
forany i € [1:d].
t—1
1
1Q" = Qs <7D (77 + 1677L§> <5t—1,171 +2) Bt—l,m/\n> +128°yA* L3 B-1.1
k=1
t—1
+2n7L3 (1 + 647°C°L3) Z Bi-1.:B2_4
k=1
t—1
+ (B2PPYALIL3 4 60) > Bi1.4]1Q" — Q7 oe- (105)
k=1
Finally, by applying [67, Lemma 33] to Eq. (I03), we complete the proof. O

Under parameter settings Eq. (96)), the following auxiliary Lemma [C.10|provides both lower bound
and upper bound of Or ;.

Lemma C.10. Assuming that 5; = c% and ¢ > ¢, we can obtain the following result:

. (d +ce)?) (e+t)! (1+c)(c+t+1)¢1
p 4 —
P 2¢ (c+T)¢ (c+T+1)¢ ’

< Bre < (106)

foranyT >t > 1.

Proof. Recalling that

c X c c ) Ied
BT,t:C+t n (1_C+k) Zmexp Z 10g(1—c+k> y 107)

k=t+1 k=t+1
we have
¢ fett+1\Y I+ (ctt+ 1)t
< < 108
BT’t—c+t<c+T+1) (c+T+1)¢ (108)
and
(Cl + 0/0)2 (C+ t)c’—l
> _ 7 109
BT,t = €Xp { 2C (C + T)C/ ( )
by combining the result of Lemma|[D.9] O
Corollary C.11. Assuming that 5; = C%;t, c>1and (1 —0) > 1, we can obtain
/
9 c
< 110
ﬁTﬂt = C+T7 ( )
foranyT >t > 1.
By utilizing the result of Lemma [C.10} we notice that
Jj—1 Jj—1 2 2
(14+c¢)?*(c+r+1)°
ﬁ‘fl,m)\n < "
2 Prmaete < 2
1 2 j—1 1 2
_( +C,)C/ (c+x+1)672dx—|—( +C,)2
@(c+i) N (c+7)
(1+0)? (1+¢)? (1)

T(e=Dlc+g)  (e+4)*
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and

Jj—1 Jj—1 4 c—3
1+c)*(c+r+1

Y Bic1wBi <Y (rejletrtl)

k=1

ot c(c+j)e
(143 (771 2 (1+c)*
Sele i) [ ey (e )
(1+¢)3 (1+¢)*

Tele=1(e+j)  cletg)P (112)

where (a) and (b) are derived from the fact that >3/ % (¢ + 1 + 1)¢2 < flj_l(c + 2+ 1) 2da.
Next, we have

2(c+2)c7t 2(1+¢)? 2(1—1—0)2)

(c+g)e (c=D(c+j) (c+7)?
(1+¢)? (I+o)*

le—Dc+j) T c(c+j)3>

1

+ 20yL3(1 4 64n* L3C?) (

(c+2)°
2(e+5)

+ 12873y A2L; (113)

and
Zﬂ(lw Tort {VD (717 " lﬁnL2> U; mdx
(e i) e

t c)3 c)?
+2ny L3 (1 + 64772/3302)/1 (C(c (_1 $(c)+ " c((lc—’-‘v_- x))?’> dx}

t
+2)°
+ 12873 A2L4{1+/ (c d}
TS 2 (c+x)° ¥

2(c +1)2
<€ {w( +16 L2) {(C—F)log(c+t)+5+2c} + 640°y A2 LA
c+t n c—1
2(c + 1)2 1)2
+ 2nyL3(1 + 6492L2C?) [(24:1) log(c + t) + % :

(114)
where (c) follows from Corollary [C.T1} For simplicity, we denote
1
Y i=8(c+1) {WD (77 + 1677L2> +40n*yA2L3 + 2nyLi(1 + 64772L§CQ)} (log(c+T) +1).
(115)
Therefore, it follows from Eq. (IT4) and Lemma [C.9] that

t
* 1+60)/2
1Q° — Q" < > B

Jj=2

. 116
_|_tt (116)

C.2.3 The Last Step

According to Eq. (TT6)) and the initial QU satisfies [|Q°||». < C, we have ||Q*|| < C. We are ready
to complete the proof of Theorem|[C.7]

Proof of Theorem|C.7] It is noteworthy that the hyper-parameters selected in Eq. (96) satisfies the
preconditions of Theorem [C.8] Combining the conclusion of Theorem [C.8] Eq. (IT6) and the
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estimation of a; (i.e. f7,) in Lemma|C.10} we obtain:

« 'Y >
Gi(z,y) SBiIen[zll:};] {1771 max (V (=, (g7)°) +V (y:: (97)°))

2 Zszl oAy 2 d 2
+'T max (v(xi) +v(y;)) ¢ +2nBLY Z By
K3 k2 t:l

T
+2ABcLy Y7
c
t=1
<2BD (c+2)ct clc+2) 2(c+1)
(c+T+1)°¢ (¢c+T+1)2 c+T+1

Qi

T 8nA?BLia,

a N

+2nBL%< (c+1)3 N (c+1)* )

cle=1)(c+T+1)  cle+T+1)3

4c c(c+2) (1+c)(c+2)t
2ABL,Y? 8nA2BIL2
+ ! T(c+T+1 (C+T+1)2)+ g 2 (c+T+1)
3D c+1
<2B (== 4 10nL? + 5AL Y + 4nA?L2 | ————— 117
< (774‘0771"‘5 1¥p +4n 2 T (117)

when T" > 1, where B denotes max, ¢z Zle ¥;(z) and (a) is derived from parameter settings
Eq. (96) and the result of Lemma[C.10] O

C.3 Application to Minimax Problems
C.3.1 Infinite Horizon Two-Player Zero-Sum Markov Games

To simplify notations, in the following discussion, we write S = {si}lii‘l, and denote by Q* =
(Q*(s1,%,"), + ,Q*(s)s),~,)) the joint action-value matrix where Q=(s;,-,-) € RIAIXIBl is an
action-value matrix on state s;. According to the connection between value function and action-value
function

Vz(sz) = Edwm('\%) [Qz(siu a, b)]a Qz(siv a, b) = (1 - 6)0(8i7 a, b) + eEsi/NP(~|si,a,b) [Vz(si’)]a

by (-lsi)
we provide the following proof for Proposition 4.5]
Proof of Proposition By defining
[P7(Q7 z)}a,b = (1 - H)U(si’ a, b) + gEsi/NIP’(-|si,a,b) [<Qi'yi’a :B?'” ’ (118)
we derive that Q* = P(Q#, z). We can notice that
[Pl(Qa €z, y) - Pl(Q? $/, y)]mb :9E87¢/~P('|8i,a,b) [<Qi'yi” Ty — (w/)1'>] )

/ T / (1 19)
[Pz(Qa T,y ) - Pi(Qa x, y)]a,b :eEsi/NIF’(-Bi,a,b) [<_Qi’ Tir, Y — ( )z’>] .
Therefore, for any Q satisfies ||Q||oo < 1, it’s easy to verify that
1. F;(-, z;) is uniformly 2-Lipschitz continuous with respect to || - || under || - || for any
z; € Z;, and F;(Q, ") is uniformly 1-Lipschitz continuous with respect to || - ||oo under

. T
|| : HL sice F(Q7zt) = (y;r iTa _m;rQZ) 5
2. P satisfies [A;] in Assumptionswith Bils,ap = [Cils,ap = 0P(s;|s,a,b) and v = 26,
since Eq. (I19),

3. P(-, z) is a f-contraction mapping under || - ||, and ||P(+,)||cc < 1, since the definition
of P,

4. [Pi(Q,-,")]a,p is bi-linear with respect to « and y, and nn?é[]clgb‘ll’[g?']s]aib} = 1/2 for any

1 and s, a,b.
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Therefore, according to Lemma there exist a tensor Q* and a pair of (x*, y*) satisfy Eq. (TI).
Furthermore, the (x*, y*) mentioned above is a Nash equilibrium of J®¥(p,) by utilizing Corollary

We may therefore derive that Q* = Q? . Leveraging Eq. (63)) for any Nash equilibrium
(x*,y*) € Z and denoting Q* = Q* ¥ (s;, -, -), we have

T (py) = I OV (pg) =37 d2 DV (s) [(QV (s, )y (s), 2 (]5)) (120)
sES
—(Q (5, Yy (ls), " (u)(19))]
S|
<Zdw (y)y |:<Q yszﬂ — rnelg <Q yZ,U,>:| s (121)

U;

where *(y) = argmin J*¥(p,) and y*(x) = argmax J%(p,). Similarly, we have
ueXx wey

|S|
TEV @) (pg) — T (pg) < 3 ¥ @) (s,) [max (Q) Tz w) — (Q)) Tz r,yﬂ '

= w;EY;
(122)

By setting ¢;(z) := max{dm’y* ) (s4), dm*(y 'Y(s;)} and combining the facts that f;(Q*, x}, y})—
min f;(Q*, u;,y;) >0 and ma§ f,(Q s, w;) — fi(QF, ¥, y) > 0 derived from Corollary
€

u; EX;

[C.6] we have

z,y" () _g= ) _
TR ) — W <Zwl )| g Qi) — iy £(Q )|
(123)
O

C.3.2 Convex-Concave Minimax Problems

In this section, we consider convex-concave minimax problem over compact concave region Z =

X x Y C REEm x RE1- ™ which satisfies Assumptionwith divergence-generating function
v. The standard convex-concave minimax problem is formulated as follows:

124
min gngf(w Y), (124)

where f is convex with respect to & and concave with respect to y. Therefore, we obtain that

f@,y* (@) — f(2*(y),y) < (Vaf(2),2 —2"(y) + (-Vyf(2)y —y"(®)),  (125)

for any z = (z,y) € Z. We may therefore derive that f satisfies GQCC condition with g(z) = 1
and f(P(z),z) = f(z). Furthermore, assuming V f is L-lipschitz continuous (i.e., |V f(z) —
Vi)« < L||z — v|| for any z,v € Z) and choosing P = 0, then verifying that f satisfies
the preconditions of general version of Theorem is reduced to verifying that f satisfies (1) in
Assumption Since F' = V f only depends on variable z, it is evident that f satisfies (1) in
Assumption when V f is L-Lipschitz. Therefore, under the smoothness condition of f, Theorem
implies that O(¢~!) iterations Algorithm [4|needs to find an e-approximate Nash equilibrium
of f matches the lower bounds of Q (1) [52] for the number of iterations that any deterministic
first-order method requires to find an e-approximate Nash equilibrium of a smooth convex-concave
function.

D Auxiliary Lemma

Lemma D.1. ForT > 17, the function g(I') can be bounded by 52%49 +
as Y o2 T7R[KT + (k + 1) exp{2k}].

2. Let g(T') be defined
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Proof.

00 2\ k
OESY [r—’f (k ;7)! + (?) (k+1)

k=1

A (N4 (L
da” \1—-a/|,_p-1 da \1—a/|, _.p
80640 2
126
(Z)I‘—1+Fe—2—1’ (126)
(a) can be deduced based on the following inequalit
g nequality
7 8 7 171 k+1
R (A I (L () -y
da” \1—« = k) (k+1)!'\1-a
8 k
8 «
2 () (75)
(b) ; k l—«a
o \8
=7{(1 -1
(1e525)
<7! {exp {80[} — 1}
11—«
80640
< T (127)
©l-a

where (b) and (c) are derived from Leibniz equation, and the inequality e* — 1 < 2z holds for

0 <z < 1/2 respectively. O

Lemma D.2. Foranyn € N,r € R",p € A", if it holds that p* = arg miAn n{p,r) + KL(p||q),
peEA,

then we have

L (KL(pllg) - KL(p|lp*) - KL(z*|l0)). (128)

(p* —p,7) =

Proof. We just need to prove p* (i) = p'(i) := s~ EZ?}“{’;}?T;L}(J.)} for any i € [n] which satisfies

(p—p',nr +log(p’) —log(q)) =0, (129)

forany p € A,,. Assume that F(p) := n (p,r) + KL(p||q) and define E(p) = >, p(i) log(p(i))
for any p € A,,. Clearly, p’ € A,,. Hence, forall p € A,

F(p

~

=1 (p,r) + KL(pllq)

=n(p’,r) + KL(p'llq) + (p — p',nr — log(q)) + £(p) — £(p')
=1 (p',r) +KL(p'lg) + £(p) — £(p') + (p — p', ~log(p))
=F(p") — KL(plp"), (130)
where (a) is derived from Eq. (129). Therefore, we obtain that p* = p’. By using equality (b), we
finish the proof. O

Lemma D.3. Suppose that for T € (0,1), we have H%H <1+ 7. Then
oo

(57 51y ) X0 < KLla),
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Proof. We consider the Taylor expansion of the function log(1 4+ z) = >"2 7(71]):71 z* and define
Qrp(x) =x— (% + DT) x2. According to

2 \x|3
log(1+2) — Qrp(x) > Dra” — m» (131)
for any = € [—7, 7], we have log(1 + z) > Q- p(x) when D > ( 7 and z € [—7, 7]. Therefore,
we obtain
Lipla) =2 p s (75)
S ' 1 p(j) )2
> Sypr) (B
>3 00| (55 1) - (3+27) (55
— p(j) p(j) ?
o ()50 ()
#.9) ! ;qj q(4)
>2%(p.) - (574 Dr(1 7)) Xp.a)
:<1;T —DT(1+T)) XQ(p,q). (132)
We complete the proof if D = ﬁ O

Lemma D.4. Suppose that r € R",7 € (0,1/2),||r||oc < 5, and p,p € A, satisfy, for each

j € ln),

() = p(j) -exp{r(j)} .
> jrem PU') - exp{r(j")}

(133)
Then

(1 — (3(127) + 4) T) Var,(r) < X%(p,p) < <1 + <3(127) + 4) 7> Vary(r). (134)

Proof. Without loss of generality, we consider the case (p, r) = 0. If not, redefine 7 := r — (p,r) -
e(||#|lco < 7) and analyze # where e € R™ is an all 1 vector. It’s clear that

n ~ . 2 2
i L (BU) exp{r}
X2(p,p)=-1+) p(j ( ) =_1+E [ . (135)
#.7) 2.70) (55 P | Bylexp{r]]
We define Fjy(z) := 1+ 2+ 3=L%22 F2(2) := 1+ 2+ L2722 and note that for any z € [—7, 7]
D 3

exp{z} — Fp(x) 777-&62 - %, (136)

Dt |z|?
Fp(x) — exp{z} 27552 - m7 (137)
where Eq. (I36) is derived from the summation of the 2k-th and 2k + 1-th (k > 2) terms in the Taylor

3 3
expansion of exp{x} is always non-negative, Eq. (I37) is derived from >~ , %T < % < %

forany x € [-7,7]. Therefore we have exp{z} — Fj(x) > 0 and F3(x) — exp{z} > 0 for all
re[-1,7]if D> 5 ( —5- Then, we have

14224+ (2— (D+2)7)2? < (exp{z})? <1422+ (24 (D +2)1)2?, (138)
when D7 < . In addition, by (p,r) = 0, it’s obvious that

1-D 1+D
L S Bl < Bplexp({r] < 1+ T

Ep[r?]. (139)
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Combining Eq. (I38) and (T39), we derived that
1+ (1 — (D + 1)7)Ep[r?] < (Eplexp{r}])> <1+ (14 (D + 1)7)Ep[r?], (140)
1+ (2 — (D +2)7)Ep[r?] <E, [(exp{r})?] < 1+ (2 + (D +2)7)Ep[r?], (141)
for D1 < % According to Eq. (I33)) ,(140) and (I41)), we have

exp{r} 1°_ (1—(2D+3)7)Bp[r’] 2
Uy et > THT A (D T 2 (- (P B
exp{r} 17 _ (14 (2D +3)7)Ey[r?] )
1By [ e) <1 RN D R
We derive Eq. (134) by setting D = ﬁ O
Lemma D.5 (Lemma B.6, [15]]). Let ¢1,--- , ¢; be softmax—type Junctions.

~ T wep{ak)}
where j; € [1,--+ ,n],> _, Tik = Lforanyi € [1,--- |I]. Let P(x) = Y, _ 02 o= k = DEPO) g
denote the Taylor series of Hézl ¢;. Then for any integer k,
D>P(0
Z % < ()", (143)

|| =k
We introduce the conception of (Q, R)-bounded function briefly. Suppose ¢ : R — R is real-
analytic in a neighborhood of the origin. For real numbers @), R > 0, we say that ¢ is (@), R)-bounded
if the Taylor expansion of ¢ at 0, denoted Py(z) = 37,7 > o=k D 0{1(0) x®, satisfies, for each
integer i > 0, 37 4=y, ‘D:ﬂ < Q- RF.

Lemma D.6 (Detailed version of Lemma 4.5, [15]). Suppose that h,n € N,¢ : R® — Risa
(Q, R)-bounded function such that the radius of convergence of its power series at 0 is at least

v >0 and Z = {Z°,---,Z"} C R™ is a sequence of vectors satisfying HZtHOO < v for

t €0, ,T]. Suppose for some 8 € (0,1), foreachO < h' < handt € [0,---,T — k'], it holds

that HDh’ZtHoo < FRﬁh/(h’)Bh for some B > 3,T > e3. Then forallt € [0,---,T — h),
|(Dr(¢0 2))'| < Q- g(T) - B"R5", (144)

where g(T') is a bounded function with respect to T

Proof. Without loss of generality, we assume ¢(0) = 0. We define (¢ o Z)! =
Yoz iyl=k @ (Z")” and obtain

Z > a (Dn2)

k=1 veZ ily|=k

> Y W X1

k=1 762’210:\7\216 z:[h]—[k] j=1

(o ] h ,
SIS Dol (R

k=1 'yeZgO:\'y\:k x:[h]— [k

k=1 ~€ZZ ,:|v|=k

o

(Be,, D, (l;,j>)t’

>0 k
%;Q (]f;) - max {k‘7, (k‘ + 1) exp {Qk}} _thBh+1

<Q-g(T) - graBIL (145)
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where (c) is derived from (), R)-bounded condition. O
Lemma D.7 (Lemma C4, [13])). Let {n,T} C Zy withn > 2 and T > 4, we select H :=

[og(T)], Bo = 55, and B = \/f?. Assume that {z'}]_| C [0,1]" and {p'}1_, C A, satisfy the
following condition

1. Foreach0 < h < Hand1 <t <T — h, it holds that || (Dyz)'|| , < BRH3"1.
2. The sequence {p'}I_, is (—consecutively close for some ( € [(2T)’1, 53/8256} .
Then, we have

T T
> Varpe(z' = 2'71) <28 Y Varp: (2'71) + 165120(1 + () H® + 2. (146)
t=1

t=1

Proposition D.8. Given a constant ¢ > 0, we have

t c 2
Z(Hk) <ec. (147)

k=1

Lemma D.9. For a constant ¢ > ¢’ > 0, the following inequality holds

+t-1 (c + cc)? d c c+t
Nog [ & _ <Slog (1- < log [ —E10 148
¢ 0g< c+T ) 2c _;og c+k = ¢ 08 c+1+T)° (148)

whenT >t > 1.

Proof. Accoding to the Taylor expansion of log(1 — x) when = < 1, we obtain the estimation of
log (1 _ ) for any k£ > 1 as follows

c+k
d d
log (1 — < 14
og< c—i—kz) -~ e+ kK’ (149)
d c (¢ +cc')? 1\’
1 1-— > — — . 150
Og( c+k‘)_ c+k 2 (c+k> (150)

Next, we have

T / T+1 /
c c c+t
— < — dr =1 _ 151
Z c+k— /t crat COg<c+1+T>’ (151)

k=t
a c (c +ccd)? 1\’ T d (c +cc)? 1\’
> [--%- - [ e e
P c+k 2 c+k 1 |c+x 2 ct+x
c+t—1 (¢ + cc')?
>l — . 152
> o (i) - 5 (152)

E Limitation

For objectives with GQC condition (GQCC condition) and general smooth internal function (i.e.
Lipschitz continuous internal function), our analytical method might not provide similar iteration
complexity. We leave the related algorithmic analysis on more generalized smoothness conditions as
a future work.
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NeurlIPS Paper Checklist

1. Claims

Question: Do the main claims made in the abstract and introduction accurately reflect the
paper’s contributions and scope?

Answer: YES
Justification: We have a detailed explanation in the contribution section of the introduction.
Guidelines:

e The answer NA means that the abstract and introduction do not include the claims
made in the paper.

* The abstract and/or introduction should clearly state the claims made, including the
contributions made in the paper and important assumptions and limitations. A No or
NA answer to this question will not be perceived well by the reviewers.

* The claims made should match theoretical and experimental results, and reflect how
much the results can be expected to generalize to other settings.

* It is fine to include aspirational goals as motivation as long as it is clear that these goals
are not attained by the paper.

2. Limitations
Question: Does the paper discuss the limitations of the work performed by the authors?
Answer: YES
Justification: See Section [E]in appendix.
Guidelines:

* The answer NA means that the paper has no limitation while the answer No means that
the paper has limitations, but those are not discussed in the paper.

* The authors are encouraged to create a separate "Limitations" section in their paper.

The paper should point out any strong assumptions and how robust the results are to
violations of these assumptions (e.g., independence assumptions, noiseless settings,
model well-specification, asymptotic approximations only holding locally). The authors
should reflect on how these assumptions might be violated in practice and what the
implications would be.

* The authors should reflect on the scope of the claims made, e.g., if the approach was
only tested on a few datasets or with a few runs. In general, empirical results often
depend on implicit assumptions, which should be articulated.

* The authors should reflect on the factors that influence the performance of the approach.
For example, a facial recognition algorithm may perform poorly when image resolution
is low or images are taken in low lighting. Or a speech-to-text system might not be
used reliably to provide closed captions for online lectures because it fails to handle
technical jargon.

* The authors should discuss the computational efficiency of the proposed algorithms
and how they scale with dataset size.

If applicable, the authors should discuss possible limitations of their approach to
address problems of privacy and fairness.

* While the authors might fear that complete honesty about limitations might be used by
reviewers as grounds for rejection, a worse outcome might be that reviewers discover
limitations that aren’t acknowledged in the paper. The authors should use their best
judgment and recognize that individual actions in favor of transparency play an impor-
tant role in developing norms that preserve the integrity of the community. Reviewers
will be specifically instructed to not penalize honesty concerning limitations.

3. Theory Assumptions and Proofs

Question: For each theoretical result, does the paper provide the full set of assumptions and
a complete (and correct) proof?

Answer: YES
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Justification: We provide the assumptions and the associated theoretical results in Section[3]
and Section 4] respectively.

Guidelines:

» The answer NA means that the paper does not include theoretical results.

* All the theorems, formulas, and proofs in the paper should be numbered and cross-
referenced.

* All assumptions should be clearly stated or referenced in the statement of any theorems.

* The proofs can either appear in the main paper or the supplemental material, but if
they appear in the supplemental material, the authors are encouraged to provide a short
proof sketch to provide intuition.

¢ Inversely, any informal proof provided in the core of the paper should be complemented
by formal proofs provided in appendix or supplemental material.

e Theorems and Lemmas that the proof relies upon should be properly referenced.

4. Experimental Result Reproducibility

Question: Does the paper fully disclose all the information needed to reproduce the main ex-
perimental results of the paper to the extent that it affects the main claims and/or conclusions
of the paper (regardless of whether the code and data are provided or not)?

Answer: NA
Justification:
Guidelines:

* The answer NA means that the paper does not include experiments.
* If the paper includes experiments, a No answer to this question will not be perceived
well by the reviewers: Making the paper reproducible is important, regardless of
whether the code and data are provided or not.
If the contribution is a dataset and/or model, the authors should describe the steps taken
to make their results reproducible or verifiable.
Depending on the contribution, reproducibility can be accomplished in various ways.
For example, if the contribution is a novel architecture, describing the architecture fully
might suffice, or if the contribution is a specific model and empirical evaluation, it may
be necessary to either make it possible for others to replicate the model with the same
dataset, or provide access to the model. In general. releasing code and data is often
one good way to accomplish this, but reproducibility can also be provided via detailed
instructions for how to replicate the results, access to a hosted model (e.g., in the case
of a large language model), releasing of a model checkpoint, or other means that are
appropriate to the research performed.

While NeurIPS does not require releasing code, the conference does require all submis-

sions to provide some reasonable avenue for reproducibility, which may depend on the

nature of the contribution. For example

(a) If the contribution is primarily a new algorithm, the paper should make it clear how
to reproduce that algorithm.

(b) If the contribution is primarily a new model architecture, the paper should describe
the architecture clearly and fully.

(c) If the contribution is a new model (e.g., a large language model), then there should
either be a way to access this model for reproducing the results or a way to reproduce
the model (e.g., with an open-source dataset or instructions for how to construct
the dataset).

(d) We recognize that reproducibility may be tricky in some cases, in which case
authors are welcome to describe the particular way they provide for reproducibility.
In the case of closed-source models, it may be that access to the model is limited in
some way (e.g., to registered users), but it should be possible for other researchers
to have some path to reproducing or verifying the results.

5. Open access to data and code

Question: Does the paper provide open access to the data and code, with sufficient instruc-
tions to faithfully reproduce the main experimental results, as described in supplemental
material?
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Answer: NA
Justification:
Guidelines:

* The answer NA means that paper does not include experiments requiring code.

* Please see the NeurIPS code and data submission guidelines (https://nips.cc/
public/guides/CodeSubmissionPolicy) for more details.

* While we encourage the release of code and data, we understand that this might not be
possible, so “No” is an acceptable answer. Papers cannot be rejected simply for not
including code, unless this is central to the contribution (e.g., for a new open-source
benchmark).

* The instructions should contain the exact command and environment needed to run to
reproduce the results. See the NeurIPS code and data submission guidelines (https:
//nips.cc/public/guides/CodeSubmissionPolicy) for more details.

* The authors should provide instructions on data access and preparation, including how
to access the raw data, preprocessed data, intermediate data, and generated data, etc.

 The authors should provide scripts to reproduce all experimental results for the new
proposed method and baselines. If only a subset of experiments are reproducible, they
should state which ones are omitted from the script and why.

* At submission time, to preserve anonymity, the authors should release anonymized
versions (if applicable).

* Providing as much information as possible in supplemental material (appended to the
paper) is recommended, but including URLSs to data and code is permitted.
6. Experimental Setting/Details

Question: Does the paper specify all the training and test details (e.g., data splits, hyper-
parameters, how they were chosen, type of optimizer, etc.) necessary to understand the
results?

Answer: NA
Justification:
Guidelines:

* The answer NA means that the paper does not include experiments.

* The experimental setting should be presented in the core of the paper to a level of detail
that is necessary to appreciate the results and make sense of them.

¢ The full details can be provided either with the code, in appendix, or as supplemental
material.
7. Experiment Statistical Significance

Question: Does the paper report error bars suitably and correctly defined or other appropriate
information about the statistical significance of the experiments?

Answer: NA
Justification:
Guidelines:

» The answer NA means that the paper does not include experiments.

* The authors should answer "Yes" if the results are accompanied by error bars, confi-
dence intervals, or statistical significance tests, at least for the experiments that support
the main claims of the paper.

* The factors of variability that the error bars are capturing should be clearly stated (for
example, train/test split, initialization, random drawing of some parameter, or overall
run with given experimental conditions).

* The method for calculating the error bars should be explained (closed form formula,
call to a library function, bootstrap, etc.)

* The assumptions made should be given (e.g., Normally distributed errors).

* It should be clear whether the error bar is the standard deviation or the standard error
of the mean.
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8.

10.

It is OK to report 1-sigma error bars, but one should state it. The authors should
preferably report a 2-sigma error bar than state that they have a 96% CIL, if the hypothesis
of Normality of errors is not verified.

* For asymmetric distributions, the authors should be careful not to show in tables or
figures symmetric error bars that would yield results that are out of range (e.g. negative
error rates).

* If error bars are reported in tables or plots, The authors should explain in the text how
they were calculated and reference the corresponding figures or tables in the text.
Experiments Compute Resources

Question: For each experiment, does the paper provide sufficient information on the com-
puter resources (type of compute workers, memory, time of execution) needed to reproduce
the experiments?

Answer: NA
Justification:
Guidelines:

» The answer NA means that the paper does not include experiments.

 The paper should indicate the type of compute workers CPU or GPU, internal cluster,
or cloud provider, including relevant memory and storage.

 The paper should provide the amount of compute required for each of the individual
experimental runs as well as estimate the total compute.

* The paper should disclose whether the full research project required more compute
than the experiments reported in the paper (e.g., preliminary or failed experiments that
didn’t make it into the paper).

. Code Of Ethics

Question: Does the research conducted in the paper conform, in every respect, with the
NeurIPS Code of Ethics https://neurips.cc/public/EthicsGuidelines?

Answer: YES
Justification:
Guidelines:

¢ The answer NA means that the authors have not reviewed the NeurIPS Code of Ethics.

* If the authors answer No, they should explain the special circumstances that require a
deviation from the Code of Ethics.

* The authors should make sure to preserve anonymity (e.g., if there is a special consid-
eration due to laws or regulations in their jurisdiction).
Broader Impacts

Question: Does the paper discuss both potential positive societal impacts and negative
societal impacts of the work performed?

Answer: NA
Justification: Since this paper is a theoretical paper, it may not have other social impacts.
Guidelines:

* The answer NA means that there is no societal impact of the work performed.

* If the authors answer NA or No, they should explain why their work has no societal
impact or why the paper does not address societal impact.

» Examples of negative societal impacts include potential malicious or unintended uses
(e.g., disinformation, generating fake profiles, surveillance), fairness considerations
(e.g., deployment of technologies that could make decisions that unfairly impact specific
groups), privacy considerations, and security considerations.

* The conference expects that many papers will be foundational research and not tied
to particular applications, let alone deployments. However, if there is a direct path to
any negative applications, the authors should point it out. For example, it is legitimate
to point out that an improvement in the quality of generative models could be used to
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generate deepfakes for disinformation. On the other hand, it is not needed to point out
that a generic algorithm for optimizing neural networks could enable people to train
models that generate Deepfakes faster.

* The authors should consider possible harms that could arise when the technology is
being used as intended and functioning correctly, harms that could arise when the
technology is being used as intended but gives incorrect results, and harms following
from (intentional or unintentional) misuse of the technology.

* If there are negative societal impacts, the authors could also discuss possible mitigation
strategies (e.g., gated release of models, providing defenses in addition to attacks,
mechanisms for monitoring misuse, mechanisms to monitor how a system learns from
feedback over time, improving the efficiency and accessibility of ML).

Safeguards

Question: Does the paper describe safeguards that have been put in place for responsible
release of data or models that have a high risk for misuse (e.g., pretrained language models,
image generators, or scraped datasets)?

Answer: NA
Justification:
Guidelines:

* The answer NA means that the paper poses no such risks.

* Released models that have a high risk for misuse or dual-use should be released with
necessary safeguards to allow for controlled use of the model, for example by requiring
that users adhere to usage guidelines or restrictions to access the model or implementing
safety filters.

 Datasets that have been scraped from the Internet could pose safety risks. The authors
should describe how they avoided releasing unsafe images.

* We recognize that providing effective safeguards is challenging, and many papers do
not require this, but we encourage authors to take this into account and make a best
faith effort.

Licenses for existing assets

Question: Are the creators or original owners of assets (e.g., code, data, models), used in
the paper, properly credited and are the license and terms of use explicitly mentioned and
properly respected?

Answer: NA
Justification:
Guidelines:
» The answer NA means that the paper does not use existing assets.

* The authors should cite the original paper that produced the code package or dataset.

 The authors should state which version of the asset is used and, if possible, include a
URL.

* The name of the license (e.g., CC-BY 4.0) should be included for each asset.

* For scraped data from a particular source (e.g., website), the copyright and terms of
service of that source should be provided.

* If assets are released, the license, copyright information, and terms of use in the package
should be provided. For popular datasets, paperswithcode.com/datasets|has
curated licenses for some datasets. Their licensing guide can help determine the license
of a dataset.

* For existing datasets that are re-packaged, both the original license and the license of
the derived asset (if it has changed) should be provided.

« If this information is not available online, the authors are encouraged to reach out to
the asset’s creators.

New Assets

Question: Are new assets introduced in the paper well documented and is the documentation
provided alongside the assets?
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Answer: NA
Justification:
Guidelines:

» The answer NA means that the paper does not release new assets.

* Researchers should communicate the details of the dataset/code/model as part of their
submissions via structured templates. This includes details about training, license,
limitations, etc.

* The paper should discuss whether and how consent was obtained from people whose
asset is used.

* At submission time, remember to anonymize your assets (if applicable). You can either
create an anonymized URL or include an anonymized zip file.

14. Crowdsourcing and Research with Human Subjects

15.

Question: For crowdsourcing experiments and research with human subjects, does the paper
include the full text of instructions given to participants and screenshots, if applicable, as
well as details about compensation (if any)?

Answer: NA
Justification:
Guidelines:
* The answer NA means that the paper does not involve crowdsourcing nor research with

human subjects.

* Including this information in the supplemental material is fine, but if the main contribu-
tion of the paper involves human subjects, then as much detail as possible should be
included in the main paper.

* According to the NeurIPS Code of Ethics, workers involved in data collection, curation,
or other labor should be paid at least the minimum wage in the country of the data
collector.

Institutional Review Board (IRB) Approvals or Equivalent for Research with Human
Subjects

Question: Does the paper describe potential risks incurred by study participants, whether
such risks were disclosed to the subjects, and whether Institutional Review Board (IRB)
approvals (or an equivalent approval/review based on the requirements of your country or
institution) were obtained?

Answer: NA
Justification:
Guidelines:
* The answer NA means that the paper does not involve crowdsourcing nor research with

human subjects.

* Depending on the country in which research is conducted, IRB approval (or equivalent)
may be required for any human subjects research. If you obtained IRB approval, you
should clearly state this in the paper.

* We recognize that the procedures for this may vary significantly between institutions
and locations, and we expect authors to adhere to the NeurIPS Code of Ethics and the
guidelines for their institution.

* For initial submissions, do not include any information that would break anonymity (if
applicable), such as the institution conducting the review.
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