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ABSTRACT

Optimistic Gradient Descent Ascent (OGDA) and Optimistic Multiplicative
Weights Update (OMWU) for saddle-point optimization have received growing
attention due to their favorable last-iterate convergence. However, their behaviors
for simple bilinear games over the probability simplex are still not fully under-
stood — previous analysis lacks explicit convergence rates, only applies to an
exponentially small learning rate, or requires additional assumptions such as the
uniqueness of the optimal solution.

In this work, we significantly expand the understanding of last-iterate convergence
for OGDA and OMWU in the constrained setting. Specifically, for OMWU in
bilinear games over the simplex, we show that when the equilibrium is unique, lin-
ear last-iterate convergence is achieved with a learning rate whose value is set to
a universal constant, improving the result of (Daskalakis & Panageas, 2019b) un-
der the same assumption. We then significantly extend the results to more general
objectives and feasible sets for the projected OGDA algorithm, by introducing a
sufficient condition under which OGDA exhibits concrete last-iterate convergence
rates with a constant learning rate whose value only depends on the smoothness
of the objective function. We show that bilinear games over any polytope satisfy
this condition and OGDA converges exponentially fast even without the unique
equilibrium assumption. Our condition also holds for strongly-convex-strongly-
concave functions, recovering the result of (Hsieh et al., 2019). Finally, we pro-
vide experimental results to further support our theory.

1 INTRODUCTION

Saddle-point optimization in the form of min, max,, f(x,y) dates back to (Neumann, 1928), where
the celebrated minimax theorem was discovered. Due to advances of Generative Adversarial Net-
works (GANs) (Goodfellow et al., 2014) (which itself is a saddle-point problem), the question of
how to find a good approximation of the saddle point, especially via an efficient iterative algorithm,
has recently gained significant research interest. Simple algorithms such as Gradient Descent Ascent
(GDA) and Multiplicative Weights Update (MW U) are known to cycle and fail to converge even in
simple bilinear cases (see e.g., (Bailey & Piliouras, 2018) and (Cheung & Piliouras, 2019)).

Many recent works consider resolving this issue via simple modifications of standard algorithms,
usually in the form of some extra gradient descent/ascent steps. This includes Extra-Gradient meth-
ods (EG) (Liang & Stokes, 2019; Mokhtari et al., 2020b), Optimistic Gradient Descent Ascent
(OGDA) (Daskalakis et al., 2018; Gidel et al., 2019; Mertikopoulos et al., 2019), Optimistic Mul-
tiplicative Weights Update (OMWU) (Daskalakis & Panageas, 2019b; Lei et al., 2021), and others.
In particular, OGDA and OMWU are suitable for the repeated game setting where two players
repeatedly propose x; and y; and receive only V. f(x, y) and V,, f(z;, y;) respectively as feed-
back, with the goal of converging to a saddle point or equivalently a Nash equilibrium using game
theory terminology. One notable benefit of OGDA and OMWU is that they are also no-regret al-
gorithms with important applications in online learning, especially when playing against adversarial
opponents (Chiang et al., 2012; Rakhlin & Sridharan, 2013).

Despite considerable progress, especially those for the unconstrained setting, the behavior of these
algorithms for the constrained setting, where x and y are restricted to closed convex sets X and
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Y respectively, is still not fully understood. This is even true when f is a bilinear function and
X and Y are simplex, known as the classic two-player zero-sum games in normal form, or simply
matrix games. Indeed, existing convergence results on the last iterate of OGDA or OMWU for
matrix games are unsatisfactory — they lack explicit convergence rates (Popov, 1980; Mertikopou-
los et al., 2019), only apply to exponentially small learning rate thus not reflecting the behavior of
the algorithms in practice (Daskalakis & Panageas, 2019b), or require additional conditions such as
uniqueness of the equilibrium or a good initialization (Daskalakis & Panageas, 2019b).

Motivated by this fact, in this work, we first improve the last-iterate convergence result of OMWU
for matrix games. Under the same unique equilibrium assumption as made by Daskalakis &
Panageas (2019b), we show linear convergence with a concrete rate in terms of the Kullback-Leibler
divergence between the last iterate and the equilibrium, using a learning rate whose value is set to a
universal constant.

We then significantly extend our results and consider OGDA for general constrained and smooth
convex-concave saddle-point problems, without the uniqueness assumption. Specifically, we
start with proving an average duality gap convergence of OGDA at the rate of O(1/y/T) af-
ter T iterations. Then, to obtain a more favorable last-iterate convergence in terms of the dis-
tance to the set of equilibria, we propose a general sufficient condition on X’,), and f, called
Saddle-Point Metric Subregularity (SP-MS), under which we prove concrete last-iterate conver-
gence rates, all with a constant learning rate and without further assumptions.

Our last-iterate convergence results of OGDA greatly generalize that of (Hsieh et al., 2019, The-
orem 2), which itself is a consolidated version of results from several earlier works. The key im-
plication of our new results is that, by showing that matrix games satisfy our SP-MS condition, we
provide by far the most general last-iterate guarantee with a linear convergence for this problem us-
ing OGDA. Compared to that of OMWU, the convergence result of OGDA holds more generally
even when there are multiple equilibria.

More generally, the same linear last-iterate convergence holds for any bilinear games over polytopes
since they also satisfy the SP-MS condition as we show. To complement this result, we construct an
example of a bilinear game with a non-polytope feasible set where OGDA provably does not ensure
linear convergence, indicating that the shape of the feasible set matters.

Finally, we also provide experimental results to support our theory. In particular, we observe that
OGDA generally converges faster than OMWU for matrix games, despite the facts that both prov-
ably converge exponentially fast and that OMWU is often considered more favorable compared to
OGDA when the feasible set is the simplex.

2 RELATED WORK

Average-iterate convergence. While showing last-iterate convergence has been a challenging
task, it is well-known that the average-iterate of many standard algorithms such as GDA and MWU
enjoys a converging duality gap at the rate of O(1/+/T) (Freund & Schapire, 1999). A line of works
show that the rate can be improved to O(1/7") using the “optimistic” version of these algorithms
such as OGDA and OMWU (Rakhlin & Sridharan, 2013; Daskalakis et al., 2015; Syrgkanis et al.,
2015). For tasks such as training GANs, however, average-iterate convergence is unsatisfactory
since averaging large neural networks is usually prohibited.

Extra-Gradient (EG) algorithms. The saddle-point problem fits into the more general variational
inequality framework (Harker & Pang, 1990). A classic algorithm for variational inequalities is EG,
first introduced in (Korpelevich, 1976). Tseng (1995) is the first to show last-iterate convergence
for EG in various settings such as bilinear or strongly-convex-strongly-concave problems. Recent
works significantly expand the understanding of EG and its variants for unconstrained bilinear prob-
lems (Liang & Stokes, 2019), unconstrained strongly-convex-strongly-concave problems (Mokhtari
et al., 2020b), and more (Zhang et al., 2019; Lin et al., 2020; Golowich et al., 2020b).

The original EG is not applicable to a repeated game setting where only one gradient evaluation
is possible in each iteration. Moreover, unlike OGDA and OMWU, EG is shown to have linear
regret against adversarial opponents, and thus it is not a no-regret learning algorithm (Bowling, 2005;
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Golowich et al., 2020a). However, there are “single-call variants” of EG that address these issues.
In fact, some of these versions coincide with the OGDA algorithm under different names such as
modified Arrow—Hurwicz method (Popov, 1980) and “extrapolation from the past” (Gidel et al.,
2019). Apart from OGDA, other single-call variants of EG include Reflected Gradient (Malitsky,
2015; Cui & Shanbhag, 2016; Malitsky & Tam) and Optimistic Gradient (Daskalakis et al., 2018;
Mokhtari et al., 2020a). These variants are all equivalent in the unconstrained setting but differ in
the constrained setting. To the best of our knowledge, none of the existing results for any single-call
variant of EG covers the constrained bilinear case (which is one of our key contributions).

Error Bounds and Metric Subregularity To derive linear convergence for variational inequality
problems, error bound method is a commonly used technique (Pang, 1997; Luo & Tseng, 1993).
For example, it is a standard approach to studying the last-iterate convergence of EG algorithms
(Tseng, 1995; Hsieh et al., 2020; Azizian et al., 2020). An error bound method is associated with
an error function that gives every point in the feasible set a measure of sub-optimality that is lower
bounded by the distance of the point to the optimal set up to some problem dependent constant. If
such a error function exists, linear convergence can be obtained. The choice of the error function
depends on the feasible region, the objection function, and the algorithm. Common error functions
include natural residual functions (Iusem et al., 2017; Malitsky, 2019) and gap functions (Larsson &
Patriksson, 1994; Solodov & Tseng, 2000; Chen et al., 2017). Our method to derive the last-iterate
convergence for OGDA can also be viewed as an error bound method.

Metric subregularity is another important concept to derive linear convergence via some Lipschitz
behavior of a set-valued operator (Leventhal, 2009; Liang et al., 2016; Alacaoglu et al., 2019; Latafat
et al., 2019). Metric subregularity is closely related to error bound methods (Kruger, 2015). In fact,
as we prove in Appendix F, one special case of our condition SP-MS (that allows us to show linear
convergence) is equivalent to metric subregularity of an operator defined in terms of the normal cone
of the feasible set and the gradient of the objective. This is also the reason why we call our condition
Saddle-Point Metric Subregularity. Although metric subregularity has been extensively used in the
literature, to the best of our knowledge, our work is the first to use this condition to analyze OGDA.

OGDA and OMWU. Recently, last-iterate convergence for OGDA has been proven in vari-
ous settings such as convex-concave problems (Daskalakis et al., 2018), unconstrained bilinear
problems (Daskalakis & Panageas, 2018; Liang & Stokes, 2019), strongly-convex-strongly-concave
problems (Mokhtari et al., 2020b), and others (e.g. (Mertikopoulos et al., 2019)).

However, the behavior of OGDA and OMWU for the constrained bilinear case, or even the special
case of classic matrix games, appears to be much more mysterious and less understood. Cheung &
Piliouras (2020) provide an alternative view on the convergence behavior of OMWU by studying
volume contraction in the dual space. Daskalakis & Panageas (2019b) show last-iterate convergence
of OMWU for matrix games under a uniqueness assumption and without a concrete rate. Although
it is implicitly suggested in (Daskalakis & Panageas, 2019b:a) that a rate of O(1/7"/?) is possible,
it is still not clear how to choose the learning rate appropriately from their analysis. As mentioned,
our results for OMWU significantly improve theirs, with a clean linear convergence rate using a
constant learning rate under the same uniqueness assumption, while our results for OGDA further
remove the uniqueness assumption.

3  NOTATIONS AND PRELIMINARIES

We consider the following constrained saddle-point problem: mingex maxyecy f(x,y), where X
and ) are closed convex sets, and f is a continuous differentiable function that is convex in x for
any fixed y and concave in y for any fixed «. By the celebrated minimax theorem (Neumann, 1928),
we have mingc y maxyey f(@,y) = maxycy mingex f(, y).

The set of minimax optimal strategy is denoted by X'* = argmin,c , maxycy f(x,y), and the set
of maximin optimal strategy is denoted by J* = argmax, .y mingex f(x,y). It is well-known
that X* and Y* are convex, and any pair (x*,y*) € X* x Y* is a Nash equilibrium satisfying
f@*,y) < f(z*,y") < f(z,y") forany (z,y) € X' x V.

For notational convenience, we define Z = X x Y and similarly Z* = X* x Y*. For a point
z = (z,y) € Z, we further define f(z) = f(x,y) and F(2) = (Vo f(x,y), —Vyf(x,y)).
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Our goal is to find a point z € Z that is close to the set of Nash equilibria Z*, and we con-
sider three ways of measuring the closeness. The first one is the duality gap, defined as af(z) =
maxy ey f(2,y’) — ming cx f(x',y), which is always non-negative since max,cy f(x,y’) >
f(wvy) > minm’GX f(wlvy)

The second one is the distance between z and Z*. Specifically, for any closed set A, we define the
projection operator IT 4 as IT 4(a) = argmin,, c 4 ||a —a’|| (throughout this work || - || represents Lo

norm). The squared distance between z and Z* is then defined as dist*(z, Z2*) = ||z — Iz~ (2)]2.

The third one is only for the case when X’ and ) are probability simplices, and z* = (x*,y*) is
the unique equilibrium. In this case, we use the sum of Kullback-Leibler divergence KL(x*, x) +
KL(y*,y) to measure the closeness between z = (x, y) and z*, where KL(x,2') = ), x;In &

With a slight abuse of notation, we use KL(z, 2’) to denote KL(z, ') + KL(y, y).

Other notations. We denote the (d — 1)-dimensional probability simplex as Ay = {u € R% :

Z?Zl u; = 1}. For a convex function 1), the corresponding Bregman divergence is defined as
Dy(u,v) = (u)—9(v)— (Vi) (v), u—v). If ¢ is 7-strongly convex in a domain, then Dy (u, v) >
2 |lw — v]|? for any w, v in that domain. For u € R?, we define supp(u) = {i : u; > 0}.

Optimistic Gradient Descent Ascent (OGDA). Starting from an arbitrary point (Z;,41) =
(xo,yo) from Z, OGDA with step size n > 0 iteratively computes the following for ¢t = 1,2, ...,

x, = x (T — Ve f(@i-1,Y1-1)), Ty =x (T — nVaf(ze,y1)),

ye =y (G + nVy f (@11, y1-1)), Yer1 = Uy (G + nVy f (@, y1)).
Note that there are several slightly different versions of the algorithm in the literature, which differ
in the timing of performing the projection. Our version is the same as those in (Chiang et al., 2012;
Rakhlin & Sridharan, 2013). It is also referred to as “single-call extra-gradient” in (Hsieh et al.,

2019), but it does not belong to the class of “extra-gradient” methods discussed in (Tseng, 1995;
Liang & Stokes, 2019; Golowich et al., 2020b) for example.

Also note that OGDA only requires accessing f via its gradient. In fact, only one gradient at the
point (x, y;) is needed for iteration ¢. This aspect makes it especially suitable for a repeated game
setting, where in each round, one player proposes x; while another player proposes y;. With only the
information of the gradient from the environment (V5 f (¢, y;) for the first player and V, f (¢, y;)
for the other), both players can execute the algorithm.

Optimistic Multiplicative Weights Update (OMWU). When the feasible sets X and ) are prob-
ability simplices A,; and Ay for some integers M and N, OMWU is another common iterative
algorithm to solve the saddle-point problem. For simplicity, we assume that it starts from the uni-
form distributions (Z1, Y1) = (2o, Yo) = (M I—N), where 1, is the all-one vector of dimension d.

Then OMWU with step size n > 0 iterativef\; éojr\rflputes the following fort =1,2,.. .,
vy — /x\tj exp(—n(Vaf(i—1,9:-1))i)  Biers= Etj exp(—n(Vaof (T, ye))i) ’
T2 T exp(—n(Ve f(®i-1,9i-1));) T2 T exp(—n (Ve f (@, yt));5)
Yei exp((Vy f(®1—1,Y1-1))i) ~ Gniexp((Vy f(®,Y1))i)

Yo S T eV f@e,yi1);) T S Gy eV f (@0, 91)),)

OMWU and OGDA as Optimistic Mirror Descent Ascent. OMWU and OGDA can be
viewed as special cases of Optimistic Mirror Descent Ascent. Specifically, let regularizer ¢ (u)
denote the negative entropy » . u; Inu; for the case of OMWU and (half of) the Ly norm square
5 ||u||2 for the case of OGDA (so that Dy, (u,v) is KL(u, v) and %||u — v||? respectively). Then
using the shorthands z; = (x:,y:) and z; = (&, Y:) and recalling the notation defined earlier:
Z=XxYand F(z) = (Vaf(z,y),—Vyf(x,y)), one can rewrite OMWU/OGDA compactly
as

zy = argmin {n(z, F(zi—1)) + Dy(z, ,’z})}7 (D
zEZ

%,41 = argmin {n(z, F(z)) + Dy(z, zt)}. 2)
zEZ
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By the standard regret analysis of Optimistic Mirror Descent, we have the following important
lemma, which is readily applied to OMWU and OGDA when % is instantiated as the corresponding
regularizer. The proof is mostly standard (see e.g., (Rakhlin & Sridharan, 2013, Lemma 1)). For
completeness, we include it in Appendix B.

Lemma 1. Consider update rules Eq. (1) and Eq. (2) and define distf,(z, Z) = |le—2'|2 +

ly — |2, Suppose that 1) satisfies Dy(z,2') > %distf,(z, 2') for some p > 1, and F satisfies
c g2 2 3 q 2 11 _ 1

disty (F(2), F((2')) < L*dist,(2,2") for ¢ = 1 with & + o = 1. Also, assume that n < gr. Then

forany z € Z and any t > 1, we have

NF(2)" (20 = 2) < Dy(2,2) = Dy(2, Z41) — Dy(Zer1, 20) — 10Dy (21, Z) + 15 Dy (Zr, Ze-1)-

4 CONVERGENCE RESULTS FOR OMWU

In this section, we show that for a two-player zero-sum matrix game with a unique equilibrium,
OMWU with a constant learning rate converges to the equilibrium exponentially fast. The assump-
tion and the algorithm are the same as those considered in (Daskalakis & Panageas, 2019b), but our
analysis improves theirs in two ways. First, we do not require the learning rate to be exponentially
smaller than some problem-dependent quantity. Second, we explicitly provide a linear convergence
rate. In Section 5, we further remove the uniqueness assumption and significantly generalize the
results by studying OGDA.

In a matrix game we have X = Ay, Y = Ay, and f(z) = " Gy for some matrix
G ¢ [-1,1]M*N_ To show the last-iterate convergence of OMWU, we first apply Lemma 1
with Dy(u,v) = KL(u,v), 2 = 2z* (the unique equilibrium of the game matrix G) and

(p,q) = (1,00). The constant L can be chosen as 1 since dist? (F(z), F(2')) = max; |(G(y —
Yy ))il> + max; (G (z — 2'));1? < |y — |3 + ||l — 2'||} = dist(2,2'). Also notice that

Fz) (2 — 2*) = f(ze,90) — f(@*,y0) + f(@0,9%) — f(®0,90) = flae,y") — f(2",9:) 20
by the optimality of z*. Therefore, we have when 7 < %,

KL(2", Z¢11) < KL(2", 2t) — KL(Zt41, 2¢) — 13

Defining ©; = KL(z*,2;) + 15KL(Z, 2,-1) and ¢, = KL(Zy41, 2;) + KL(2(, Z;), we rewrite the
above as

KL(Zt, Et) + %KL(TZ’}, zt—l)-

Orr1 < O — 12¢r 3)

From Eq. (3) itis clear that the quantity O, is always non-increasing in ¢ due to the non-negativity of
(¢. Furthermore, the more the algorithm moves between round ¢ and round ¢ + 1 (that is, the larger
(¢ 1s), the more ©; decreases.

To establish the rate of convergence, a natural idea is to relate (; back to ©; or O, ;. For example,
if we can show (; > ¢©;, for some conlstant ¢ > 0, then Eq. (3) implies ©,41 < O, — 220, 4,
which further gives O441 < (1 + %)7 O;. This immediately implies a linear convergence rate
for ©, as well as KL(z*, ;) since KL(2*, 2;) < ©y.

Moreover, notice that to find such c, it suffices to find a ¢’ > 0 such that {; > ¢’KL(z*, Z;4+1). This

is because it will then give Ct > %KL(2t+17 Zt) + %Ct > TlﬁKL(;Z\t_;'_l, Zt) + 1156C KL(Z*, 2,5_;,.1) >

’ ’
min{1, 2101, and thus ¢ £ min{1, 12} satisfies the condition.

From the discussion above, we see that to establish the linear convergence of KL(z*, z;), we only
need to show that there exists some ¢’ > 0 such that KL(Z;11, z¢) + KL(2¢, 2:) > /KL(2*, Z¢t41).
The high-level interpretation of this inequality is that when Z;, 1 is far from the equilibrium z* (i.e.,
KL(z*, Zz;41) is large), the algorithm should have a large move between round ¢ and ¢ 4+ 1 making
KL(Zi11, 2¢) + KL(2¢, 2;) large.

In our analysis, we use a two-stage argument to find such a ¢’. In the first stage, we only show
that KL(Z;1 1, z¢) + KL(2¢, 21) > ¢"KL(2*, Z;11)? for some ¢’ > 0, and use it to argue a slower
convergence rate KL(z*,2;) = O ($). Then in the second stage, we show that after Z; and z,
become close enough to z*, we have KL(Zy4 1, 2¢) + KL(2¢, 2;) > ¢/KL(2*, Zy41) for some ¢/ > 0.
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This kind of two-stage argument might be reminiscent of that used by Daskalakis & Panageas
(2019b); however, the techniques we use are very different. Specifically, Daskalakis & Panageas
(2019b) utilize tools of “spectral analysis” similar to (Liang & Stokes, 2019) and show that the
OMWU update can be viewed as a “contraction mapping” with respect to a matrix whose eigen-
value is smaller than 1. Our analysis, on the other hand, leverages analysis of online mirror descent,
starting from the “one-step regret bound” (Lemma 1) and making use of the two negative terms that
are typically dropped in the analysis. Importantly, our analysis does not need an exponentially small
learning rate required by (Daskalakis & Panageas, 2019b). Thus, unlike their results, our learning
rate is kept as a universal constant in all stages. The arguments above are formalized below:
Lemma 2. Consider a matrix game f(x,y) = ¢ Gy with X = Ay, Y = Ay, and G €
[—1, 1JM*N_ Assume that there exists a unique Nash equilibrium z* and n < %. Then, there exists
a constant C1 > 0 that depends on G such that for any t > 1, OMWU ensures

KL(—/Z\t-i-ly Zt) + I(L(Zt7 ,/Z\t) Z 7’]26'11(1_4(,2*7 2t+1)2-

Also, there is a constant & > 0 that depends on G (defined in Definition 2) such that as long as

max{||z* — Z¢||1, [|2* — 2|1} < Tl’—g, then

KL<2t+17 Zt) —|— KL(Z,:, ,/Z\t) Z 7’]26’2KL(Z*7 Et-ﬁ-l)

for another constant Cy > 0 that depends on G.

With Lemma 2 and the earlier discussion, the last-iterate convergence rate of OMWU is established:

Theorem 3. For a matrix game f(x,y) = x' Gy with a unique Nash equilibrium z*, OMWU
with a learning rate n < § guarantees KL(z*, z;) < C5(1 4 Cy4) ™", where C5,Cy > 0 are some
constants depending on the game matrix G.

Proofs for this section are deferred to Appendix D, where all problem-dependent constants are spec-
ified as well.! To the best of our knowledge, Theorem 3 gives the first last-iterate convergence result
for OMWU with a concrete linear rate. We note that the uniqueness assumption is critical for our
analysis, and whether this is indeed necessary for OMWU is left as an important future direction.

5 CONVERGENCE RESULTS FOR OGDA

In this section, we provide last-iterate convergence results for OGDA, which are much more general
than those in Section 4. We propose a general condition subsuming many well-studied cases, un-
der which OGDA enjoys a concrete last-iterate convergence guarantee in terms of the Lo distance
between z; and Z*. The results in this part can be specialized to the setting of bilinear games over
simplex, but the unique equilibrium assumption made in Section 4 and in (Daskalakis & Panageas,
2019b) is no longer needed.

Throughout the section we make the assumption that f is L-smooth:

Assumption 1. Forany z,2' € Z, |[F(z) — F(2')|| < L||z — 2'|| holds.?

To introduce our general condition, we first provide some intuition by applying Lemma 1 again.
Letting ¢(u) = 3| u|* in Lemma 1, we get that for OGDA, forany z € Z and any ¢ > 1,

2F(20) (2 — 2) < |2 — 2] = |21 — 2|° = [|Ze1 — 2|” - % |20 — 2:* + %Hgt -z
Now we instantiate the inequality above with z = IIz«(2;) € Z*. Since z = IIz«(2;) is an
equilibrium, we have F(z;) ' (2 —2) > f(x,ys) = f(®,9:) + f(20,9) = f(®0,90) = f(2e,9) —

f(x,y:) > 0 by the convexity/concavity of f and the optimality of z, and thus

1Ze+1 — Tz ()1 < 120 = Tz= (BI? — 1241 — 2e1* — llze — Zel° + 1512 — ze-a|l”.

'One might find that the constant C5 is exponential in some problem-dependent quantity Tp. However, this
is simply a loose bound in exchange for more concise presentation — our proof in fact shows that when ¢t < Tp,
the convergence is of a slower 1/¢ rate, and when ¢ > Ty, the convergence is linear without this large constant.

*This is equivalent to the condition dist2(F(z), F(2')) < L*dist2(2, ') in Lemma | with p = 2, hence
the same notation L.
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Further noting that the left-hand side is lower bounded by dist?(Z;, 1, Z*) by definition, we arrive
at

dist®(Zi41, 2%) < dist® (2, 2%) — |21 — 21> — 20 — 2P + 150120 — 2|

Similarly, we define @t = H,/Z\t — Hz* (2,5)”2 + T16||2t — Zt_lHQ, Ct = ||,/Z\t+1 — th2 + Hzt — ,/Z\tHQ,
and rewrite the above as

Or41 < O; — %Ct- 4)

As in Section 4, our goal now is to lower bound (; by some quantity related to dist? (Zi41, Z27), and
then use Eq. (4) to obtain a convergence rate for ©,. In order to incorporate more general objective
functions into the discussion, in the following Lemma 4, we provide an intermediate lower bound
for ¢;, which will be further related to dist? (Zi41, Z27%) later.

Lemma 4. Foranyt > 0and z' € Z with 2’ # Z;11, OGDA withn < 8% ensures

~ ~ 2
32 , [F(Ze41) " (B — 2],

o 2 2> 22 5
Ze41 = 2ell” + [[2e — 2|7 > T B -2 ; (&)
where [a]y = max{a,0}, and similarly, for z' # 2z, 1,
2
N . 32 , [F(ze41) " (2e41 — 2')]
241 = zera |l + 2 = Zea|? 2 - (6)

— 81 |zt4+1 — 2'[|2

We note that a direct consequence of Lemma 4 is an “average duality gap” guarantee for OGDA
when Z is bounded:

1 & 1l ey — @y — 0 (2 ;
State = 73 s (lewt)) el =0 (77 0

el

where D £ sup, ¢z ||z — 2/|| is the diameter of Z (the duality gap may be undefined when Z is
unbounded). We are not aware of any previous work that gives this result for the constrained case.
See Appendix E for the proof of Eq. (7) and comparisons with previous works.

However, to obtain last-iterate convergence results, we need to make sure that the right-hand side of
Eq. (5) is large enough. Motivated by this fact, we propose the following general condition on f
and Z to achieve so.

Definition 1 (Saddle-Point Metric Subregularity (SP-MS)). The SP-MS condition is defined as: for
any z € Z\Z* with z* = Il z+(2),

wup P (2= 2)

- > Oz — z*||PH (SP-MS)
z'eZ ||Z -z ||

holds for some parameter 3 > 0 and C' > 0.

We call this condition Saddle-Point Metric Subregularity because the case with 8 = 0 is equivalent
to one type of metric subregularity in variational inequality problems, as we prove in Appendix F.
The condition is also closely related to other error bound conditions that have been identified for
variational inequality problems (e.g., Tseng (1995); Gilpin et al. (2008); Malitsky (2019)). Although
these works have shown that under similar conditions their algorithms exhibit linear convergence,
to the best of our knowledge, there is no previous work that analyzes OGDA or other no-regret
learning algorithms using such conditions.

SP-MS covers many standard settings studied in the literature. The first and perhaps the most impor-
tant example is bilinear games with a polytope feasible set, which in particular includes the classic
two-player matrix games considered in Section 4.

Theorem 5. A bilinear game f(xz,y) = ' Gy with X C R™ and Y C RN being polytopes and
G € RM*N satisfies SP-MS with 3 = 0.
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We emphasize again that different from Lemma 2, Theorem 5 does not require a unique equilibrium.
Note that we have not provided the concrete form of the parameter C' in the theorem (which depends
on X, Y, and G), but it can be found in the proof (see Appendix G).? The next example shows that
strongly-convex-strongly-concave problems are also special cases of our condition.

Theorem 6. If f is strongly convex in x and strongly concave in y, then SP-MS holds with 3 = 0.

Next, we provide a toy example where SP-MS holds with 5 > 0.

Theorem 7. Let X = Y £ {(a,b) : 0 < a,b < 1, a+b = 1}, n > 2 be an integer, and
flz,y) = 23" — 2191 — y3". Then SP-MS holds with 3 = 2n — 2.

With this general condition, we are now able to complete the loop. For any value of 3, we show the
following last-iterate convergence guarantee for OGDA.

Theorem 8. Foranyn < i, if SP-MS holds with 8 = 0, then OGDA guarantees linear last-iterate
convergence:

dist® (=, 2°) < 64dist? (21, 2) (1 + C5) ™ ®)

on the other hand, if the condition holds with B > 0, then we have a slower convergence:

<1 +4 (;) B) dist?(21, 2*) + 2 (Ojﬁ) B] t 7, )

dist?(z¢, Z2*) < 32

where Cs £ min { 16’;2102 , %}

We defer the proof to Appendix I and make several remarks. First, note that based on a convergence
result on distQ(zt7 Z*), one can immediately obtain a convergence guarantee for the duality gap
ag(z;) as long as f is also Lipschitz. This is because af(z;) < maxg o f(x,y') — f(x*,y') +

P& y) = faye) < Ollee— | + llye — y7ll) = O(y/dist? (20, 2%) ), where (2, ) =

Iz« (z:). While this leads to stronger guarantees compared to Eq. (7), we emphasize that the latter
holds even without the SP-MS condition.

Second, our results significantly generalize (Hsieh et al., 2019, Theorem 2) which itself is a consol-
idated version of several earlier works and also shows a linear convergence rate of OGDA under a
condition stronger than our SP-MS with § = 0 as discussed earlier. More specifically, our results
show that linear convergence holds for a much broader set of problems. Furthermore, we also show
slower sublinear convergence rates for any value of 5 > 0, which is also new as far as we know. In
particular, we empirically verify that OGDA indeed does not converge exponentially fast for the toy
example defined in Theorem 7 (see Appendix A).

Last but not least, the most significant implication of Theorem 8 is that it provides by far the most
general linear convergence result for OGDA for the classic two-player matrix games, or more gen-
erally bilinear games with polytope constraints, according to Theorem 5 and Eq. (8). Compared to
recent works of (Daskalakis & Panageas, 2018; 2019b) for matrix games (on OGDA or OMWU),
our result is considerably stronger: 1) we do not require a unique equilibrium while they do; 2) linear
convergence holds for any initial points Z7, while their result only holds if the initial points are in
a small neighborhood of the unique equilibrium (otherwise the convergence is sublinear initially);
3) our only requirement on the step size is n < 8%,4 while they require an exponentially small 7,
which does not reflect the behavior of the algorithms in practice. Even compared with our result in
Section 4, we see that for OGDA, the unique equilibrium assumption is not required, and we do not
have an initial phase of sublinear convergence as in Lemma 2. In Appendix A, we empirically show
that OGDA often outperforms OMWU when both are tuned with a constant learning rate.

3 After the first version of this paper, we found that (Gilpin et al., 2008, Lemma 3) gives a simpler proof
for our Theorem 5. Although their lemma only focuses on the case where the feasible sets are probability
simplices, it can be directly extended to the case of polytopes.

*In fact, any n < ﬁ is enough to achieve linear convergence rate for OGDA, as one can verify by going
over our proof. We use < 8% simply for consistency with the results for OMW U (where 1 cannot be set any
larger due to technical reasons).
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Figure 1: Experiments of OGDA and OMWU with different learning rates for a matrix game
flz,y) = " Gy. “OGDA/OMW U-eta=n" represents the curve of OGDA/OMW U with learning
rate 7). The configuration order in the legend is consistent with the order of the curves. For OMWU,
7 > 11 makes the algorithm diverge. The plot confirms the linear convergence of OMWU and
OGDA, although OGDA is generally observed to converge faster than OMWU.

One may wonder what happens if a bilinear game has a non-polytope constraint. It turns out that
in this case, SP-MS may only hold with 8 > 0, due to the following example showing that linear
convergence provably does not hold for OGDA when the feasible set has a curved boundary.

Theorem 9. There exists a bilinear game with a non-polytope feasible set such that SP-MS holds
with 8 = 3, and dist?(z,, 2*) = Q(1/t?) holds for OGDA.

This example indicates that the shape of the feasible set plays an important role in last-iterate conver-
gence, which may be an interesting future direction to investigate, This is also verified empirically
in our experiments (see Appendix A).

6 EXPERIMENTS FOR MATRIX GAMES

In this section, we provide empirical results on the performance of OGDA and OMWU for matrix
games on probability simplex.” We include more empirical results in other settings in Appendix A.
We set the size of the game matrix to be 32 x 32, then generate a random matrix with each entry G
drawn uniformly at random from [—1, 1], and finally rescale its operator norm to 1. With probability
1, the game has a unique Nash Equilibrium (Daskalakis & Panageas, 2019b).

We compare the performances of OGDA and OMWU. For both algorithms, we choose a series of
different learning rates and compare their performances, as shown in Figure 1. The z-axis represents
time step ¢, and the y-axis represents In(KL(z*, 2;)) (we observe similar results using dist?(z*, z;)
or the duality gap as the measure; see Appendix A.1). Note that here we approximate z* by running
OGDA for much more iterations and taking the very last iterate. We also verify that the iterates of
OMWU converge to the same point as OGDA.

From Figure 1, we see that all curves eventually become a straight line, supporting our linear conver-
gence results. Generally, the slope of the straight line is larger for a larger learning rate . However,
the algorithm diverges when 7 exceeds some value (such as 11 for the case of OMWU). Comparing
OMWU and OGDA, we see that OGDA converges faster, which is also consistent with our theory
if one compares the bounds in Theorem 3 and Theorem 8 (with the value of the constants revealed in
the proofs). We find this observation interesting, since OMW U is usually considered more favorable
for problems defined over the simplex, especially in terms of regret minimization. Our experiments
suggest that, however, in terms of last-iterate convergence, OGDA might perform even better than
OMWU.

3Note that in this case the projection step of OGDA can be implemented efficiently in O(M In M +N In N)
time (Wang & Carreira-Perpindn, 2013).
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A MORE EXPERIMENT RESULTS

A.1 MORE EMPIRICAL RESULTS FOR MATRIX GAMES

Here, we provide more plots for the same matrix game experiment described in Section 6. Specif-
ically, the left plot in Figure 2 shows the convergence with respect to ln ||z; — z*||, while the
right plot shows the convergence with respect to the logarithm of the duality gap In(ar(2:)) =
In (max;(G " @;); — min;(Gy;);). One can see that the plots are very similar to those in Figure 1.
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Figure 2: Experiments of OGDA and OMWU with different learning rates on a matrix game
f(z,y) = " Gy, where we generate G € R32*32 with each entry G;; drawn uniformly at random
from [—1, 1] and then rescale G’s operator norm to 1. “OGDA/OMW U-eta=n" represents the curve
of OGDA/OMWU with learning rate 1. The configuration order in the legend is consistent with the
order of the curves. For OMWU, n > 11 makes the algorithm diverge. The plot confirms the linear
convergence of OMWU and OGDA, although OGDA is generally observed to converge faster than
OMWU.

A.2 MATRIX GAME ON CURVED REGIONS

Next, we conduct experiments on a bilinear game similar to the one constructed in the proof of
Theorem 9. Specifically, the bilinear game is defined by

f(@,y) =zay1 — 2132, X =YV ={(a,0),0<a<1,0<b< 5k, a" <b}
For any positive integer n, the equilibrium point of this game is (0, 0) for both  and y. Note that in
Theorem 9, we prove that OGDA only converges at a rate no better than €(1/¢2) in this game when
n=2.

Figure 3 shows the empirical results for various values of n. In this figure, we plot ||z; — z*||
versus time step ¢ in log-log scale. Note that in a log-log plot, a straight line with slope s implies a
convergence rate of order O(t®), that is, a sublinear convergence rate. It is clear from Figure 3 that
OGDA indeed converges sublinearly for all n, supporting our Theorem 9.

A.3 STRONGLY-CONVEX-STRONGLY-CONCAVE GAMES

In this section, we use the same experiment setup for strongly-convex-strongly-concave games in
(Lei et al., 2021), where

flxy) =2t —yi + 20191, and X =Y 2 {(a,h),0<a,b<1, a+b=1}.

The equilibrium point is (0, 1) for both  and y. In Figure 4, we present the log plot of || z; —z*|| ver-
sus time step ¢ and compare OGDA with OMWU using different learning rates as in Appendix A.1.
The straight line of OGDA implies that OGDA algorithm converges exponentially fast, supporting
Theorem 6 and Theorem 8. Also note that here, OGDA outperforms OMWU, which is different
from the empirical results shown in (Lei et al., 2021). We hypothesize that this is because they use
a different version of OGDA.

13



Published as a conference paper at ICLR 2021

= 4r
Q
I
&
]
-8H—n=38
=
n =
—n =2
_lo L L L L L I
0 2 4 6 8 10 12

Figure 3: Experiments of OGDA on matrix games with curved regions where f(x,y) = xoy; —
T2, X =Y = {(a,0),0 <a< %,O <b< 2%, a™ < b}, and n = 2,4,6,8. This figure is
a log-log plot of ||z; — z*|| versus ¢, and it indicates sublinear convergence rates of OGDA in all

these games.
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Figure 4: Experiments on a strongly-convex-strongly-concave game where f(x,y) = 23 — y? +
221y and X =Y 2 {(a,),0 < a,b < 1, a+ b= 1}. The figure is showing In || z; — z*|| versus
the time step ¢. The result shows that OGDA enjoys linear convergence and outperforms OMWU
in this case.
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Figure 5: Experiments of OGDA on a set of games satisfying SP-MS with § > 0, where f(x,y) =
22" — z1y; — y?" for some integern > 2and X = Y = {(a,b),0 < a,b <1, a+b = 1}. The
result shows that OGDA converges to the Nash equilibrium with sublinear rates in these instances.

A.4 AN EXAMPLE WITH 8 > 0 FOR SP-MS

We also consider the toy example in Theorem 7, where f(x, y) = 23" — 21y, —y3" for some integer

n>2and X =) = {(a,b),0 < a,b <1, a+b=1}. The equilibrium point is (0, 1) for both =
and y. We prove in Theorem 7 that SP-MS does not hold for 8 = 0 but does hold for § = 2n — 2.

The point-wise convergence result is shown in Figure 5, which is again a log-log plot of ||z; — z*||
versus time step ¢. One can observe that the convergence rate of OGDA is sublinear, supporting our
theory again.

A.5 MATRIX GAMES WITH MULTIPLE NASH EQUILIBRIA

Finally, we provide empirical results for OGDA and OMWU in matrix games with multiple Nash
equilibria, even though theoretically we only prove linear convergence results for OMWU assuming
that the Nash equilibrium is unique. We consider the following game matrix

0o -1 1 0

G=|-1 1 0 0
-1 1 0 2 -1
-1 1 0o -1 2

The value of G is 0. To verify this, consider zo = yo = [3 3 3 0 0]. Then we have for
maxyea, g GY = mingea, ¢ Gyo = 0. Direct calculation gives the following set of Nash
equilibria.

Xt = {130} )

1
y*{yEAszylyzys; 2y5§y4§2y5}-

Figure 6 shows the point-wise convergence result. IIz«(z;) is the projection of z; on the set of
Nash qquilibria. One can observe from the plots that both OGDA and OMWU achieve linear
convergence rate in this example. We thus conjecture that the uniqueness assumption for Theorem 3
can be further relaxed.
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Figure 6: Experiments of OGDA and OMWU with different learning rates on a matrix game with
multiple Nash equilibria. “OGDA/OMW U-eta=n" represents the curve of OGDA/OMWU with
learning rate 1. We observe from these plots that both OGDA and OMWU enjoy a linear con-
vergence rate, even though we are only able to show the linear convergence of OMWU under the

uniqueness assumption.
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B LEMMAS FOR OPTIMISTIC MIRROR DESCENT

We prove Lemma 1 in this section. To do so, we use the following two lemmas.

Lemma 10. Let A be a convex set and v’ = argmin,, . 4 {(u', g) + Dy(u’,w)}. Then for any
u* €A

(u' —u*,g) < Dy(u*,u) — Dy(u*,u') — Dy(u', u). (10)

Proof. Since Dy, (u/,u) = ¢(u') —(u) — (Vip(u), u' —u), by the first-order optimality condition
of u’, we have

(g+ Ve(u) = Vi)' (u” — ) > 0.
On the other hand, notice that the right-hand side of Eq. (10) is
P(u’) = () = (Vip(u), u’ —u)
— u) + () + (Vo) ut — )
— () + Y (u) + (Vi (u),u' - u)
= (Vi(u') = Vi (u),u” — o).

Therefore, Eq. (10) is equivalent to (g + V¢ (u') — Vip(u), u* — u’) > 0, which we have already
shown above. O

Lemma 11. Suppose that i satisfies Dy (z,x') > |@ — '||2 for some p > 1, and let w, w1, us €
A (a convex set) be related by the following:

uy = argmin {(u/, g1) + Dy (u',u)},
u' e A

uy = argmin {(u’, g2) + Dy (u',u)}.
u’' €A

Then we have
Jur — uallp, < [lg1 — g2llq,

Wherengand%Jr%:l.

Proof. By the first-order optimality conditions of w; and us, we have

(Vip(ur) — Vip(u) + g1, u2 —u1) >0,
(Vip(ug) — Vo(u) + g2, w1 — us) > 0.

Summing them up and rearranging the terms, we get
(ug —u1,g1 — g2) = (Vi(ur) — Vp(uz), ur — uz). (11)
By the condition on ¢, we have (Vi)(u1),ur — uz) > ¥(ur) — (us) + 3llug — u||? and

(Vip(uz),uy — u1) > th(uz) — P(u1) + 3llur — up|2. Summing them up we get (Vo)(uy) —
Vi (ug), u1 — ug) > |luy — ugl|2. Combining this with Eq. (11) we get

(ug — w1, g1 — g2) > |lur — us.
Since (ug — u1,91 — g2) < |[ur — u2l|p|lgr — g2/, by Holder’s inequality, we further get ||u; —

usllp < llg1 = g2llo-

Proof of Lemma 1. Considering Eq. (2), and using Lemma 10 with u = z;, v’ = Z;41, u* = 2,
and g = nF(z), we get

NF(z)" (Ze1 — 2) < Dy(2,2) = Dy (2, Ze41) = Dy (241, Z0)-

Considering Eq. (1), and using Lemma 10 with u = 2z, ' = 2z, u* = 2411, and g = nF(2;_1),
we get

NF(zi-1) " (20 — Zi11) < Dy(Z11, 2t) — Dy (Ziy1, 20) — Dy(21, 21)-

17
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Summing up the two inequalities above, and adding 7 (F(z) — F(z¢—1))' (2¢ — Zi41) to both
sides, we get

nF(z)" (z — 2)

< Dy(2,21) — Dy(2, 211) — Dy(Zis1, 20) — Dy(20,21) + 1 (F(21) = F(2e-1)) ' (26— Zipa).
(12)

Using Lemma 11 with u = &y, w1 = @4, s = Tiy1, g1 = NV f(2i—1) and g = NV f(2:), we
get||zi—Zipallp < nl[Vaf(2i-1) = Vaf(z1)llg- Similarly, we have [y —yei1llp < 0l Vy f(20) -
Vyf(zi—1)l|lq. Therefore, by Holder’s inequality, we have

n(F(z) — F(Zt—l))T (2t — Zi41)

<nllee — ey |[pl Ve f(2e-1) = Va f(2e)llq +0llye — Yesrllp Vy f(2e-1) = Vy f(20)llg

<P Vaf(zi-1) = Vaf (2l + 12 Vy f(zio1) = Vo f(20)l5

= n2dist§(F(zt), F(zi—1))

< nzLQdisti(zt, Zi—1) (by assumption)

1. .

< 6—4dlst12)(zt, Zi-1). (by our choice of 1)
Continuing from Eq. (12), we then have
NF(z) " (2 — z)

N N R N 1
< Dy(z,2t) — Dy(2, Zt41) — Dy(Ze41, 2t) — Dy(21,2) + —

64
~ ~ ~ ~ 1. ~ 1 o
< Dy(z,2;) — Dy(2, Zt41) — Dy(Zig1,20) — Dy (21, 21) + 3—2dlst12](zt, z) + 3—2dlstf,(zt, Zi—1)
2
(lu+ol3 < (lullp + vlp)" < 20ulf +2[v]D)

distf) (z¢,2t—1)

~ ~ N N 1 N 1 -
< Dy(z,2t) — Dy(z, Zt41) — Dy(Zi41,2t) — Dy (21, 21) + EDw(zn z) + TGDw(Ztyzt—l)
(by the assumption on )

~ ~ N 15 . 1 ~
= Dy(z,2;) — Dy(z,2141) — Dy(Zi41,20) — TGDw(Zt,Zt) + EDw(Zt,ZtA)

This concludes the proof. O

C AN AUXILIARY LEMMA ON RECURSIVE FORMULAS

Here, we provide an auxiliary lemma that gives an explicit bound based on a particular recursive
formula. This will be useful later for deriving the convergence rate.

Lemma 12. Consider a non-negative sequence { B, }1=1 2 ... that satisfies for some p > 0 and g > 0,
* Biy1 < By — foill, Vi >1

*q(l+p)By <1
X 1
Then B; < ct™ 7, wherec:maX{Bl, ( )p}

2
ap

Proof. We first prove that By < B, — %Bf *1. Notice that since B, are all non-negative, by the

first condition, we have B;11 < By < --- < Bj. Using the fundamental theorem of calculus, we
have
By d By
Bf+1 — Bf_:_ll = / <$p+1) dz = (p+ 1)/ 2Pdz < (p+1)(By — Byy1)BY
Bty dz By
and thus

Biy1 < Bi — fojll < By —qBI"™ +q(p+1) (Bi — Bis1) BY.

18
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By rearranging, we get
qBY qBY 4 pp+1
B <lt-——F B <|(1——|B;=B;,— =B
t“( 1+Q(1+p)Bf> t( 2 )t et
where the last inequality is because ¢(1 + p)BY < q(1+ p)B} < 1.

1
Below we use induction to prove B; < cf%, where ¢ = max {Bl, (%) i } This clearly holds

for t = 1. Suppose that it holds for 1,...,t. Note that the function f(B;) = (1 — 4B?) B, is
increasing in By as f/(B;) = 1 — WB,? >1- WB{’ > 0. Therefore, we apply the
induction hypothesis and get

Bt+1 § (1 — %Bf) Bt § (1 — % pt_l) Ct_%

1 i1 1 Cc,_q_ 1 .
— ot — % pH1p=1-3 <ct 5 Sl (% < %cpﬂ by the definition of ¢)

<c(t+1)77,

where the last inequality is by the fundamental theorem of calculus:

_1 _1 ¢ d _: t 1\ 41
tp—(1+t)P:/ —x P da::/ —— )z Trde

14+ \dz 1+t p

t+1

1 1
:/ S rde < 1%,
t p p
This completes the induction. O

D PROOFS OF LEMMA 2 AND THEOREM 3

In this section, we consider f(z,y) = = ' Gy with X = Aj; and ) = Ay being simplex and
G € [-1,1]M*N_ We assume that G has a unique Nash equilibrium z* = (z*, y*). The value of
the game is denoted as p = mingecx maxycy ' Gy = maxycy Mingey ' Gy = x* T Gy*.

Before proving Lemma 2 and Theorem 3, in Section D.1, we define some constants for later analysis;
in Section D.2, we state more auxiliary lemmas, which are useful when proving Lemma 2 and
Theorem 3 in Section D.3.

D.1 SOME PROBLEM-DEPENDENT CONSTANTS

First, we define a constant ¢ that is determined by G.
Definition 2.

= min{A min (Gy*); —p, p— max (GTm*)i} € (0,1].
i supp(z*) i supp(y*)

The fact £ < 1 can be shown by:

¢ < minigésupp(m*)(Gy*)i —p+p— maXigEsupp(y*)(GTx*)i < 1GY" || + HGT-T* [l oo
- 2 - 2

while the fact & > 0 is a direct consequence of Lemma C.3 of Mertikopoulos et al. (2018), stated

below.

Lemma 13 (Lemma C.3 of Mertikopoulos et al. (2018)). Let G € RM*N pe a game matrix for a
two-player zero-sum game with value p. Then there exists a Nash equilibrium (x*,y*) such that

<1,

(Gy*)i=p Vi € supp(z™),
(Gy" )i >p Vi ¢ supp(x”),
(GTx*);=p Vi € supp(y™),
(GTa")i<p Vi ¢ supp(y*).
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Below, we define V*(Z) = V*(X) x V*(Y), where

V¥(X) 2 {x:x c Ay, supp(x) C supp(x*)}

and
V*(Y) £ {y:y € Ay, supp(y) C supp(y*)}.
Definition 3.
N . (x — ‘B*)TG?J N . -'BTG('!J* —Y)
Cy = min max 7*7 Cy = min max *7
zeAn\{z*}yev (V) |lx — x*| yeAn\{y*}zev (X)) |ly* —ylh

Note that in the definition of ¢, and c,, the outer minimization is over an open set, which may make
the definition problematic as the optimal value may not be attained. However, the following lemma
shows that ¢, and ¢, are well-defined.

Lemma 14. c, and c, are well-defined, and 0 < c,,cy < 1.

Proof. We first show ¢, and c, are well-defined. To simplify the notations, we define z}, =

min

}, and define v, and )’ similarly.

*
min

min;eqpp(e+) 7 and X’ Slrx:xcAy, |z—z >
We will show that

. (x —z*) Gy . ' G(y* —y)
€y =min max -———————, ¢, =min max —————,
zeX yev (¥) |l — x| yeY zev-(x)  ly* —ylh

which are well-defined as the outer minimization is now over a closed set. Consider c,, it suffices
to show that for any @ € Ay such that & # x* and || — x*||; < z%,,, there exists &’ € Ay such
that |’ — x*||; = =7, and

min

(-2 Gy (' —a") Gy
le—2 -2

, Vy. 13)

In fact, we can Slmp]y choose ' = =* + (:13 — m*) . H:z:gil;l’:ﬂl . We first argue that &’ is still in A

For each j € [K],if z; — x; > 0, we surely have x; > z7 + 0 > 0; otherwise, 27 > z; > 0 and

*
min’

. . . / . T Toin * ok
which implies 2, > 27 — [x; — 27| ooy 2 %5 — T = 0.

In addition, Zj a:; = Zj x7 = 1. Combining these facts, we have x' € Ay

thus j € supp(z*) and 2} > x

*

Moreover, according to the definition of &', |’ —x*||; = x;, holds. Also, since z* —x and x* —a’
are parallel vectors, Eq. (13) is satisfied. The arguments above show that the ¢, in Definition 3 is a
well-defined real number. The case of ¢, is similar.

Now we show 0 < c;,c, < 1. The fact that c¢,,c, < 1 is a direct consequence of G being
in [-1, 1]M *N  Below, we use contradiction to prove that ¢, > 0. First, if ¢, < 0, then there
exists y # y* such that z*T Gy* < x*T Gy. This contradicts with the fact that (z*,y*) is the
equilibrium.

On the other hand, if ¢, = 0, then there is some y # y* such that

max wTG(y* —y)=0. (14)
xeV*(X)
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Consider the pointy’ = y*+ % (y—1y™) (recall the definition of £ in Definition 2 and that 0 < £ < 1),
which lies on the line segment between y* and y. Then, for any € X,

z' Gy = Z i (Gy')i + Z z(GY');

i¢supp(z*) i€supp(z*)
* * £ * *
> Y (@(Gy)i—wly —yh) + Y (2 ~2(Gly —y™))i +2:(Gy");
i¢supp(z*) i€supp(x*)
(using G;; € [—1, —1] for the first part and y' = y* + g(y — y*) for the second)
> Y (w(Gyi—mly —yth)+ > wp

igsupp(x*) i€supp(z*)

(using Eq. (14) and (Gy™); = p for all i € supp(z*))

> Z (2: (Gy*)i = &)) + Z Tip
i¢supp(z*) i€supp(z*)
(usingy’ —y* = 5(y —y*) and |y — 41 < 2)
> Z Tip + Z T;ip (by the definition of &)
i¢supp(z*) i€supp(x*)
=p.

This shows that mingecy ' Gy’ > p, that is, y’ # y* is also a maximin point, contradicting that
z* is unique. Therefore, ¢, > 0 has to hold, and so does ¢, > 0 by the same argument. O

Finally, we define the following constant that depends on G
Definition 4.

s <1n(MN)>
€= min exp|——7—-].

J€Esupp(z*) Z;

D.2 AUXILIARY LEMMAS
All lemmas stated in this section is for the case f(z,y) = ' Gy with Z = Aj; x Ay and a

unique Nash equilibrium 2* = (x*, y*).
Lemma 15. For any z € Z, we have

F2)T(z=2)>Clz" -2
Jmax (z) ( )= C !

for C' = min{c,, ¢, } € (0,1].

Proof. Recall that p = x* T Gy* is the game value and note that

max F(z) (z—2)= max (x—2)'Gy+z' Gy —y)= max —z''Gy+z'Gy

2'eV*(2) 2'eV*(2) 2'eV*(Z)
= ma ~2'"Gy) + max (z'Gy' —
m’EV*}((X) (p y) y’eV*}({y) ( y p)
= max = Gy —y)+ max (x—=z*) Gy (Lemma 13)
x/ EV*(X) y'eve(y)
> cylly” —ylli + callx” — |1 (by Definition 3)

> min{cg, ¢y |27 — 2|1,
which completes the proof. O
Lemma 16. For any z € Z, we have

* (Z;kizi)2 1 *
KL(z*, 2z) < Z —+ Z Zszm—Hz -zl

Zi *) &
i€supp(z*) ¢ i supp(z*) i€supp(z*) i
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Proof. Using the definition of the Kullback-Leibler divergence, we have

=¥xz‘ln(fj>§m<; ) 1n<1+z ”2><Z

where the first inequality is by the concavity of the In(-) function, and the second inequality is be-
cause In(1+u) < u. Considering ¢ € supp(z*) and ¢ ¢ supp(x*) separately in the last summation,
we have

Z(Ii ;'Ii) _ Z (I —fcz) + Z (Ii? _ Z (2] ;.Ii) n Z

3 X
i ! i€supp(z*) igsupp(z*) " i€supp(z*) ‘ igtsupp(z*)

The case for KL(y*,y) is similar. Combining both cases finishes the proof of the first inequality
(recall that KL(z*, z) is defined as KL(x*, x) + KL(y*, y)). The second inequality is straightfor-
ward:

D=l S o T T

i mlniESupp(z* ) Zi

i€supp(z*) ig¢supp(z*) i€supp(z*) ig¢supp(z*)
1 *
=—T|2" — 2|1
mlniESupp(Z*) Z
O
Lemma 17. Forn < %, OMWU guarantees %E},i <z < %Qt,i and %/Z\t,i < Ziy1: < %2’}
Proof. This is shown directly by the update of Z;:
Triexp(—n) _ . _ Zriexp(—n- (Gyi)i) Zy,i exp (n)
———— < Tp14 = = < .
exp (1) > Tejexp (-1 (Gyr);) ~ exp(—n)
So by the condition on 1, we have 2% ; < exp(—2n) - Ty, < Tig1, < exp(2n) - Ty < 3%¢,:. The
cases for x;, y; and y; are similar. O

Lemma 18 For any two probability vectors w,v, if for every entry 1, ul <w < %ui, then
1y el < KL(u,w) < 30, g < L

=7
Proof. Using the definition of the Kullback-Leibler divergence, we have
vi—u; 1 (v —uy;)? 1 (v; —u;)?
=Yg —Z“( T )Zgzu
Vi — Ug (Ui - Ui)Q (Uj, - ui)Q 1
iIn — < — i — = — <
=St =S (P - ) oy e < g

where the first inequality is because In(1 —1a*for —1 < a < 1, and the second inequality
is because In(1 + a) > a — a? for —% <a % The thlrd 1nequa11ty is by using the condition
|’U,i — Ui‘ é %’LLZ O

\ \/

Lemma 19. For all i € supp(z*) and t, OMWU guarantees z; ; > € (¢ is defined in Definition 4).

Proof. Using Eq. (3), we have
KL(Z*»Et) S 6t S et é 61 - %KL(,/ZH,ZO) + KL(z*vgl) = KL(Z*,,/Z\l), (15)

where the last equality is because 2; = 2o = (L, 1)
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Then, for any i € supp(z*), we have

1 1
zflnA—SZz;ln,\—:KL(z*7zt Zz lnz < KL(z", z;) Zz lnz
Zt,i -

ZtJ‘ ;
L1
=Y z/In=— =In(MN).
- Z1,5
J
Therefore, we conclude for all ¢ and ¢ € supp(z*), Z, ; satisfies

~ < 1n(MN)> _ < 1n(MN)>
Ztig2exp|————=] 2> min exp|———F——]=¢

zF j€Esupp(z*) z¥

z J

D.3 PROOFS OF LEMMA 2 AND THEOREM 3

Proof of Lemma 2. Below we consider any z’ € Z such that supp(z’) C supp(z*), thatis, 2’ €
V*(Z). Considering Eq. (1), and using the first-order optimality condition of Z;;1, we have

(Vo(Zi41) = VO(Z) + nF(20) ' (2 = Z141) >0,

where ¥(z) = ), z; In z;. Rearranging the terms and we get

- N - N - Zii1i
nF (z)" (Zri1 — 2) < (VY(Een) = VE(E) | (2= Ze01) = Y (2] = Z10) In tz{l :

(16)
The left hand side of Eq. (16) is lower bounded as
NF (20)" (Ber1 — 2') = 0F (Zep1) | Begr — 2) + 0 (F (20) — F (2e11)) | (Begr — 2')
>nF (Zey1) | (B — 2) = nllF (20) = F (Ze1) ool 21 — 2/l

> nF (Zi41)" (o1 — 2) — 4|z = 2, R
([F (2¢) = F (Ze41) loo < 2t — Zegall; £ 4)

~ ~ 1 ~
>nF (Ze41) | (Beg1 — 2') — 3 2t — Ze41lly 5 (n<1/8)

on the other hand, the right hand side of Eq. (16) is upper bounded by

g (2] = Zt+1,) In Zt;l t = E z;In % — KL(Z¢ 41, 21) (supp(2') C supp(2*))
- t,7 . t,7
i i€supp(z*) ’

>

i€supp(z*)

= Z max{ln <1+Zt+“_’i> ,In (1-1-2“:’2”“)}
‘ tyi Zi41,

i€supp(z*)

> I (1 4 Pea=Zal )
min{Zi114, 24, }

i€supp(z*)

Zi41
In —

IN

Zt,i

IN

4 —
- E M (In(1+ @) < a and Lemma 17)
Zti
iE€supp(z*) £

Combining the bounds on the two sides of Eq. (16), we get

N N 4 Zia14 — Zt4 1 N
77F (Zt+1)T (zt+1 — Z/) S g Z |t+,/zz\7t,z| + §||Zt - Zt+1||1.
i€supp(z*) 2
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Since 2’ can be chosen as any point in V*(Z), we further lower bound the left-hand side above using
Lemma 15 and get

~ 4 Zia1i — 2t 1 -
UCHZ*_ZtJrlHng Z M‘Fiuzt—zwlnl

i€supp(z*) “ti
4 - 1 ~
< §||Zt+1 -z + §Hzt — Zit1]|1s (Lemma 19)
4 ~ ~
< §(||zt+1 = zt|li + |2t — Zt+1l11) (17)

where the last inequality uses ¢ < 1. With the help of Eq. (17), below we prove the desired
inequalities.

Case 1. General case.
KL(,/Z\t_;'_l, Zt) + KL(Zt, ,/Z'\t)

1, 1, . 1 I 1 ~ . , .
> @0t = @illf + 5 1Ge = well? + e~ @3+ Sy~ Gl (Pinsker's inequality)

> {0Bess — 2l + gl - EE @402 5(a+b)

= %”2t+1 —z|f + é (I1Ze41 — 2T + llze — Z13)

> i — =l + 1B — B (a? +5* > §(a+b)? and triangle inequality)

> (2 = 2l + i1 = 1) @+ 2 3(a+0))
2

> 5 (2) 1 - 2l (Eq. (17)

> 62%2402 x KL(2%, Z41)2 = 64%2402 KL(z*, 2141)% (Lemma 16 and Lemma 19)

This proves the first part of the lemma with C; = ¢*C? /64.

Case 2. The case when max{||z* — Z;||1, ||z* — z¢||1} < ’17—3.

KL(Zi41, 2z¢) + KL(2, 21)

1 Tl s — 2y )2 2 \2
i Z <(Zt+1j ) + (2t = ) ) (Lemma 17 and Lemma 18)
3 P Zt41,i 2t
1 Zit1i — Za)° i — Z,4)?
Z 7 Z <(Zt+1? i) + (. — Pui) > (Lemma 17)
4 ; 2t Zt.q
igsupp(z*) ’ ’
1 (Zeg1i — 2e4)?
> 2 e~ 18
-8 Z 2t (18)
i¢supp(z*) !

(Zea1,i—2,4)°

Below we continue to bound >0 ) 5

By the assumption, we have ||y; — y*||1 < 2%, which by Lemma 13 and Definition 2 implies

10°
. . . né né 9
Vi € supp(x™), (Gyi)i < (Gy")i + TARTE LT
. . . n§ né 9¢
;> ;i —— > - > —.
Vi ¢ supp(x”), (Gy:)i > (GY™); 0 2 p+E 2P
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We also have ||z; — x*||; < %, SO D itsupp(ae) Lt < 717—3. Then, for i ¢ supp(x*), we have
%= _ Zriexp(=n(Gyr)i)
Tt41,0 = =
> Tejexp(—n(Gyr);)
Zy,i exp(=n(Gyr)i)
Zjesupp(m*) /‘T\t,j exp(_T/(Gyt)j)
Ty exp(—n(p + 15))
Zjewpp(:c*) Et,j eXP(—U(P + 1%))
_ Tyi exp (—5m¢)
(1 = 2 jgsupp(a*) ‘”w')
~ s
< Teiexp (C3gh8) _ o (1 . ;%) ’

G

<

where the last inequality is because w <1 —0.5uforu € [0, 1]. Rearranging gives
~ = 2 2¢2 22
|Te410 — T RSP N
7/\ 5 > T > 7 14
Te = 4 ti — t+1,%

where the last step uses Lemma 17. The case for g, is similar, so we have

32 2¢2
| tH%_ bl > 7785 Zt41,i-
Combining this with Eq. (18), we get
77252
KL(Ze41,21) + KL(21,2) > < > Za (19)
i¢supp(z*)

Now we combine two lower bounds of KL(Z:41, 2z:) + KL(z¢, 2;). Using an intermediate step in
Case 1, and Eq. (19), we get

~ ~ 1 ~ N 1 ~ ~
KL(Zt+1, Zt) + KL(Zt, Zt) = — (KL(Zt+17 Zt) + KL(Zt, Zt)) + 5 (KL(Zt+1, Zt) + KL(Zt, Zt))

2
2 2¢2
. > URS ~
2% — Zepa |17 + 28 Z 241,
i¢supp(z*)

Y

637720252 1 o 1 R
= Tim @Hztﬂ —2"1 + ac? Z Zt41,i
i¢supp(z*)
637’]202§2
128

Y

1, N N
Iz — = B+ D B
ig¢supp(z*)
(€<1,C<1l,ande<1)
32022
> %KL(z*, Zi11)- (Lemma 16 and Lemma 19)

This proves the second part of the lemma with Cy = €3C?¢2/128. O
Now we are ready to prove Theorem 3.

Proof of Theorem 3. As argued in Section 4, with ©; = KL(z*,2;) + %KL(%7 zi—1) and ¢; =
KL(Z:11, 2¢) + KL(2¢, 2;), we have (see Eq. (3))

Ory1 < Oy — %Cﬁ
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We the proceed as,

1 - 1
Gt > §KL(Zt+1, z¢) + §Ct
1 2C -
> §KL(zt+1, z) + n 1KL(Z*,Zt+1)2 (Lemma 2)
= 2 77201 = 2
> 2KL(Z41,21)° + 5 KL(z*, Z41) (by Lemma 17 and Lemma 18)
n2C - o~
Z ! B) ! (KL(ZH_l, Zt)z —+ KL(Z ,Zt+1)2)
(C1 = €*C?/64 < 1/64 as shown in the proof of Lemma 2)
n*Ch = PO
> 1 (KL(Z¢41, 2¢) + KL(2", Z¢+1))
2
n-Ch
Z 4 ®t2+1'
2 2 ~
Therefore, ©;,1 < O — 152401 07, <06, - %@al. Also, recall 2 = zy = (%, IWN)
and thus ©; = KL(z*,21) < In(M N). Therefore, the conditions of Lemma 12 are satisfied with
p=1landq= %, and we conclude that
C/
(_)t S L0
t
128+2In(MN 128+2In(MN
where C' = max{ln(MN), sti’((}l )} = J{Wél ),
Next we prove the main result. Set Ty = 12529?2(7 " For t > Ty, we have using Pinsker’s inequality,
* = * a * =~ * o 4C" 2¢?
12 = B < 2w — B2 + 2y — GllE < AKL(z",B) < = < TS
To 100

2" — 212 < 212" — B2+ 2Zss — 22
<Allz* = B[] + A Bepr — 2] + 4y — Gera I + 4 Gesr — vl
< SKL(Z*, 2t+1) + 8KL(2t+1, Zt)
/ 2¢2
128C < I3

<1280, < .
= =TT = 100

Therefore, when ¢ > T, the condition of the second part of Lemma 2 is satisfied, and we have

1 N 1
Gt > §KL(Zt+1, z) + §Ct

1 ~ n?Cy ~

> §KL(zt+1, z) + KL(z", Z:41) (by Lemma 2)
n?Ch .

> 5 O411- (Cy = €3C%¢% /128 < 1/128 as shown in the proof of Lemma 2)

Therefore, when t > T, O, < O — 15’:7;02 O¢+1, which further leads to
1520\ 1520\ 0 1520\ 0
@t§®TO~(1+ gQ 2) §®1~<1+ 7?7)2 2> gln(MN)(1+ gQ 2) .

where the second inequality uses Eq. (15). The inequality trivially holds for ¢ < Tg as well, so it
holds for all ¢.

We finish the proof by relating KL(z*, z;) and ©;,1. Note that by Lemma 16, Lemma 17, and
Lemma 19, we have

KL(z*, 2)* <

* 2 16 * 2 * _ 2 2 = _ 2
I —nl’ | 100 (1Bl s )
M equpp(2+) 244 9e €
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‘We continue to bound the last term as
4 (HZ* —Zial? + |21 — Zt||2>

€2

=4 (90* — @ P+ 1y = G |2 + 1B — ®el” + [ G401 — yt||2>
€2

2 — 1|2+ 1 = Gt 12+ 1Bras — 2|12 + Gras — 12
—4 ( t+1H1 Hy yt+1H162 H t+1 t”l ||yt+1 yt”l (||517||2 < ||17||1)

128 (KL(Z*aEtH) n KL(2t+17Zt)>

IN

(Pinsker’s inequality)

€2 16 16
128
< —5 641

€

Combining everything, we get
To—t—1
V128 128In(M N 15n°C: 2
KL(z",2) < == /01 < 6( )<1+ = 2) ,

which completes the proof. O

E PROOFS OF LEMMA 4 AND THE SUM-OF-DUALITY-GAP BOUND

Proof of Lemma 4. Below we consider any z’ # 2,41 € Z. Considering Eq. (1) with Dy (u, v) =
1]lu — v||?, and using the first-order optimality condition of Z; 1, we have

(Zip1 — 20 +0F(2)) T (2' = Ze11) 2 0,
(ze41 — Zip1 +0F (1)) ' (2' = z141) > 0.

Rearranging the terms and we get
(Zr1— 2) (2 — Zeg1) > 0F(z) "
Z1— 2) + 0 (F(zi) — F(Zi41)) " (Bi1 — 2)

(
(Ziy1 — 2') = nLllze = Zea Il 240 — 2|
(

Ziv1—2) - é”zt = Zep1 121 — 2,
and
(ze41 — Ze41) | (2 — 2ze41) 2 nF(20) (2041 — 2')
=nF(ze01) (201 — 2) +0(F(20) = Fzi41)) " (2001 — 2)
> nF(zi01) (2001 — 2') = 0L 20 — zea|ll| 21 — 2]
> nF () (e = #) = gllz = zenllzn - 2

Here, for both block, the third step uses Holder’s inequality and the smoothness condition Assump-
tion 1, and the last step uses the condition 7 < 1/(8L). Upper bounding the left-hand side of the
two inequalities by ||Z;+1 — Z¢||||Ze+1 — 2’| and || ze41 — Zp1]|]|2e41 — 2'|| respectively and then
rearranging, we get

N N N 1 N N N
1 — 2 (|zt+1 2]+ Ll Zt+1||) > nF(Zi1) (Bt — 2,

~ 1
Ize01 = 2l { ze01 = Zea | + 2Nz = 2]l ) > 0F(z640) T (2040 — 2).
8
Therefore, we have
~ ~n L ~ 2 PFGE) B — 2R
z -z =zt — 2 > —
(1201 = 2+ gl = Bual) 2 T B

2 2 T N\12
_ 1 [F(ze) (ze1 — 25
_ g — > .
<||Zt+1 Zev1|l + SHZt Zt+1||) > e — 2

3
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Finally, by the triangle inequality and the fact (a + b)? < 2a? + 2b2, we have
2 2
~ ~ 1 ~ ~ 9 ~
241 — 2| + g”zt —Zill ) < (llze =z + g”zt — Zus1|

9 9 ~ 2
*Hzt -zl + gHzt = Z11|

81
3 |

2 2
(12001 = zeaall + gl =zl < (Ghaess = Zoaall + i = Zual

IN

| /\

2zt — Ze)® + ||l ze — Zega | )

A

A

9 ~ 9 R 2
< *Hztﬂ = Zill + gHzt = Zi11|

81
<5
32
which finishes the proof. O

|Ze41 — Zegal® + |z — Zea | )

Next, we use Eq. (4) and Eq. (6) to derive a result on the convergence of “average duality gap”
across time. First, we use the following lemma to relate the right-hand side of Eq. (6) to the duality
gap of z;.

Lemma 20. Let Z be closed and bounded. Then for any z € Z, we have ayf(z) <
max, cz F(2)" (2 — 2).

Proof. This is a direct consequence of the convexity of f(-,y) and the concavity of f(x,-):

af(z) = max (f(w,y')—f(w,y)—i—f(w,y)—f(a:’,y))

(2 ") EX Y
< o (Vif@y) (6 —y) + Vel @y) (@ —2) = max F(z) (= = 2).

O

With Lemma 20, the following theorem can be proven straightforwardly.

Theorem 21. Let Z be closed and bounded. Then OGDA with 1) < g= ensures Zle ap(z) =

0 (n%/f) for any T, where D £ sup,, .z ||z — Z'||.

Proof. We first bound the sum of squared duality gap as (recall ; = ||Z;11 — 2¢||% + ||z¢ — Z:||?):

2
Z ar(z) § (B}ggF(zt)T(zt - z')) (Lemma 20)
< W; G+ C)llze — 2))? (Lemma 4)
27
<0 (2 Z (©r-1—6:+6; — @t+1)> (Eq. (4))
t=2
= (’) > ) (telescoping)

Finally, by Cauchy-Schwarz inequality, we get 371 as(z) < /TS as(z)? =
D
0 (7ér) -
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This theorem indicates that c¢(2;) is converging to zero. A rate of af(2:) = O(%) would be

compatible with the theorem, but is not directly implied by it. In a recent work, Golowich et al.
(2020b) consider the unconstrained setting and show that the extra-gradient algorithm obtains the
rate op(2y) = O(%), under an extra assumption that the Hessian of f is also Lipschitz (since

Golowich et al. (2020b) study the unconstrained setting, their duality gap « is defined only with
respect to the best responses that lie within a ball of radius D centered around the equilibrium). Note
that the extra-gradient algorithm requires more cooperation between the two players compared to
OGDA and is less suitable for a repeated game setting.

F THE EQUIVALENCE BETWEEN SP-MS AND METRIC SUBREGULARITY

In this section, we formally that show our SP-MS condition with § = 0 is equivalent to metric
subregularity. Before introducing the main theorem, we introduce several definitions. We let Z* C
Z C R¥ (Z* and Z follow the same definitions as in our main text). First, we define the element-
to-set distance function d:

Definition 5. The element-to-set distance function d: R¥ x 2R* R s defined as d(z,S) =
infz/es HZ — Z’”.

The definition of metric subregularity involves a set-valued operator 7 : Z — oR™ , which maps an

element of Z to a set in R¥.

Definition 6. A set-valued operator T is called metric subregular at (Z,v) for v € T(Z) if there
exists k > 0 and a neighborhood () of Z such that

d(v,T(2)) > kd(z, T (v))
forall z € Q, wherex € T (v) & v € T(x). If Q = Z, we call T globally metric subregular.

The following definition of normal cone is also required in the analysis:

Definition 7. The normal cone of Z at point z is N'(z2) = {g | g" (z' — 2) <0, V2’ € Z} (we
omit its dependence on Z for simplicity). Equivalently, N'(z) is the polar cone of the convex set
Z — z (a property that we will use in the proof).

Now we are ready to show that our SP-MS condition with 8 = 0 is equivalent to metric subregularity
of the operator N + F', defined via: (N + F)(z) ={g+ F(z) | g € N(2)}.

Theorem 22. Let z* € Z*. Then the following two statements are equivalent:
o (N + F) is globally metric subregular at (z*,0) with k > 0;

* Forall z € Z\Z*, maxycz F(z)T@ > kd(z, Z*).

lz—=2"Il =

Proof. Let T = N + F. Notice that
2€2" & F(2)"(2 —2)>20 & —F(z)eN(z) & 0 (N + F)(2).

Therefore, 0 € T (z*) indeed holds, and we have 7 ~!(0) = Z*. This means that the first statement
in the theorem is equivalent to

d(0,T(2)) > rkd(z, T~10)) & d(0,N(z) + F(2)) > rd(z, Z*).

This inequality holds trivially when z € Z*. Thus, to complete the proof, it suffices to prove that
d(0,N(2) + F(2)) = maxycz F(z)T E=2) for z € Z\Z*. To do so, note that

lz—="]]
d(0,N(z) + F(z))
= d(=F(2),N(2))
= || = F(2) = Iy () (= F(2))|
= Mo () (=F(2))
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where N°(z) = {g | g"m < 0, ¥n € N(2)} is the polar cone of NV(z) and the last step is by
Moreau’s theorem. Now consider the projection of —F'(z) onto the polar cone N°(z):

Iye(z) (—F(2)) = argmin | - F(z) - y|*

yeN©(z)
= argmin {2F(2) "y + [ly|?}
yeN©°(z)
. Yy
~ arguin {27) T Lyl + I
yeN©(z) ||y||
— argmin {QAF(Z)TE + )\2} )

A20, ZEN?(2), |12 =1

where the last equality is because N°(z) is a cone. Next, we find the z* and \* that re-
alize the last argmin operator: notice that the objective is increasing in F(z)'Zz, so z* =
argminge o). =1 {F(2) "2}, and thus \* = —F(2)"2* when F(2)"2z* < 0and \* = 0
otherwise. Therefore,

Mpro)(—F(2))|| = A* = max <0, max —FzTE}.
My oy () {o. omas, -F(

Note that A/(2) is the polar cone of the conic hull of Z — z. Therefore, N°(z) = (ConicHull(Z —
z))°° = ConicHull(Z — z) and

o
maX{O7 max —F(z)TZ} = maX{O,maxF(z)T(zlz)} .
ZEN®(2),]1z]|=1 Z'€Z Iz — =||

Finally, note that when z € 2\ Z*, we have max, ¢z F(2)" (z — 2’) > 0. Combining all the facts
above, we have shown d(0, NV (2) + F(z)) = max, ¢z F(z)T Z=21) O

lz—=2"T"
G PROOF OF THEOREM 5
Proof of Theorem 5. Let p = mingex maxyecy ' Gy = maxycy Milgex x " Gy be the game
value. In this proof, we prove that there exists some ¢ > 0 such that

maxx Gy’ —p> clla — Ly ()| (20)
y' ey

for all x € X. Similarly we prove
max p—a'" Gy > clly — Ty- (y)]|
for all y € V. Assume that the diameter of the polytope is D < oco. Then combining the two proves

F(z)"(z—2') _ 1 1
mzz}x('i)z(zz,”z) > Bmza}xF(z)T(z —2) = ) (II?IJE}XCBTGy/ —min zc'TGy>
c c
2 5 (ly = y- @)l + | — x- (@) []) = 5 llz — Tz (=),

meaning that SP-MS holds with 5 = 0. We break the proof into following several claims.

Claim 1. If X', ) are polytopes, then X'* and V* are also polytopes.

Proof of Claim 1. Note that X* = {ac € X :maxycyx' Gy < p}. Since Y is a polytope,
the maximum is attained at vertices of ). Therefore, X'* can be equivalently written as
{x € X : maxyeyy) &' Gy < p}, where V(D) is the set of vertices of V. Since the constraints of

X’* are all linear constraints, X' is a polytope. O

With Claim 1, we without loss of generality write X' as

X ={zeRM: a/z<b, fori=1,...,L, ez <d;, fori=1,....,K},
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where the aiT:c < b; constraints come from € X and the c;r:c < d; constraints come from

maXy ey (y) x Gy < p- Below, we refer to aiTa: < b; as the feasibility constraints, and ciTa: < dl
as the optimality constraints. In fact, one can identify the i-th optimality constraint as ¢; = Gy

and d; = p, where y(i) is the ¢-th vertex of ). This is based on our construction of X'* in the proof
of Claim 1. Therefore, K = |V(Y)|.

Since Eq. (20) clearly holds for € X'*, below, we focus on an x € X\ X'*, and let =* 2 Iy ().

We say a constraint is fight at * if a; * = b; or ¢] ** = d;. Below we assume that there are ¢

tight feasibility constraints at and & tight optimality constraints at *. Without loss of generality, we

assume these tight constraints correspond toi = 1,...,fand i = 1,. .., k respectively. That is,
a; T* =, fori=1,...,¢,
¢zt =d;, fori=1,...,k.

Claim 2. x violates at least one of the tight optimality constraint at x*.

Proof of Claim 2. We prove this by contradiction. Suppose that  satisfies all k tight optimality
constraints at *. Then & must violates some of the remaining K — k optimality constraints (oth-
erwise © € X'*). Assume that it violates constraints K —n +1,..., K forsome 1 <n < K — k.
Thus, we have the following:

ciT:chi fori=1,... K —n;
cjr>d; fori=K-n+1,..., K.

Recallthatc;rw* < d; fori = 1,...,K—nandcz—-'—m* <d;foralli =K —n+1,..., K. Thus,
there exists some x’ that lies strictly between x and x* that makes all constraints hold (notice that
x and * both satisfy all feasibility constraints), which contradicts with Iy« (z) = x*. O

Claim 3. maxycy (¢' Gy — p) > maxeqr,. py ¢} (©— x*).

Proof of Claim 3. Recall that we identify ¢; with Gy(®) and d; = p. Therefore,

T o T T T *

max (x' Gy — p) = max c,x—d;) > max (¢, x—d;)= max c; (x—x"),
y’Gy( y' =) ie{1,...,|voz)|}( ’ i) 2 ie{l,...,k}( ’ i ie{lk} ( )
where the last equality is because ¢, * = d; fori = 1,..., k. O

Recall from linear programming literature Davis (2016a;b) that the normal cone of X* at x* is
expressed as follows:

¢ k
Na+ = {wl —z*: 2’ eRY, Ty (2') = 33*} = {Z}%‘ai +Z%Ci :opi20, g 2> 0}'
i=1 i=1

The normal cone of X'* at * consists of all outgoing normal vectors of X'* originated from a*.
Clearly,  — x* belongs to N «. However, besides the fact that & — x* is a normal vector of X*,
we also have the additional constraints that x € X. We claim that in our case, * — x* lies in the
following smaller cone (which is a subset of N+ ):

Claim4. x — x* belongs to
¢ k ¢ k
Mo = {Zmai Y ge pi20, 020, (sz—az— +Zqici> <0, Vj= 1,...,@}.
i=1 i=1 i=1 i=1

Proof of Claim 4. As argued above, * — x* € Ny, and thus © — x* can be expressed as
Zle pia; + Zle q;c; with p; > 0,q; > 0. To prove that x — x* € My«, we only need to
prove that it satisfies the additional constraints, that is,

a (x —x*) <0, Vi=1,...,0
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This is shown by noticing that forall i =1, ..., ¥,

a/ (x—z*) = (a/z* —b) +a (z—x) (the i-th constraint is tight at =*)
=a] (" +x—x") - b

:a:w—bigo. (x e X)

O

Claim 5. « — x* can be written as Zle Dia; + Zle gic; with 0 < p;,q; < C'||x — =*|| for all
1 and some problem-dependent constant C’ < oo.

Proof of Claim 5. Notice that ﬁ € Mg~ (because 0 # x — x* € My« and M, is a cone).
Furthermore, Hi%izﬂ € {v € RM : |v|w < 1}. Therefore, ﬁ € Mgp-N{v € RM .
|lv|loo < 1}, which is a bounded subset of the cone M.

Below we argue that there exists a large enough C” > 0 such that

¢ k
{va:ai JrZQici :0<pi,q; <C, Vl} D Men{veRY:|v<1} 2 P

i=1 i=1

To see this, first note that P is a polytope. For every vertex © of P, the smallest C’ such that ©
belongs to the left-hand side is the solution of the following linear programming:

¢ k
min CL st 0= Zpiai + Z%’Cu 0 < pi,q < Cs.

Pi,9i,C% = im1

Since ¥ € Mg+, this linear programming is always feasible and admits a finite solution Cf <
oo. Now let C" = maxgey(py Cs, where V(P) is the set of all vertices of P. Then since any
v € P can be expressed as a convex combination of points in V(P), v can be also be expressed as

¢ k .
D i1 piai + Zi_l gic; with 0 < p;,q; < C'.

To sum up, Ta—r] an be represented as Zz 1 Dia; +Zl 1 ¢i¢; with 0 < p;, ¢; < C’. This further

Iw o H
implies that  — «* can be represented as Zi:l pia; + Zi:l gic; with 0 < p;, q; < C'||x — x*|.
Notice that C’ only depends on the set of tight constraints at x*. O

Finally, we are ready to combine all previous claims and prove the desired inequality.

Define 4; 2 q] (x—a*)and C; £ ¢] (@ —x*). By Claim 5, we can write & — x* as Y.\_, pa; +
Zle gic; with 0 < p;, g; < C'||x — x*||, and thus,

-
¢ k ¢ k
S i+ 30— (zpiai .S q> @) = o 2|
i=1 i=1 i=1 i=1
On the other hand, since  — x* € M+ by Claim 4, we have
¢ ¢
ZpiAi = Zpiaj(w —x*) <0
i=1 i=1

and

)

k
!/ *
i:ZIqZCiS (eglax C)Zqz_ ( Irllaxk C)kC le — x|,

where in the first inequality we use the fact p; > 0, and in the second inequality we use the fact
max;eqy,...x} Ci > 0 (by Claim 2) and 0 < ¢; < C' || — z*||.
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Combining the three inequalities above, we get

Then by Claim 3,

T /
Gy —p) > Ci>—
max (z Gy’ —p) 2 max C;>

Note that & and C’ only depend on the set of tight constraints at the projection point *, and there
are only finitely many different sets of tight constraints. Therefore, we conclude that there exists
a constant ¢ > 0 such that maxy ey (x' Gy’ — p) > c||x — =*| holds for all @ and *, which
completes the proof. O

H PROOF OF THEOREM 6 AND THEOREM 7

Proof of Theorem 6. Suppose that f is y-strongly-convex in & and -strongly-concave in y, and let
(x*,y*) € Z*. Then for any (x,y) we have

f@y) - @ y) < Vof(@y) (@ —2") - Il —a"|
f@.y") - f2,9) < Vyf @) " —y) - Sy -y ™

Summing up the two inequalities, and noticing that f(x, y*)— f(x*,y) > 0 forany (z*,y*) € Z*,
we get

F(2)T(z -2 2 g llz— 2|,

and therefore, for z ¢ Z*,
F(z)"(z — 2%
|z — 2|

which implies SP-MS with 5 = 0 and C = /2. O

~
> S llz =27,

Proof of Theorem 7. First, we show that f has a unique Nash Equilibrium z* = (z*,y*) =
((0,1),(0,1)). As f is a strictly monotone decreasing function with respect to y;, we must have
y; = 0 and y3 = 1. In addition, if z = (0,1), maxyecy f(z,y) = —mingeyyi® = 0. If
x # (0,1), then by choosing y* = (0,1), f(x,y*) = 3" > 0. Therefore, we have z* = (0, 1),
which proves that the unique Nash Equilibrium is * = (0, 1), y* = (0, 1).

Second, we show that f satisfies SP-MS with § = 2n — 2. In fact, for any z = (x,y) # z*, we
have

an%’kl - T 1
T * 0 Tro — 1
F&) (=29 = e o | [0
0 y2 — 1
— 20 (3" +43")
2 2\ "
>4n - (331—2&—y1> (Jensen’s inequality)
n n
= oomg (el + 7).

Note that ||z — z*|| = /27 + (1 — 22)2 + 37 + (1 — y2)2 = /227 + 2y7. Therefore, we have
T *
F(i)zf:,f‘lz ) > |z — z*||>"~. This shows that f satisfies SP-MS with § = 2n — 2 and

n
22n—2 D
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I PROOF OF THEOREM 8

Proof of Theorem 8. As argued in Section 5, with ©; = [|Z; — IIz-(2) || + 5120 — 21,
e = |1Ze41 — zell® + ||z — 2|2, we have (see Eq. (4))
Or1 < Oy — 12¢;. (21)
Below, we relate (; to ©,; using the SP-MS condition, and then apply Lemma 12 to show
2dist? (21, 2*)(1 + C5)~* if 3 =0,
0 < 5 . 5 T 22
= {<1+4(g)ﬂ)distQ(zl,Z*)+2(C§B>B]tB if 8> 0, @2)
where C5 = min { 16?;102 , %} as defined in the statement of the theorem. This is enough to prove

the theorem since
dist®(z¢, 2%) < ||z — Mz (Z41) ||
< 2|21 — Mz (Zea) 1P + 20| 241 — 212
< 32041 < 320;.
Next, we prove Eq. (22). We first show a simple fact by Eq. (21):

16 16
Z1— 2P <G <=0, << —0,. 23
[Ze41 — 2" < G < e B T (23)
Notice that
1. 1, . ~
G = §||Zt+1 —z)* + 3 (1221 = 2ell® + llze — Z:1)
~ N 2
. 1672 [F(Ze41) T (241 — 2)]
> = - 2 — + Lemma 4
SR T Sy PR (Lemma®
1, 16n2C?% - ..
> §||zt+1 —z|* + gl 1241 — Iz« (Zpg)||2PHY) (SP-MS condition)

. 16n2C2? 1 15 B R ) i
> mm{ 77 '3 ( > (Hzt+1 — 2|2 412 — HZ*(th)HQ(BH))

81 160,
(by Eq. (23))

Cf1en2cz 1/ 15 \°) .
me{ U ,< > (1Ze41 — ze)* + |21 — T2+ (211 )

26812 \ 320,

(by Holder’s inequality: (a®+! + 0+1)(1 +1)# > (a + b)#*h)
Cs 1/ 1Y)’
> min {25, 3 (4@1> } @f_:—ll (recall that C5 = min{ 16757;2102 7 %})
B
= C'@fjfll. (define C" = min {55 i (ﬁ) })
Combining this with Eq. (21), we get

Or41 <0, —C'O} (24)

When 3 = 0, Eq. (24) implies ©;,1 < (1 + C5)~16O;, which immediately implies ©; < (1 +
Cs)~ 1710 < 201(1 + C5)~t. When 3 > 0, Eq. (24) is of the form specified in Lemma 12 with

p = [ and ¢ = C’. Note that the second required condition is satisfied: C’(5 + 1)@ﬁ < gl‘; <1
Therefore, by the conclusion of Lemma 12,

3 ) 9B\ B 3
O, Smax{@h <02/5>[ }t_ﬁ :max{@)17 <20526>B .40, (;)‘ }t—
A\ P 2 \7| _
(1—1—4(5) >®1+2<056> ]t

Eq. (22) is then proven by noticing that ©, = dist? (2, Z*). O

W=

|~
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J PROOF OF THEOREM 9

Proof of Theorem 9. Consider the following 2 x 2 bilinear game with curved feasible sets:

fl@y) =z"Gy=[r1 [(1) _01] [yl} :

1 1
X:{ml 0SCE1S§, O§I2SZ’ $2>$12},
1 1 5
Y=qy: 0§y1§§, OSyQSZ, Y2 = Y1

Below, we use Claim 1 - Claim 5 to argue that 1f the two players start from xy = yg = o = Yo =
(3, 1), and use any constant learning rate 7) < a7 then the convergence is sublinear in the sense that
lz: — 2*|| > ©(1/t). Then, in Claim 6, we show that in this example, SP-MS holds with 5 = 3.

Claim 1. The unique equilibrium is * = 0, y* = 0.
When = 0, clearly max,cy f(z,y’) = 0. When & # 0, we prove max,cy f(x,y’) > 0
below. If 1 # 0, we let y| = x1 and y4 = +1? (which satisfies y’ € ), and thus
/ ! / 2 1 1 2 1 3
f@y) =229) — Ty =21" - o1 — 1 - ~21” = —21° > 0.
2 4 4
Ifz1 =0butas # 0, welety; = 1,45 = 1, and thus

1
[z, y') = z2y) — 219 = 572> 0.

Thus, max,cy f(x,y’) > 0if ¢ # 0, and £ = 0 is the unique optimal solution for . By
the symmetry between x and y (because G = —G'"), we can also prove that the unique optimal
solution for y is y* = 0.

Claim 2.  Suppose that &g = yo = Zo = Yo = (5, 7). Then, atany step ¢ € [T, we have x; = y;

and Z; = ¥y, and all &, y;, Ty, Y; belong to {u € R? : uy = u?}.

We prove this by induction. The base case trivially holds. Suppose that for step ¢, we have ¢, = vy,
Ty = Ui, and Ty, Yi, Ty, Yr € {u € R? : ug = u}}. Then consider step ¢ + 1. According to the
dynamic of OGDA, we have

e =t {3 [} = {[f Tme @
o=t {1} = me {[ 20 Ta )
e =1 g+ | 2 [ - mo { [T 200

e =10 e 0| 237 | = {0 0] )

According to induction hypothesis, we have Z;;1 = ;. 1, which further leads to @; 11 = ys11.

B

Now we prove that for any [ij such that 1 > 0, zo < i and zo < x12, [ij = Il { B;] }

satisfies that 72 = 7. Otherwise, suppose that T2 < T. Then according to the intermediate

. x .. . x T ~ ~
value theorem, there exists [%1] that lies in the line segment of [xl} and Ll} such that {IJ% = Io.
2 2 2

Moreover, as 1 > 0, 1 > 0, 25 < i, Ty < 4 7> we know that T e x. Therefore, we have
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Now consider Z¢; 1. According to induction hypothesis, we have (Zy,1 + ny2)? > 7, = Ty2 >
Ty — nye,1. If equalities hold, trivially we have Z7, | | = T7, = Ty2 = Ty41,2 according to Eq.
(25). Otherwise, as Z¢ 1 +nyr,2 > 0, Tpo—nyr1 < i, according to the analysis above, we also have
72 11 = Zy41,2. Applying similar analysis to Jy4+1, €411 and y;+1 finishes the induction proof.

Claim 3. Withn < L the following holds for all ¢ > 1,

64°
1. .

Ty € 5%,172%,1 ; (26)

Tea € [Teo1g —4NT7 1 1, Teo10 + 40Ty ] - (27

We prove the claim by induction on ¢. The case ¢ = 1 trivially holds. Suppose that Eq. (26) and Eq.
(27) hold at step t. Now consider step t + 1.

Induction to get Eq. (27). According to Claim 2, we have
= 2
N ~ —Yi.2 Tt +NTgq
T =1y 2 — ’ =11 pey ’ ,
e { Y { U1 ] } " { [x?,l - 77%1] }
and ;41 = (u,u?) for some u € [0, 1/2]. Using the definition of the projection function, we have

~ ) . 2 2 .
Typ11 = argmm{(xt,l + nxf,l - u) + (xfl —NTe1 — u2) } £ argmin g(u).

u€[0,3] u€[0,3]
Now we show that argmin, o 1) g(u) = argmin, cg g(u). Note that
Vg(u) =2(u—Z¢1 — nxil) + 4u (u2 + Nz — E?l) , (28)
Therefore, when u > 1, using 2,1 < 1, we have
Vg(u) > 7217xf71 + 20z 1 > 0, (29)
which means g(u) > g(4). On the other hand, when u < 0, using Z;,; < 1, we have
Vg(u) < 2u — 4ui?, <u <0, (30)

which means g(u) > ¢(0). Combining Eq. (29) and Eq. (30), we know that argmin,,¢ (9, 17 g(u) =
argmin, cp g(u). Therefore, Z;4 1,1 is the unconstrained minimizer of convex function g(u), which
means Vg(Z;+1,1) = 0. Below we use contradiction to prove that T,y11 > Zp1 — 477@?71. If
Tip1,1 < Ty — 477, we use Eq. (28) and get

Vyg(@r11) = 2(Tryr1 — Trg — 027 1) + 481 (B0 + 0200 — T7)
< 2(—4AnZF, — i) + 4T (N — 80T, + 16077 )
17

< _7%?,1 + 4410 (20T — 877@%,1 + 167725?,1) (Eq. (26))
< _gﬂfﬁl + 4411 (20T + 16772@?,1)

< —17777@,1 + 4@y — A7) (20800 +160°T, ) @rgra < T — 40T7 )
- _%nﬁl + 64073, — 37T, — 2560°37,

< _%’753\?,1 —160°%} , — 2561°%7 @1 < 3)
<0,
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which leads to contradiction. Similarly, if Zy111 > Z¢ 1 + 4773?%_’1, we have

Vy(Ter1,1) = 2@er1,1 — Teq — 027 y) + 4810 (Tg,1 + 0201 — T71)
> 2(477ﬁ,1 - 77517%,1) +4Zp11 (noes + 8775;3,1 + 16772@1,1)
> 0. (Eq. (26))
The calculations above conclude that
Tey11 € [Tog — AT, T + 4077 4] (31)

Induction to get Eq. (26).  Similarly, we have

. ~ 2 2 ~2 212] a .
Tiy11 = argmm{(th’l + oz —u)” + (TP —nwen —u?) } £ argmin h(u),
u€l0,3] u€l0,3]

Vh(u) =2(u—Z111 — sz,l) + du(u® + NTe,1 — ﬁ“,l),
and Vh(zpq411) = 0. fapqq1 1 < %ftﬂ,l’ we have
Vh(zit11) = 2(x441,1 — Tpr1,1 — 77953,1) +4xii1,1 ($%+171 + N1 — ffﬂ,l)
< —Tyy11 — 20271 — 3T T + 20Tii1,100 (@411 < 3T141,1)
<0. < g1701 < 3)

If 24411 > 2%441,1, we also have

Vh(weg1,1) = 2(@es1,1 — Tear,1 — 07 1) + 4011 (07100 + 0201 — Thpg)

> 2T — 27733371 + 2433\?“,1 + 8NZT411%01 (41,1 > 2T441.1)
> 2Fyp1,1 — 2napy + 24774 4 + 8n(Tey — ANTT )@ (Eq. (31))
> 2Typ1,1 — 20x] ) + 24371 4 + 8n(Fwe — ATT ) wen (Eq. (26))
= 2Ty1,0 + 2027y + 24840 1 — 320°T] 1700

> 2311 + ivﬁf’l + 245, | — 320°FF 1w (Eq. (26))
> 0. <& m1<d

Both lead to contradiction. Therefore, we conclude that 24,1 € [%@HJ, 2%y4+1,1), which finishes
the induction proof.

Claimd4. 1,y > Ty —4nz7,, forallt > 1.

The case ¢t = 1 holds trivially. For ¢ > 2, we prove this by contradiction. Using the definition of the
projection function, we have:

. ~ 2 . 2 .
Tyy1,1 = argmin { (Tegrn +n2y —u) + (T710 — ey —u?) } £ argmin h(u).
uel0,3] uel0,3]
Similar to the analysis in Claim 3, we have argmin

uel0,1] h(u) = argmin, g h(u), which means

that VA(z,41,1) = 0. Note that n < & and 0 < 2;; < 3, according to Eq. (26) and Eq. (27), we
have

RN

~ A o~ - 31 . 33
Ti41,1 € [Sﬂt,l - 47@?,1,%,1 +47793?,1] - {32%,1, 32%&,1] )

which means that

(32)

1. =R 16 __ 64 _.
Ty € [2%,1,2%,1] Cc { ]

S5 Lt+1,15 57 Lt+1,1
33 b g
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If Tr41,1 < L/L'\tJrLl — 477/"E\%+171, we show that Vh(xtJrLl) < 0. In fact,

Vh(zi41,1) = 2(@e41,10 — Begr,1 — 0071) + 40011 (2700 + 0761 — Tip1,)

< 2(_47I§?+1,1 - 77%?,1) + 4z (N — 8”3?“,1 + 16772§?+1,1)

42 64
< _Enxtﬂ,l +4xi411 ( NTip1,1 — 87795t+1 1+ 1677 $t+1 1) (Eq. (32))

31

42 64 _.
< —gﬂxfﬂ,l + 4w <317I$t+1,1 + 167725?“,1)

42 - N 64 _ ~
< T +4(ZTpq11 — 477$t2+1,1) <3177$t+1,1 + 1677250?+1,1)
< 647725211 1 32772@\?4-1 17 2567733”\?“,1
< —16n°%}, — 2560°77, @1 < 3)
<0,

which leads to contradiction. Therefore, we show that z; ; > Trq — 47)’:5%71 forall¢t > 1.

Claim 5. Ifn < &, we have ||z, — 2*|| > Q(1/t).

Now we are ready to prove ||z, — z*|| > €(1/t). First we show &, ; > 3 forall ¢ > 1 by induction.
The case ¢t = 1 trivially holds. Suppose that it holds at step ¢. C0n51der1ng step t + 1, we have

Tig11 > Tp1 — 477xt 1 (Claim 3)
N 1
> Ty — 1637?1 <)
>i—L (£ <Zp1 < L andz — 22 is increasing when z < 8)
2 5 1 5 < Z¢1 < 5,and ¥ — {52 is increasing when x <
1
> — t>1
“ 30+ 1) ¢=1
Therefore, T; 1 > 2 7> Vvt > 1. This, by Claim 4 and the analysis above, shows that
1
> 7 4
Tg1 = T, 1 — 7733t1_2(t+1)
Note that according to Claim 1, z* = 0. Therefore, we have ||z, — z*|| > z;1 > PIcEmy] +1), which

finishes the proof.

Claim 6. In this example, SP-MS holds with 5 = 3. This can be seen by the following:

F(z)T(z -2

max ——2 =/ > max F(z) (2 — 2/
max — o 2 Bax k) )
T 27
weXyey{ y y}
:meXyey{ T1Y5 + Toy) + Tyy2 — THY

> —z175 + 5 + Y —y%yl
(picking y| = 2,y = 23,2} = yo, 25 = y3)

1 1

Z 5 §+2y§ (1,51 < 1)
1

> (@ @+ + ) (@2 > {af, 23}, 92 > {y1,53))
1

> — 16 (xl + a2yl + yg) (Cauchy-Schwarz)
1

= gllz—="1% (2" =(0,0,0,0))
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which implies 5 = 3.
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