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Abstract

We study nonsmooth convex-concave saddle-point problems over compact convex
sets, assuming access to stochastic subgradients of the payoff function. We develop
single-loop projection-free algorithms that use linear minimization oracles over
the primal and dual domains. Unlike prior projection-free approaches that rely on
smoothing, our methods are purely subgradient-based and handle nonsmoothness
directly. This design makes the framework modular: when a linear minimization
oracle is not used over a specific domain, the corresponding update can be replaced
by a standard projection oracle without changing the single-loop structure. Thus,
our framework covers both fully projection-free and hybrid oracle configurations.
We prove anytime strong saddle gap guarantees under standard unbiased stochastic
oracle assumptions with bounded variance. Our algorithms achieve an O (e 2)
iteration complexity, matching projected stochastic subgradient methods. We also
provide matching lower bounds for the corresponding oracle models, establishing
minimax optimality. Our results show that, for nonsmooth stochastic minimax
problems, the computational advantages of linear minimization oracles need not
come at the expense of statistical or oracle efficiency.

1 Introduction

Projected subgradient descent is a fundamental approach for constrained nonsmooth convex optimiza-
tion [7, 62]. When projections onto the feasible set are computationally tractable, these methods are
minimax optimal [51, 56], reaching an e-approximate solution in O(e~?2) iterations. This optimality
extends to the stochastic regime, where projected stochastic subgradient descent maintains the same
iteration complexity [50, 61]. However, in many large-scale applications, the projection step becomes
the primary computational bottleneck, necessitating the use of projection-free alternatives such as
the Frank-Wolfe (FW) algorithm [9, 32]. While projection-free methods are well-established for
smooth problems, their application to the nonsmooth setting is a more recent development. Notably,
Thekumparampil et al. [65, 66] and Asgari and Neely [3, 4] have introduced nonsmooth FW variants
that achieve an iteration complexity of O(e~2), matching the minimax optimal rate [39].

This work addresses the nonsmooth convex-concave saddle-point problem of the form

min max fz,y), )
where we assume access only to unbiased stochastic subgradients of f. For this class of problems,
projected stochastic subgradient descent-ascent is known to achieve the optimal convergence rate
of O(e~2) [48, 50]. However, the landscape of projection-free methods for nonsmooth saddle-point
problems is significantly less understood. This paper provide a comprehensive analysis of single-
loop, linear minimization oracle (LMO)-based algorithms for (1), establishing anytime convergence
guarantees. Our proposed framework is flexible, utilizing an LMO over &, ), or both. In instances
where an LMO is not employed for a specific domain, we utilize a standard projection oracle (PO).
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1.1 Contributions
Our main contributions are as follows.

¢ Building upon the subgradient-based framework introduced in [3, 4], we propose a novel
algorithmic update for saddle-point problems that employs a non-trivial mechanism to derive the
LMO direction. This approach directly addresses objective nonsmoothness without requiring
smoothing techniques. Furthermore, the update rule is designed for modularity, allowing it
to be seamlessly integrated with a standard PO when an LMO is not employed for a specific
variable. This allows us to rigorously analyze three distinct oracle configurations: LMO-LMO
(fully projection-free), LMO-PO, and PO-LMO (hybrid). This flexibility enables practitioners
to select the most efficient oracle for each constraint set (X, ).

o We establish anytime convergence guarantees for all proposed algorithmic variants. This is
of significant practical importance as it eliminates the need to pre-specify a target accuracy e
or a total iteration horizon 7' to tune parameters. We prove that our algorithms achieve the
optimal O(e~2) iteration complexity, matching the theoretical performance of standard projected
stochastic subgradient descent-ascent methods [24, 51, 56].

© We complement our upper bounds with matching lower bounds. In particular, we prove an
Q(e~?) iteration complexity lower bound for any algorithm based on the LMO-LMO oracle
model, as well as for any method operating under the LMO-PO oracle model. By strong duality,
the same lower bound immediately extends to the PO-LMO setting. Hence, the rates achieved
by our algorithms are minimax optimal in all three oracle regimes.

¢ Our results substantially strengthen the current theory of projection-free minimax optimization.
In particular, even in the smooth deterministic single-loop setting, previous projection-free
methods were only known to achieve slower rates [8, 18]. By contrast, we obtain the optimal
O(e72) rate in the more general nonsmooth stochastic setting. This closes the convergence-rate
gap between projection-free and projection-based methods for minimax optimization, showing
that the computational advantages of LMO-based updates need not come at the expense of
statistical or oracle complexity.

1.2 Related Works

Nonsmooth Frank-Wolfe Algorithms. Constrained minimax problems of the form (1) can be
viewed as instances of nonsmooth convex optimization. This is because the primal function p(z) :=
maxyey f(x,y) is generally nonsmooth, even when f is smooth. The classic FW algorithm, designed
for smooth objectives, cannot be directly applied here. White [68] first addressed nonsmooth
optimization using an LMO. Since then, only a few studies have followed, and earlier works often
rely on strict assumptions [13, 60]. More recently, Hazan and Kale [28] introduced the Online
Frank-Wolfe algorithm, obtaining an O(T~%/4) regret bound for general online convex optimization.
This translates to an O(e~*) rate for the offline nonsmooth convex setting. Under an additional
smoothness assumption, Hazan and Minasyan [29] improved this complexity to O(¢~3) by using
a Follow-the-Perturbed-Leader approach as a smoothing technique. Lan [39] used randomized
smoothing in the deterministic setting to achieve an O(¢~2) rate.

A complementary approach addresses nonsmoothness through the composite structure of the objective.
Lan and Zhou [42] and Lan [40] proposed the conditional gradient sliding algorithm, which decouples
gradient and LMO computations. Using this sliding framework with Moreau-Yosida smoothing,

Thekumparampil et al. [66] proposed a double-loop algorithm that achieves O(¢~2) LMO and
subgradient oracle calls. Thekumparampil et al. [65] then extended this framework to a single-loop
procedure for nonsmooth minimization. However, both algorithms rely on smoothing techniques
that require parameters to be selected a priori. Consequently, these algorithms are not anytime
procedures. Rather than relying on smoothing, Asgari and Neely [3] recently proposed a subgradient-
based projection-free algorithm for nonsmooth convex optimization. This method attains an O(e~2)
convergence rate using a single LMO call per iteration, serving as a projection-free counterpart
to projected subgradient descent. This was extended by Asgari and Neely [4] to handle general
convex functional inequality constraints while preserving the O(e~2) complexity, consistent with
existing lower bounds [39]. A key algorithmic feature we share with the nonsmooth literature
[3.4,21,22,42, 44, 64-66] is the use of subgradients outside the feasible set. Besides, similar to the
approach in [3, 4], our analysis is subgradient-based rather than dependent on smoothing techniques.



LMO-Based Methods for Minimax Problems. Earlier works focused on special primal-dual
Lagrangian-based formulations and established O(e~2) rates in the smooth setting [27, 41, 43, 70].
Subsequent work extended this to smooth convex-strongly concave problems via stochastic double-
loop methods [11] and to smooth convex-concave problems via multi-loop Follow-the-Perturbed-
Leader approach [63], both recovering the O(e~2) rate. Gidel et al. [19] pioneered the study of
single-loop algorithms with linear convergence for smooth strongly convex-strongly concave problems
with interior solutions, as well as for smooth convex-concave problems over strongly convex sets with
lower-bounded gradients or polytope feasible set. Kolmogorov and Pock [35] developed a one-sided
method for the bilinear case, achieving O(e~!) rate.

A separate line of work considers the smooth nonconvex-concave setting, whose guarantees translate
to the convex-concave case but at inferior rates since convexity is not exploited. Nouiehed et al. [57]
proposed a multi-loop one-sided projection-free method achieving an O(e~3-?) iterations. Boroun
et al. [8] and Giang-Tran et al. [18] subsequently developed single-loop projection-free analyses for
nonconvex-concave problems under various conditions, with rates ranging from O(e=%) to O(e~2)
depending on the setting. To the best of our knowledge, this is the first work to address nonsmooth
stochastic convex-concave minimax problems while achieving the optimal O(e~?2) rate.

LMO-Based Methods for Variational Inequalities. Smooth convex-concave minimax problems
are an instance of monotone variational inequality problems. Hammond [26] showed that a single-
loop FW algorithm with an open-loop stepsize converges asymptotically for monotone variational
inequalities over strongly convex sets, and this was recently extended to general convex compact
sets in [31]. While several works have established non-asymptotic complexity bounds via nested
multi-loop schemes, such as semi-proximal mirror-prox methods [30] and extra gradient methods
[5], single-loop algorithms have required either specific geometries or stronger oracles to achieve
competitive rates. Specifically, Cox et al. [14] and Juditsky and Nemirovski [33] proved an O(e~2)
ergodic convergence rate under the accessibility of Fenchel-type representation of the payoff function
and its corresponding first-order information. Moreover, Chen and Mazumdar [12] proved an O(e~2)
last-iterate convergence rate for a single-loop generalized FW method, but their approach relies on
a stronger oracle rather than a pure LMO. In contrast, this paper considers nonsmooth stochastic
minimax problems and develops single-loop purely LMO-based algorithms, enjoying the same rate.

PO-Based Methods. Many algorithms exist for solving monotone variational inequalities and
smooth convex-concave saddle-point problems of the form (1). In the deterministic setting, the
extragradient method [36], Popov’s algorithm [59], and Tseng’s forward-backward-forward scheme
[67] all achieve an O(e’l) rate, as does the mirror-prox algorithm of Nemirovski [49]. This rate is
optimal [58] and is also attained by modern variants including reflected gradient methods [45, 47],
optimistic gradient descent-ascent [15], dual extrapolation [54], and adaptive methods [2, 46]. For
structured problems such as Lagrangian-based payoff functions for affinely constrained problems,
specialized methods can exploit additional structure to obtain faster rates [10, 53]. Moving to the
nonsmooth setting, Nedi¢ and Ozdaglar [48] established an O(e~2) rate for projected subgradient
descent-ascent, and Nemirovski et al. [50] achieved the same rate under additional stochasticity.
We develop algorithms based on various combinations of LMO and PO for nonsmooth stochastic
convex-concave problems and establish the optimal O(e~?) rate under this more challenging setting.

Lower Bound Complexities. Lower bounds for first-order methods have been extensively studied
in the optimization literature. For nonsmooth convex minimization, the O(e~2) complexity of
subgradient methods is known to be optimal [24, 51, 56]. For smooth convex minimization, the
matching lower bound for gradient-based methods was established by Nesterov [52], while Lan [39]
derived analogous lower bounds for conditional gradient methods. More recently, lower bounds under
additional strong convexity of the feasible set were studied by Halbey et al. [25] and Grimmer and
Liu [23]. In the stochastic setting, optimal lower bounds for convex and nonconvex problems have
been established in [1, 17]. For our minimax optimization problem, we show that our O(e~2) upper
bounds match their corresponding lower bounds, establishing that these rates are minimax optimal.

1.3 Notation and Outline

For a compact convex set I/, the LMO at a given direction d and the PO at a point v are defined as

LMOy,(d) € argmin d'v and POy (u) := argmin |ju — v|3.
veU veU



Convergence results in the main text are reported using standard big-O and O notations, where the
latter suppresses logarithmic factors for clarity. Detailed proofs, including explicit convergence
constants, as well as implementation details are provided in the Appendix. Section 2 presents our
proposed algorithms and derives the key recursions underlying each variant. Section 3 establishes
their convergence guarantees, and Section 4 provides lower bounds for any algorithm relying on
combinations of LMO and PO updates. Section 5 reports numerical experiments comparing our
methods against state-of-the-art baselines.

2 Proposed Algorithms

We begin by stating our assumptions on the problem structure and the stochastic subgradient oracle.

Assumption 1. The payoff function f : R™ x R™ — R and the feasible sets X < R™ and ) < R™
satisfy the followings.

(i) The domain X is a compact convex set and there exists another convex compact set X 2 X with

Ry := max |z —Z|2 > 0.
reX,TEX
(ii) The domain ) is a compact convex set and there exists another convex compact set Y 2 Y with
Ry := max_|y—g|2 > 0.

yey,yey
(iii) The function f,(-) := f(-,y) is convex on X.

(iv) The function (—f),(-) := —f(z, ) is convex on Y.
Assumption 2. There exists a stochastic oracle Oy such that given any (z,y) € X x Y and
(g%, 9%) = Of(x,y), it holds that

(i) E[(g*,9")] € 0.fy(x) x (=) (y).

(ii) There exist finite Gy, Gy >0 independent of (x, y) such that E[|g*(3] < G2 and E[|¢¥|3] < G}.
Assumption 2 is standard in stochastic programming where f(z,y) := E.[F(x,y, z)], in which
the oracle Oy can be implemented by sampling z and returning (g%, ¢%) € OxF(z,y,z) x

Oy(—F(x,y,z)). The validity of this construction follows from Assumption 1, which ensures
the interchange of expectation and subdifferentiation [50, Section 3.2].

We now describe our three proposed algorithms, summarized in Algorithms 1-3. All three share
a common subroutine for computing LMO-based directions, which we describe for the primal
variable z; the dual counterpart is symmetric.

Algorithm 1 Nonsmooth LMO-LMO Algorithm 2 Nonsmooth LMO-PO Algorithm 3 Nonsmooth PO-LMO

Input: Parameters o, B¢, ¢, 7¢ >0 Input: Parameters s, v:,m: > 0  Input: Parameters p:, B¢, 7+ > 0

Initialize: v1 =x1€ X, Zo =1 =0 Initialize: v1 =21 X, Zo=X1=0 Initialize: z; € X

ur=y1€Y, Yo=p1=0 y1e€V, yo=0 ur =y1 €Y, po=0
fort=1,...,Tdo fort=1,...,7Tdo fort=1,...,Tdo
(gz{mgi,) = Of(Ut7ut) (93&‘79;/) = Of(vtvut) (g:ﬁ(:g)}:,) = Of(xhut)
Ty = %@—1 + %xt Ty = %@—1 + %l’t Ty = t%ft—1 + %iﬂt
viy1 = POy (Ut - %) Vip1 = PO;(vt — %)

Zt+1 = LMOx (—A¢) Zt+1 = LMOx (—A¢)

At+1="en (% V1 —Tep1)
Yyt = %@—1 + %yt
U1 = Poj;(ut — Mﬁ%q{)
Ye+1 = LMOy (—pue)
fre+1 = Tewr (5 A+t —yen)
end for
Output: TT, YT

A
At+1 =Nt (77: V1 — Tt

Yt = %ﬂt71 + %yt

ye+1 = POy (ys — v:97)
end for
Output: T, yr

Zi41 = POx(ze — pegt)
Yt = %271%1 + %yt
Ut+1 = POS’ (ut — %)
Y1 = LMOy (—pur)
Ht+1 =Tt (% +ut *ytﬂ)
end for
Output: ZT, YT




The method maintains a feasible point 2; € X and an auxiliary point v; € X, where X is a simple
enclosing set of X'. This set is chosen so that projection onto X is computationally cheap; typical
choices include boxes and Euclidean balls. At iteration ¢, the algorithm uses the current accumulated
direction \; together with the stochastic subgradient gy to update the auxiliary point v¢1q. The
next feasible point is then obtained through a linear minimization oracle over the original domain
Ztr1 = LMOx(—);). Finally, A\;1 is updated from the discrepancy vy;11 — x¢41, S0 that X,
accumulates information about the mismatch between the auxiliary and feasible sequences. Since
the algorithm avoids projection onto the potentially complicated feasible set X and instead relies
on an LMO over X, with only a cheap projection onto the simple enclosing set X', we refer to it as
projection-free.

Algorithm 1 applies this procedure to both primal and dual variables. Algorithms 2 and 3 are hybrid
variants. That is, Algorithm 2 uses the LMO-based update for x and a standard projected subgradient
step for y, while Algorithm 3 does the reverse. All three algorithms output the running average
T = % ZtE[T] ¢ and yp = % Zte[T] ¢ as the approximate solution, which is standard practice
for nonsmooth stochastic methods to ensure convergence of gap functions.

We assess the quality of the output (T, §r) via the strong saddle gap, defined as

Gap(Zr,9r) :=E [max f(Zr,y) — min f(mayT):| :
yey zeX
By Jensen’s inequality, the weak saddle gap, defined as
gap(Zr,yr) := maxE[f(Z7,y)] — min E[f(z, r)],
yey TEX
satisfies

gap(zr,yr) < Gap(Zr, yr).

Therefore, all subsequent guarantees carry over to the weak saddle gap as well, which is the metric
used in [50]. We also note that the strong saddle gap admits a natural generalization to variational
inequalities, as discussed in [34].

The following proposition isolates the key recursive inequalities underlying the LMO-based updates,
which serve as the common building block in the convergence analyses of Algorithms 1-3.

Proposition 1. Suppose Assumptions 1 and 2 hold.

(i) Let {vy, x4, At }i>1 be the primal sequences generated by Algorithms 1 or 2 with parameters
satisfying oy < opyq and my = neyq for all t = 1. Define the dual evaluation sequence
{2t} =1 = {ut}i=1 for Algorithm 1 and {z;}1>1 = {ys}+>1 for Algorithm 2. Then, for every
T = 2, we have

2 T
E lnT—l

+max > (f(ve, ze) = f(x,21))
2 YO

/\l
nr

2

@

<2|ar_ + Tilnt R% + S + Til Gi + 2GRy T2,
o1 20[T_1 o1 20(t

(ii) Let {uy, ys, pit }=1 be the dual sequences generated by Algorithms 1 or 3 with parameters
satisfying 8y < Biy1 and 7, = T4y for all t = 1. Define the primal evaluation sequence
{witi=1 = {vi}i=1 for Algorithm 1 and {w.;}1>1 = {x1}4=1 for Algorithm 3. Then, for every
T > 2, we have

2
Tr—1 | MHT
E[ 3 |, T 2 () = e, w)
T-1 G2 T—1 G2 ) (3)
<2 S+ Y T | R4+ —Y + — 429G, RyT2.
<5T 1 P t A% 2ﬁT71 I; Qﬂt yvy



Although the proposition is stated for both primal and dual updates, inequalities (2) and (3) are
symmetric in structure. This symmetry is by design. Specifically, strong duality of the minimax
problem (1) allows us to treat the primal and dual updates on equal footing, leading to algorithms
with an identical structure for both variables. We therefore only provide the primal proof in the
appendix, as the dual proof follows by an analogous argument.

The next proposition isolates the key recursive inequalities underlying the PO-based updates, which
serve as the common building block in the convergence analyses of Algorithms 2 and 3.

Proposition 2. Suppose Assumptions 1 and 2 hold.

(i) Let {x¢}¢>1 be the primal sequence generated by Algorithm 3 with parameters satisfying
pt = pr+1 forallt = 1. Then, for everyT > 1,

X 4 2GRAT"?. )

zeX

T
E lmaXZ (f(xt,ut) - f(x,ut))

(ii) Let {y:}1>1 be the dual sequences generated by Algorithm 2 with parameters satisfying vy =
Ye+1 forallt = 1. Then, for every T > 1,

2R2, & nG?
<=2+ WY 4 9G, RyTY2. 5)
7Tooog 2

T
E lglea;iz (f(ve,y) — f(ve )

Propositions 1 and 2 provide all the building blocks needed for the convergence analyses of the three
algorithms, each of which will follow by combining the appropriate pair of inequalities. As before,
the primal and dual inequalities (4) and (5) are symmetric in structure, so we provide only the proof
of the primal part in the appendix. To keep the analysis unified, we also prove a slightly more general
version of Proposition 2 that accommodates the PO-PO combination.

3 Convergence Guarantees
We now present the convergence guarantees of Algorithms 1-3.
Theorem 1. Suppose Assumptions 1 and 2 hold.

@(t1/2),

5

(i) Let {x¢,yt}i>1 be the sequence generated by Algorithm 1 with parameters oy =
By = O(tY/2), n, = O(t~Y?) and 7, = O(t=Y/?) for any t = 1. Then, for every T > 2

Gap(Zr,yr) = E [maxf(ﬂ_fT,y) — min f(xng)] <O(T™Y?).
yey zeX

(ii) Let {4,y }1=1 be the sequence generated by Algorithm 2 with parameters oy = O(t'/?),
v = OtV?) and n, = ©(t=Y/?) for any t = 1. Then, for every T > 2,

Gap(Zr,yr) = E [maxf(i"T,y) — min .f(l‘ng)] <O(T™Y?).
yey zeX

(iii) Let {x¢, vy }4>1 be the sequence generated by Algorithm 3 with parameters p;, = ©(t=/?),
By = @(tl/z) and 7 = @(t’l/Q)for any t > 1. Then, for every T > 2,

Gap(Zr,yr) = E [maXf(Q_JT,’y) — min f(JU,QT)] <O(T™Y?).
yey zeX

The proof of Theorem 1, with explicit constants and parameter settings, is provided in the appendix,
where it is broken into three separate theorems each handling one oracles combination. To keep
the analysis unified, we also include a proof for the PO-PO combination, which yields an anytime
implementation of the method of Nemirovski et al. [5S0] with the strong saddle gap guarantee, as
opposed to the weak guarantee established in the original work.



We now position our contributions within the literature on projection-free minimax optimization.
Across all three oracle configurations, the same advantages apply: by avoiding dual smoothing and
exploiting the natural symmetry of the convex-concave saddle-point structure, we achieve a uniform
O(e72) oracle complexity, substantially improving on prior work.

In the context of smooth deterministic minimax optimization problems, Boroun et al. [8] proposed
the first single-loop LMO-LMO method for nonconvex-concave problems, and their rate easily
translates to the convex-concave setting, yielding O(¢~%) complexity. However, their implementation
is not anytime, requiring the total number of iterations or the target precision to be fixed in advance.
Moreover, the algorithm is only applicable when the feasible set ) is strongly convex, as the stepsize
selection crucially relies on this knowledge. Giang-Tran et al. [18] relax this requirement and propose
an anytime implementation achieving the same O(¢~%) rate, which can be further improved to
O(e=°) when Y is additionally strongly convex. Nonetheless, both approaches are restricted to
smooth deterministic problems and rely on a dual smoothing framework, which breaks the inherent
symmetry of convex-concave saddle-point problems. As a result, they achieve these inferior rates even
in the smooth deterministic setting. In contrast, our algorithm handles the more general nonsmooth
stochastic setting, avoids smoothing entirely, and admits a naturally symmetric implementation that,
as we will see, leads to the improved rate of O(e~2).

Both Boroun et al. [8] and Giang-Tran et al. [18] also study the LMO-PO configuration, again
restricted to smooth deterministic problems. The former achieves O(e~*) without an anytime guaran-
tee, while the latter removes this limitation at the same rate. Notably, the LMO-PO configuration
outperforms its fully projection-free counterpart, because a single PO-based dual update yields a
more accurate estimate of the gradient of the regularized primal function than a single LMO-based
update, leading to a tighter control of the smoothing error. Yet despite this advantage, both methods
remain hampered by the dual smoothing framework and its symmetry-breaking effect. Our algorithm,
which operates in more general setting and avoids smoothing altogether, achieves O(e~2) regardless.

The PO-LMO configuration was first studied in the context of smooth deterministic minimax op-
timization by Giang-Tran et al. [18], where an anytime implementation is proposed. Unlike the
LMO-PO case, replacing the primal PO update with an LMO update leads to a coarser approximation
of the primal gradient, which explains why the rate degrades back to O(e~%), matching the fully
projection-free case. Our algorithm sidesteps this degradation entirely: by operating in the nons-
mooth stochastic setting without smoothing and preserving the natural symmetry of the saddle-point
structure, it achieves O (e~2) across all three oracle configurations.

4 Lower Bounds

We now show that the upper bounds in Theorem 1 are minimax optimal in their dependence on 7T', up
to absolute constants. To this end, we introduce the generic LMO-LMO and LMO-PO procedures in
Algorithms 4 and 5, respectively. Throughout this section, lower bounds are stated in a worst-case
oracle model. Thus, the adversary may choose the feasible sets X, ), the initial points x1, y1, the
payoff function f, and a valid tie-breaking rule for the LMO oracles. In particular, the adversary
initializes x1 and y; at extreme points and uses LMO oracles that always return extreme-point
minimizers. For the LMO-PO class, only the primal variable is constrained by LMO calls, while the
dual variable may be updated via any arbitrary map of historical first-order and value information,
potentially incorporating projections. We omit the PO-LMO case, since the corresponding lower
bound follows by swapping the primal and dual roles.

Algorithm 4 A generic LMO-LMO method Algorithm 5 A generic LMO-P0 method
Input: =z, € X, y1 €)Y Input: z, € X, y1 €)Y
fort=1,...,T do fort=1,...,Tdo
Construct some (p¢, g:) € R™ x R™ Construct some p; € R™
Tt41 = LMOX(pt) Tt41 = LMOX(pt)
Ye+1 = LMOy(—q¢) Construct some v1, . ..,v; € R" and a map A
end for Yt+1 = At ({af% (1)7;), a(_f)”i (yi)7 f(vi7 yi)hgigt)
Output: Z7 € conv ({z1,...,z741}), end for
yr € conv ({y1,...,yr+1}) Output: Z7 € conv ({z1,...,2141}),¥17 = Yr+1




Given convex compact subsets X' < R", Y < R™ with radius Ry > 0, Ry > 0, we denote by
fg Gyl (X,)) the class of all saddle-point problems (1) whose payoff function f is convex-

concave and and for any z, 2’ € X,y,y € Y
[f(z,y) = f@" )| < Gxlz — 2|2 & [f(z,y) — f(=,9)] < Gylly = /]2
Theorem 2. Let Gy > 0,Gy > 0, Ry > 0, Ry > 0 be fixed. Then, for any generic LMO-LMO

method of the form Algorithm 4 running for T' > 1 iterations, there exist convex compact subsets
X € R™, Y < R™ with radii Ry and Ry, respectively, and a function f € ‘F(C)v‘x.,Gy,l\~H2 (X,)) with
T < min{m,n}/4 — 1 such that

GxRx GyRy
2T+ )12 2T+ 1)
Theorem 3. Let Gy > 0,Gy > 0,Rx > 0,Ry > 0 be fixed. Then, for any generic LMO-PO

method of the form Algorithm 5 running for T > 1 iterations, there exist convex compact subsets
X € R™, Y < R™ with radii Ry and Ry, respectively, and a function f € ]-'gx G, H~H2<X’ V) with

T < min{m,n}/4 — 1 such that

maxf(ijy) - minf(xng) =
yey TreX

GxRx Gy Ry
2T + 1)V2 T 2T + 1)1/

maxf(jT7 y) - minf($7 gT) =
yey xeX

The proofs, presented in the appendix, closely follow the construction of Nesterov [56] and Lan [39],

adapted to the saddle-point setting.

5 Numerical Results

We evaluate the proposed methods on two saddle-point problems: matrix completion with spectral
norm fit and robust multiclass classification with hinge loss. We compare the three LMO/PO
variants in Algorithms 1-3 with the fully projected baseline PO-PO, presented in Algorithm 6 in
Appendix A. Throughout the experiments, the suffix Deterministic means that the oracle returns
the full subgradient of the payoff function, while the suffix Stochastic means that the oracle
returns an unbiased stochastic estimate. Thus, for instance, LMO-LMO (Deterministic) refers to
Algorithm 1 implemented with the full oracle, whereas LMO-LMO (Stochastic) refers to the same
method implemented with the stochastic oracle. For LMO-based updates, we use simple enclosing
sets ¥ 2 X and Y 2 ) chosen so that projection onto them is inexpensive. The explicit projection
formulas for these covering sets, together with all remaining implementation details and parameter
choices, are provided in Appendix B. In the following, | - |2, | - |#, | - Jop and | - |« denote the
Euclidean norm, Frobenius norm, spectral (operator) norm and nuclear norm, respectively.

Matrix Completion with Spectral Norm Fit. We first consider the bilinear saddle-point formula-
tion of the spectral norm fit problem studied by Juditsky et al. [34]

i Tr[(A(X) - B)"Y], 6
B e, Tl - 5] ©

where X € R"*P, Y € R™*?, B € R™*9 and A : R"*P — R™*Y is a linear map. In this
experiment, we have
X={XeR"P:|X|s<1} and Y={Y eR™:|V|. <1}
For the LMO-based variants, we choose the simple covering sets
X={XeR":|X|p<1} and Y ={Y eR™7:||Y|r <1}
Projection onto these Frobenius balls is just a rescaling operation and is therefore computationally
cheap; see Section B for details. For this problem, we report the (strong) saddle gap, which admits a
closed-form expression. Let A* denote the adjoint of .A. Then, for any pair (X7, Y7 ), the saddle gap
max Tr[(A(X7p)—B)'Y|— min Tr[(A(X)-B) Yr
[Y]s<1 [( (%) ) ] [X <1 [( <) ) ]
= [ A(X7) = Blop + [A*(Y7)op + Tr [BTY1].
Since the payoff in (6) is smooth, we also compare against the smoothing-based projection-free
methods of Giang-Tran et al. [18], the smoothing-based projection method of Xu et al. [69], and the
classical extra-gradient and optimistic gradient descent-ascent methods. These additional comparisons
are reported in Appendix B.



Robust Multiclass Classification with Hinge Loss. We next consider a robust multiclass clas-
sification problem. Given a training set D = {(a;,b;)}"_,, with features a; € R? and la-
bels b; € {1,...,k}, the goal is to learn a predictor matrix © = [fy,...,0;]T € RF*d
The prediction for a new point a is b = argmaxc[y] Gde. We use the multiclass hinge loss
(;(©) = maxepr) {1(j # bi) + 0, a; — 0, a;} . To promote low-rank structure, we impose the nu-
clear norm constraint X = {© € R¥*? . |©|, < r}. Following the penalized distributionally robust
optimization formulation in [6, 20, 37], we aim to solve

n

. 1 1
iy e - D1 06(8) <D (1, 31,). g

where Y = {y e R" : y > 0, | y; = 1} is the probability simplex. We use the Pearson x?-
divergence Dy (y, = 1,,) := |ny — 1, |3, which leads to a form of variance regularization [16, 20, 38].
For the LMO-based update, we choose

T={0cR™:|0p<r} and Y ={yeR":y>0 |yl <1}.

Projection onto X is a Frobenius-norm rescaling, while projection onto ) is obtained by nonnegative
clipping followed by rescaling when necessary; see Section B for more details. For this experiment,
we report the primal objective value as computing the full saddle gap is expensive at this scale,
requiring solving both primal and dual problems. The primal objective is a tractable proxy and
empirically reflects the same convergence behavior as the saddle-gap metric.

Summary of Results. Figure 1 reports the convergence of the LMO and PO variants in deter-
ministic and stochastic settings. In the deterministic experiments, methods that avoid nuclear-norm
projections perform best: LMO-LMO (Deterministic) achieves the fastest decrease and the best
final value, with LMO-PO (Deterministic) typically close behind. This is consistent with the
fact that an LMO over the nuclear-norm ball only requires a leading singular vector computation,
whereas projection requires a substantially more expensive singular value decomposition. The gap is
most visible in the classification experiment, where the primal nuclear-norm projection is the main
computational bottleneck. The stochastic experiments show a similar pattern, with additional variabil-
ity due to sampling. LMO-LMO (Stochastic) performs best on matrix completion, while LMO-PO
(Stochastic) is especially competitive on classification. For the classification task, LMO and PO
updates have comparable computational cost over ). When dual projections are feasible, they can
therefore provide additional stability without introducing a significant computational overhead, which
helps explain the strong performance of LMO-PO (Stochastic) in terms of the primal objective. By
contrast, using a projection on the primal nuclear-norm constraint remains costly and leads to slower
progress in wall-clock time. Overall, the results support the main message of the paper: replacing
costly projections with LMOs can yield clear computational gains without sacrificing the optimal
stochastic rate.

Saddle Gap
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Figure 1: Convergence comparison of deterministic and stochastic LMO/PO variants.
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A  Proofs

A.1 Proofs of Proposition 1

For the convenience, we repeat the statement of Proposition 1 below.

Proposition A.1 (Restatement of Proposition 1). Suppose Assumptions 1 and 2 hold.

(i) Let {vi,x¢, M\t }i=1 be the primal sequences generated by Algorithms 1 or 2 with parameters
satisfying oy < o1 and my = neyq for all t = 1. Define the dual evaluation sequence
{zt}t=1 = {ut}i=1 for Algorithm 1 and {z;}1>1 = {yi}i1>1 for Algorithm 2. Then, for every
T = 2, we have

T
E [ﬂT1

+ r;le%? (f(’Ut, z) — f(z, Zt))
t=1

M|
77T2

2
(A.1)

+ +2GR TY?,
2T1 Z

T-1
<2 <OéT_1 + Z 77t> RE\» +

t=1

(ii) Let {us,ys, it }e>1 be the dual sequences generated by Algorithms 1 or 3 with parameters
satisfying By < Biy1 and 7, = T4y for all t = 1. Define the primal evaluation sequence
{witi=1 = {vi}1=1 for Algorithm 1 and {w;}1>1 = {x1}e=1 for Algorithm 3. Then, for every
T > 2, we have

E lTT—1
2

G2 G2 /
+ + Y 4+ 2G, RyTY?,
<5T 1 ZTt) 25T X Z 28, v

t=

2
T

B + max
T 2 yey

(f(wt,y) — fwe, ur))

HMH

(A2)

The proof uses the following standard Euclidean three-point inequality; see also [55, Lemma 6].

Lemma A.1. Let h be a convex function defined on a nonempty convex set C < R?. Given o > 0
and z € C, let
2’ = argmin {h(z) + afz — z|3} .
zeC

Then, for any x € C,
h(a') + afa’ = 2] < h(z) + oz — 2[5 — afz - 2[3.
Proof of Lemma A.1. We provide a proof for completeness. Define the function
o(z) := h(z) + oz — 7|3, zeC.
By 2a-strong convexity of ¢ on C, for every € C and every 6 € [0, 1], we have
(1 —0)2" + 0z) < (1 —0)¢p(a') + 0¢(z) — ab(1 — 0) |z — 2'[3.
Since ' minimizes ¢ over C and (1 — )z’ + 0z € C, we also have

P(z') < ¢((1 — 0)a’ + bx).
Combining the last two displays yields

¢(a’) < (1= 0)6(a") + 0¢(x) — af(1 — 0)| — 2|3,
and therefore, for every 6 € (0, 1], ¢(2) < ¢(z) — a(1 — 0)|z — 2’||3. Letting § | 0 gives

¢(a') < d(2) — allz — 2'|3.
Expanding the definition of ¢ completes the proof. O

We are now ready to present the proof.
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Proof of Proposition A.1. By symmetry, it suffices to prove part (i). The proof of part (ii) follows by
exchanging

(Ut;xta)‘taatant7X7RX7vazt) with (utayt7/’[/t75taTt7y7Ry7Gyawt>7
and replacing f., () by (= f)w, (+). We therefore focus on the primal inequality.
Fix any z € X. The update of v;; can be written as
. « «
v = argmin { O +g3) 7o + ZHjo - wil3}
vey

Since z € X X, invoking Lemma A.1 with h(v) := (A + ¢¥) Tv,C:= Y, 7 := v; and « := /2
gives

(6%
*t”i’?—UtHH;

«
O+ 95 Tonss + Selonss —wlf < O+ 99) T+ 5o — il - 5

Subtracting A/ z; 11 and (g¥) Tv; from both sides yields
A (Vi1 — 1) + ()T (i1 — o) + %H%H — 3
<N (@ —2e1) + (6)T (@ = ve) + Flo = vil} = FHle = o3
Since 2441 = LMOx(—)\¢), we have A/ (z — 2441) < 0. Hence,
M (@1 = 241) + () (err = ve) + S oees = vil
& — v 3.

2
The update of A;11 implies Azy1/Me+1 = A\e/Me + Vi1 — @441. Therefore,

Qi
< (g9) (@ —v) + 5 lz = vell3 —

1
)\;r(vt+1 — Tgg1) =M (n)\:(th’,l —le)) = % (
t

At |® [ A

Ui

2 ‘

Mt+1 ll2 2

= llves1 — mt+1|§> .

Substituting this identity into the previous inequality gives

A

(673 (677
< (@) (@ —v) + Sl = vl = S le = vl

P
Mt

2
At41

Q
— [ve+1 = $t+1|§> +(99) T (V1 — ve) + ?tHUHl —v)3

Mt+1 |2

2
By Young’s inequality,

gzl
20ét '

Q
(95) " (Vi1 —v) + ?tHUtJrl — vz =

Also, since vy € X and 24,1 € X, we use the crude bound |vs 1 — 24412 < 2Rx. Thus,

2
Uiz At+1 _
2 M+1 |l

Summing from¢ = 1to 7T — 1 gives

A 2 x||2 o o
777t ) _ gtz <(g9) " (x—vp) + ?t||a: —u)3 — ?tHJU — 1[5 + 20 R%.-
t 2

20ét

nr—1 >\T L1 Z_: Y N RS e i
9 2 (Me—1 — 1) D - 9
t=2 Nt Mile (= 4%
ISR o ) 1T—1 , aT ) 71
< D) (@ —v) + 5 le vz +3 Dl — )|z — w5 — | —or|3+2 ), nR%.
t=1 t=2 t=1

Since A\; = 0,1 = Mg 41, ¢ < ayr1, and |z — v¢|2 < 2Ry for all 2 € X and v, € X, we obtain
2

T—1 T-1 2
2L S ()T (0 — @) <2 R OéT L llgrl3
, + t:1(gt) (v —x) < (aT_1 + E m) x vr|3 + E 20

t=1
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Adding (¢%) " (vr — ) to both sides and applying Young’s inequality once more yields

nr-1 [Ar|f &
I+ D, (g (v — )
2 nrly 4
= 2 T Q- L Hgt HQ
<2|ar-1+ ne | Ry + (97) (vr — ) — 5 —or[3 + Z
t=1
<ofars+ Y n) R+ JEE L Z ' loil3
N - t=1 ' x 20r—1  [m 204 .

Let F; be the sigma algebra generated by all randomness up to the beginning of iteration ¢, and define
= E[gF | Fi] and & := gF — ¢¥. By Assumption 2, gF € 0f., (v;). Adding Zthl & (vy —x) to
both sides of the last display and using convexity of f, (+), we get

A
— = + (ve, 2¢) — [z, 2¢)
2 nr tZ:l )
(aT L Z ) Q\\gTHQ Z Hgtuuz €T
ar—1 2
Taking the maximum over x € X gives
nr—1 || -
5 777T +I;1€%§(t l(f(Ut,Zt)*f(l’,Zt))
N Z L lorl3 Z lgil3 , . im 2
s 2 arT_q =1 204,5 reX o ¢ ¢ ’

It remains to control the martlngale term. Since x; € X, for every reX,
T

T T
DG =)= Y & (v —wn) + D& (e — ) < th (v; — 1) + 2Rz
t=1

t=1 t=1 t=1

T
t=1 2
Because E[¢; | F¢] = 0 and v; — z; is F-measurable, E [Zt 1 & (v — xl)] = 0. Moreover,

ellsfiel ] < (e[lemisll]) - (Shimen)” < ar

< G2. Hence,
2

< 2GR T2, (A.3)

NN

where the last inequality follows from E||¢;[3 < E| g7

E [maxmex Zle &l (v — )

Taking expectations and using E|g¥|3 < G2 for all ¢ finally yields (A.1). This proves part (i), and
the proof is complete by symmetry. O

—_

A.2 Proofs of Proposition 2

To provide a unified theoretical framework, we extend the scope of Proposition 2 to include the
iterative structure of the PO-PO scheme in Algorithm 6.
This algorithm can be viewed as an anytime variant of
the stochastic subgradient descent-ascent algorithm in-  Input: p;, vy >0
troduced by Nemirovski et al. [50]. Crucially, while the I: Init: 21 € X,y1 € Y
original results in [50] are limited to the weak saddle 2 fort =1,...,7do

. X VY
gap guarantees, our generalized proposition allows us 3 (_gt ’gt( t)fT)i(?_f 1(32 ve)

Algorithm 6 Nonsmooth P0-PO

to establish the stronger saddle gap guarantee. We note 4 I = t N
that the stronger saddle gap admits a natural general- > “’ft“ Zﬁgi Eﬁtyt_ Pegi)
ization to variational inequalities, as discussed in [34]. 6: Y= ——p

t
We provide the full statement and its proof below for 7 Y = POy(ye — mgy)

8: end for
completeness.
P Output: TT, YT
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Proposition A.2 (Generalization of Proposition 2). Suppose Assumptions 1 and 2 hold.

(i) Let {x;}1>1 be the primal sequence generated by Algorithm 3 or 6 with parameters satisfying
Pt = pei1 forallt = 1. Define the dual evaluation sequence {zi}1>1 = {ut}1=>1 for Algorithm 3
and {zi}1=1 = {yt}1=1 for Algorithm 6. Then, for every T > 1,

T
. lﬂ%{ (f(l't,zt) — f($7zt))
t=1

2R% G piGP
< T VPN 0GR TR (AM)
pr 3 2

(ii) Let {y:}i>1 be the dual sequences generated by Algorithm 2 or 6 with parameters satisfying

Y& = Yi41 for all t = 1. Define the primal evaluation sequence {wi}i=1 = {vi}i1 for
Algorithm 2 and {w;}1>1 = {x¢}i=1 for Algorithm 6. Then, for every T > 1,
T 2 2
2R Gy
E [max > (f(we,y) = flwe,m)) | < =2+ Z T2V 4 26, RyTY2. (A5)
yey i—1 YT =

Proof of Proposition A.2. By symmetry, it suffices to prove part (i). The proof of part (ii) follows
from the same argument after exchanging

(zt, 95 pt, X, Rx, G, z¢)  with  (ys, 97,76, Vs Ry, Gy, wy),
and replacing f, (-) by (—f)w, (-). We therefore prove only the primal inequality.
Fix any « € X'. The projected update gives
i1 = POx (2 — prgy), t=1,...,T.
By nonexpansiveness of the Euclidean projection,
leess = 23 < [oe — pegi — x5 = |z — 23 = 2p:(97) " (2e — 2) + P} |95 3.
Rearranging yields

) (s — ) < Jre =B lm —ald ool
‘ ' T 2 2p: 2
Summing this inequality from ¢ = 1 to T gives
T T T
Jzy — 3 | 1 < 11 > 2 leres — |3 pelgi 3
T —x) < ——= + = — —— ) |zt — 2|5 — + .
0 wm o) < S5 = 5 5 (o )l —alh - SR 51

Since p; > piy1 and |z — ng < 2Ry for all t, we may drop the final negative term and obtain

r 2
;@WWﬂK ( ) ZMMajR Z“Mb

oT
Let F; denote the sigma algebra generated by all randomness up to the beginning of iteration ¢, so
that ¢ and z; are F;-measurable. Define gf := E[gf | %] and & := g — ¢g¥. By Assumption 2,
gr € 0f.,(x¢). Adding Z;‘ll ¢J (zy — x) to both sides of the last display and using convexity of
f=. () gives, for every x € X,

S S o 2B% pelgy |3
Z(f(l'tvzt) (z,21)) th (zt — ) Z +25t (ze — ).
- e} pT 2
Taking the maximum over x € X yields
T T T
2R3 pelgrl3
gleag}tﬂ(f(xtvzt)*f(%zt)) < pTX +t; Qt 2 +I;}E3§<t;§;($t*$)-

The martingale term is controlled by the same argument used to derive (A.3). Namely, replacing v;
by x; gives

E [maxwe/y Zthl 5:(@ - x)] < 2GRy TY2.
Taking expectations and using E| ¢33 < G2 for all ¢ gives (A.4). This proves part (i), and the proof
O

is complete by symmetry.
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A.3 Proofs of Theorem 1 (i)

We first present the detailed version of Theorem 1 (i), including explicit constants and parameter
choices.

Theorem A.1 (Detailed version of Theorem 1 (i)). Suppose Assumptions I and 2 hold. Let {x, yi }1>1
be the primal-dual sequence generated by Algorithm I with parameters

=Cit+ D2, B =Cot+ DY e = Cat+ 1)V m=Cu(t+ 1)1
for some Cy,Cy,Cs,Cy > 0. Then, for every T > 2,

2(Cy + 2C5)R% + 3% + S5 1 2GR

E [ (or.9) - min f(o.r)| <

T1/2
G2
2(Cy + 2C4)R§; 2Cy + 204 +2G Ry
+ T1/2

IfCi1 = C3 = Gx/Rx and Cy = Cy = Gy /Ry then the bound becomes

10(G Ry + G Ry)
T1/2

E [rgea)gc f(@r,y) —min f(z, yT)] <

The proof relies on the following lemma, which bounds the strong saddle gap for arbitrary monotone
parameter sequences using Proposition A.1.

Lemma A.2. Suppose Assumptions 1 and 2 hold. Let {x,y;}1>1 be the primal-dual sequence
generated by Algorithm 1 with parameters satisfying oz < qsy1, Be < Bia1, e = M1 and
Ty = Tyy1 forallt = 1. Then, for every T > 2,

E [r;lgg{f(xT, y) — gélglgf(xa Z/T)]

T—1 T—1
2 G2 1 G2 G2 2G«Rx
< — R X X X
T( +Z"t> X+2T1T+T22at+2TnT,1+ T1/2

2 - G? 1 & G? G? 2GR
— _ R 4+ Y - y y y vy
+T(BT 1+§1n) y+25T_1T+T;2ﬂt+2TTT_1+ 7

Proof of Lemma A.2. Define oy := % 31 v, and G := & 3] us. Since vy = z1 and uy = 1,
the LMO recursions imply

T
At Ar- L
— = Lo —ap = 2+ (wp—ap) + -+ (vo — mo) = Z(vt—xt):T(vT—xT),
nr Nr-1 "o 1

T
EL P g~y = Bt (ur —yr) + o (=) = Y (e — 1) = Tar = 5ir).
T -1 70

o~
Il
—

We first convert the primal regret bound in Proposition A.l into a bound with comparator 7.
By convexity of (—f),(-), we have Zthl —f(z,us) = —f(x,@r). Moreover, (—f)z() is Gy-
Lipschitz on Y, so

Gy
T

et

—f(x,ur) = —f(z,97r) — Gy|ur — yr|2 = —f(z,97) — -

2

Therefore, applying Proposition A.1 (i) with z; = u; gives
g | 1=t | AT ?
2T nr 9

T—1 T—1
2 G2 G2 QGXRX
<= .
T(O‘T1+Z”t)RX+2T1T T22at T/

Gy |
T

T
7 2 (v u) ~ min . 1)

(A.6)
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Similarly, by convexity of f,(-), we have 7 Zthl f(vr,y) = f(or,y). Adding (A.6) and (A.7)
cancels the average payoff term. It remains to lower bound the two quadratic expressions. For any
a>0,b>0,and s > 0, we use as?/2 — bs > —b?/(2a). Hence,

Al Gu| M G;
2T N |lo T nr o 2T77T71’
prl Gy lur| G
2T TT |9 T 7T |9 2TTT,1‘

Combining these bounds with (A.6) and (A.7) proves the claim. Since f,(-) is Gx-Lipschitz on X,
we also have

_ _ _ _ _ Gx )\T
fr,y) = f(@r,y) — Gx|or — Zr[2 = f(Z7,y) - T o
nr 2
Applying Proposition A.1 (ii) with w; = v; gives
2 T
TT—1 || MT Gx >\T
E — + Y ,
l 2T iy, T fnr I;leal%{f Y ; (o 1

(A7)

G2 T lG QGR
2y yrty
<3T 1+ZTt>Ry . 1T+T Zﬂt+ T2

Adding (A.6) and (A.7) cancels the average payoff term. It remains to lower bound the two quadratic
expressions. For any a > 0, b > 0, and s > 0, we use as?/2 — bs > —b?/(2a). Hence,

LTQ Ge|Ar| | __Gi el Gy u| &
2T | nr T |nr 2Tnr_,’ 2T | rrly, T ||y~ 2T7r_1
Combining these bounds with (A.6) and (A.7) proves the claim. O]

Proof of Theorem A.1. The parameter choices satisfy the monotonicity conditions in Lemma A.2.
Moreover, for every T' > 2,

ar_y = C T2, Br_1 = CoTY?, nr_1 = CsTY2, Tr_q = CyT~ Y2,

We also use

T—1 T—1 T—1
T1/2 1 2T1/2
< 20572 < 20,72 — < = <
; Mt 3 ) ; Tt 4 ) Z o ; 3, Cy
Substituting these bounds into Lemma A.2 gives the desired bound. O

A.4 Proofs of Theorem 1 (ii) and (iii)

We first present the detailed versions of Theorem 1 (ii) and (iii), including explicit constants and
parameter choices.

Theorem A.2 (Detailed version of Theorem 1 (ii)). Suppose Assumptions 1 and 2 hold. Let
{xt, yt }t=1 be the primal-dual sequence generated by Algorithm 2 with parameters

=Ci(t+D)V2 4 =Cot™2 = Ca(t+1)712
for some C1,Cy,C5 > 0. Then, for every T > 2,
2(01 + 203)R2X + 3G
T1/2
2Ry +C2G2 +2G vRy.
T1/2
If Cy = C5 = Gx/Rx and Cy = Gy /Ry then the bound becomes

10GxRx + 5G4 Ry
T1/2

G3
305 + 2GRy

E [gg f(@r,y) — min f(z, yT)] <

E [rgga;{f(xq“, y) — rz%l}(l [z, ZUT)] =
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Theorem A.3 (Detailed version of Theorem 1 (iii)). Suppose Assumptions 1 and 2 hold. Let
{x¢, yt}e=1 be the primal-dual sequence generated by Algorithm 3 with parameters

By =Cit+ 1) pr=Colt + 1)V 7 = Cy(t+1)72
for some Cy,Co,Cs > 0. Then, for every T = 2
2% 4 ChG2 + 2GRy
T1/2
Q(Cl + 2C3)R2

E [ (o) - min £ (o) <

T1/2
IfCi = C3 = Gy/Ry and Cy = Gy/Rx then the bound becomes
5GyRx + 10GyRy
T1/2

E [max f(@r,y) — min f(x, ﬂT)] <
yey reX

The proof relies on the following lemma, which bounds the strong saddle gap for arbitrary monotone
parameter sequences using Propositions A.1 and A.2.

Lemma A.3. Suppose Assumptions 1 and 2 hold.

(i) Let{x¢,ys}+>1 be the primal-dual sequence generated by Algorithm 2 with parameters satisfying
oy < Qp1, M = Net1, and vy = Yeq1 for allt = 1. Then, for every T = 2,

E [1516%3( f(@r,y) — I;Iél)f(l f($7yT>:|

2 = G2 & G2 G2 2G, R
<= (aT_1 + > m) R% + += Z R *
t=1

T 2ap T T & 24,  2Tnp_y T2

T 2
2R§; l Z 'VtGy QGyRy
vyl T = 2 T1/2

(ii) Let {x¢,yt}i=1 be the primal-dual sequence generated by Algorithm 3 with parameters satisfying
Pt = piat, B < Bia1, and ¢ = Tyoq forall t = 1. Then, for every T = 2,

E [m%g( f(@r,y) — gél)l(l f(l’agT)]

ye

2R%, L1 L piG?: 2G<Rx
orT = T 2 T1/2
T-1 2 T—1 ~2 2
+ 2 G 16 GY 2GRy
2/BT_1T T i—1 Qﬁt QTTT_l T1/2

Proof of Lemma A.3. By symmetry, it suffices to prove part (i). The proof of part (ii) follows from
the same argument after exchanging the primal and dual roles.

_ T . .. .
Define v := % thl vg. Since v1 = x1, the LMO recursion implies

A < o
— = Z(vt —x) =T(op — Zp).

We first control the primal side. By convexity of (—f).(-), for every z € X, we have
T Zthl —flz,y) = —f(z, gT). Applying Proposition A.1 (i) with z; = y; gives

l 2T 7’}7 72.][ Ut7yt g.}:li‘lf(‘r,gT)
< z o + Z G’Q‘ Tle G2 2GxRX (A9
AN e S T T L4da, T TR
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We next control the dual side. By convexity of f,(-), we have Zthl f(v,y) = f(or,y). Since
[y () is Gx-Lipschitz on X,

G

for,y) = f(@r,y) — Gx|or — Zrl2 = f(Zr,y) — T

AT
nr

2
Applying Proposition A.2 (ii) with w; = v; gives

1 T
+ T ) 7 )
) max f(@r,y) T ;Zlf(vt Yt)

Gx

T

Ar
nr

E

- (A9)

T
_2Ry 1 3 1G} | 2GyRy

ST T 2 T2

t=1
Adding (A.8) and (A.9) cancels the average payoff term. It remains to lower bound the quadratic
expression in A7. For any a > 0,b > 0, and s > 0, we use as®/2 — bs > —b?/(2a). Hence,
Arl? Gy | Ar G2

nrly . 2Tnr—1

nNr—1
2T

nr T
Combining this bound with (A.8) and (A.9) proves part (i), and therefore completes the proof. [

2

Proof of Theorems A.2 and A.3. We prove the two detailed theorems by substituting the stated pa-
rameter choices into Lemma A.3. For the LMO-PO case, the parameters satisfy

ar_1 = C1T1/27 nr—1 = CgT_1/2, yr = CQT_l/Q.

Moreover,

Substituting these estimates into Lemma A.3 (i) gives the desired bound in Theorem A.2.
The proof of Theorem A.3 is identical, using Lemma A.3 (ii) together with

pr = CoT ™2, Br_1 = CiT"?, tr_q = C3T ™2,
and the analogous bounds

T T-1 T-1 1 2T1/2
Z Pt < 2CQT1/2, Z T < 203T1/2, Z — < .
t=1 t=1 t=1 /Bt C(1

gives the desired bound in Theorem A.3. O

A.5 Strong Saddle-Gap Guarantee for the PO-PO Baseline

We first state the detailed convergence guarantee for Algorithm 6. This result is not part of Theorem 1,
but it follows from the same framework and gives the standard PO-PO benchmark in the strong
saddle-gap metric.

Theorem A.4. Suppose Assumptions 1 and 2 hold. Let {x¢,y:}+>1 be the primal-dual sequence
generated by Algorithm 6 with parameters

pr = Cht =12, v = Ot ™1/
for some C1,Cy > 0. Then, for every T > 1,

e 1 C1G2 126G Ry 2 1+ CyG2 + 2GRy
T1/2 + T1/2 !
If C1 = Gx/Rx and Cy = Gy /Ry then the bound becomes

5(GXRX + GyRy)
T1/2

E [?353{ f(@r,y) — min f(z, yT)] <
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The proof relies on the following lemma, which bounds the strong saddle gap for arbitrary monotone
parameter sequences using Proposition A.2.

Lemma A.4. Suppose Assumptions 1 and 2 hold. Let {x,y;}+>1 be the primal-dual sequence
generated by Algorithm 6 with parameters satisfying ps = pi+1 and v¢ = Vg1 for all t = 1. Then,
forevery T > 1,

E [glgg{ f(@r,y) — min f(%yT)]

J2R% Z PGy | 26xRy | 2R 1 i Gy | 2GyRy
pTT T T1/2 ’}/TT th 2 T1/2 '

Proof of Lemma A.3. We first control the primal side. By convexity of (—f),(-), for every x € X,
we have & 21| f(x,y,) < f(x,§r). Therefore,

T
_ 1
gle%@(*zlfxtvyt (z, yT)<f%§@<;(f(xtayt)_f(%yt))~
Applying Proposition A.2 (i) with z; = y; gives
T
1 . _ 2R2 p 2 QGXRX
7 2 f @y —min fe.gr) | < 27 T : s (A.10)
t=1

We next control the dual side. By convexity of f(-,y), for every y € Y, we have f(Zp,y) <
T
% Zt:l f(xty y). Hence,

T
maxf T,y Zf Tt Yt) % Z(f(l"t,y)—f(xt,yt))-
Yia

Applying Proposition A.2 (ii) with w; = z; gives

2R3 1 G Gy | 2G4 Ry
E | max f(#r.y —foa:t Ut) \—T+i; 5 oy (A.11)
Adding (A.10) and (A.11) cancels the average payoff term and proves the lemma. O

Proof of Theorem A.4. The parameter choices satisfy the monotonicity conditions in Lemma A.4.
Moreover,

r=CT % oy =GT 2

We also use
T T
Z pr < 20,12, Z Ve < 2C5TY2,
t=1 t=1
Substituting these estimates into Lemma A.4 gives the desired bound. O

A.6 Proofs of Theorem 2

For the convenience, we repeat the statement of Theorem 2.

Theorem A.5 (Restatement of Theorem 2). Let G > 0,Gy > 0, Ry > 0, Ry > 0 be fixed. Then,
for any generic LMO-LMO method of the form Algorithm 4 running for T > 1 iterations, there
exist convex compact subsets X < R™,Y < R™ with radii Ry and Ry, respectively, and a function
fe ‘F(C):x,Gy,H-HQ(Xv V) with T < min{m,n}/4 — 1 such that

, ) GyRx GyRy
max f(Tr,y) —min f(z, yr) 2T+ )2 AT+ 1)

€y
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Proof of Theorem A.5. Fix T > 1, and choose dimensions n, m such that n,m > 4(T + 1). Let

X = RX'An; Y= Ry'Am,

where Ay, := {z e R : Zle z; = 1}. The adversary initializes the method at the extreme points
1 = Ry -e;andy; = Ry - e1, and fixes LMO tie-breaking rules that always return extreme-point
minimizers. This is valid because a linear objective over a simplex always admits an extreme-point
minimizer. Consider the payoff function

f(@,y) = Gxlzl2 — Gylyll2.
The function f is convex in z and concave in y. It is also easy to verify that f € ]-'g G

(X, D).

Since x; is an extreme point of X" and each primal LMO call returns an extreme point of X, all points
Z1,...,xp41 are vertices of Ry - A,. By Algorithm 4, the output satisfies

villll2

Tr € conv{xy,...,Tr41}
Therefore, there exist distinct indices 41, . . ., ik, € [n] with kr < T + 1 such that
Tr € Ry -convie;,,... e }.
Consequently, we have

_ . Rx Rx
|Zr|2 = mln{HxHQ :x € Ry - conv{e;,, .. .,eikT}} = leT > (R

Similarly, since y; is an extreme point of ) and each dual LMO call returns an extreme point of ),

all points y1, ..., yr+1 are vertices of Ry - A,,, we have

Ry
grle = ———r.
lyrl2 (T +1)1/2

On the other hand, over the full simplices,

Ry Ry

gg/{} [z]2 = Tz I;g)r} lyl2 = 2

Therefore,

Ig/lea)g(f(fT,y) - ggg(lf(%ﬂT) = Gx|zrl2 — Gy 15161)1} lyll2 — Gx min |zll2 + Gy |yr|2

_ GRx  GiRx _ GyRy  GyRy
TTADE . 2 (T )R mie

Since n,m = 4(T + 1), we have

1 1 1 1
— S s < .
P2 S AT+ )2 miE S (T + 1)1
Combining the last two displays gives the desired bound. O

A.7 Proofs of Theorem 3

For the convenience, we repeat the statement of Theorem 3.

Theorem A.6 (Restatement of Theorem 3). Let Gx > 0,Gy > 0, Ry > 0, Ry > 0 be fixed. Then,
for any generic LMO-PO method of the form Algorithm 5 running for T' > 1 iterations, there exist

convex compact subsets X < R"™ Y < R™ with radii Ry and Ry, respectively, and a function
feFe. Gy o (X V) with T' < min{m,n}/4 — 1 such that

GxRx N GyRy
T+ 1)Y2  2(T +1)1/2
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Proof of Theorem A.6. Fix T > 1, and choose dimensions n, m such that n,m > 4(T + 1). Let
X = RX . An

The adversary initializes the primal variable at the extreme point x1 = Ry - e and fixes an LMO
tie-breaking rule that always returns an extreme-point minimizer. For the dual variable, we invoke
the classical nonsmooth first-order lower bound over the Euclidean ball. Namely, for any adaptive
first-order method making 7" oracle queries and returning ¥, there exist a compact convex set
Y := Ry - By and a convex Gy-Lipschitz function Ar4q : Y — R such that

_ . GyR)/
hr1 (1) — 2%1} hri1(y) = m

This is the standard nonsmooth lower-bound construction of Nesterov [56]. For completeness, we
repeat the construction here. Set

(A.12)

Ry
6= .
AT(T + 1)1/2
We inductively construct signs aq, ..., ar+1 € {1} and distinct coordinates o'(1),...,0(T + 1) €
{1,..., m}. After y;, has been determined, choose
o(k)e arg max [C79

je[m]\{o(1),...,0(k—1)}

and choose ay, € {£1} so that

ar(Yr)o) = |(Wr)o )l
Fork =1,...,T 4 1, define

hi(y) := Gy max {a;yyu) —2(i —1)6}.

1<i<k

We claim that the final function hp; is consistent with all information revealed to the algorithm
during the first T iterations. To see this, fix 1 < s < k < T+1and any y € ) such that ||y —y;l2 < 4.
For every i > s, the coordinate o (7) was still unused when o(s) was chosen. Hence
|(ys)a'(s)| = |(ys)a(z)| = ai(ys)a(i)'

Therefore,

aiya(i) — 2(2 — 1)5 ai(ys)(,(i) + o — 2(2 - 1)(5
|(ys)0'(s)| +0 —2s0
|(Ys)o(s)| — (25 = 1)8
AsYo(s) — 2(s — 1)d.

NN

N

Thus every affine piece added after step s is dominated on the ball {y : ||y — ys|2 < d} by the s-th
affine piece, which already appears in h;. Consequently,

hi(y) = he(y),  VYye YV suchthat |y — y.]2 < 6.

In particular, the values and subdifferentials observed at each previous query ys, s < 7', are identical
for h and for the final function iz ;. The function h7 4 is convex and Gy-Lipschitz on ), since it
is the maximum of affine functions whose slopes have Euclidean norm G. Moreover,

Gy Ry
i <G . ax @ — vty
min 7+1(y) v, JhaX | i) (T + 1)172

On the other hand, since §y7 = yr41 in Algorithm 5, we have

hri1(yri1) 2 Gy (ari1(yri1)o(r+1) — 2T6) = Gy (|(yr41)o(r+1)| — 2T6) = —2G, T,
Therefore, by the choice of 9,
Gy Ry

= . GyRy
h(yr) — min h(y) > W

min T 2G, TS =
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Define now the saddle payoff
f(x,y) == Gxlzl2 — hria(y).

Since x is an extreme point of X and each primal LMO call returns an extreme point of &, all points
Z1,...,or4q are vertices of Ry A,,. By Algorithm 5, the output satisfies

Zr € Ry - conv{e;,, ..., Ciry }.

Consequently, we have

_ . Rx Rx
|Z7]2 = min {HﬂCHz :x € Ry - conv{e;,, .. .,eikT}} = W > [

Since n > 4(T + 1), we may conclude that

GxRx

m. (A.13)

Gx|zZ7]2 — Gxmin [z]; =
zeX
Finally, by the separable form of f,
o £(or,9) i 2. 9) = Gullrla win e () (i lels = b () )
% TeX yey reX

ye
= Gx|Zr|2 — Gxmin |z]2 + hry1(¥r) — minhr 4 (y).
reX yey

Combining this identity with (A.12) and (A.13) yields the desired bound. O]

B Implementation Details

This appendix collects the implementation details used in Section 5. In all experiments, the suffix
Deterministic means that the method uses the full subgradient oracle, while the suffix Stochastic
means that the method uses an unbiased stochastic estimate of the same oracle. The algorithm names
LMO-LMO, LMO-PO, PO-LMO, and PO-PO refer to the oracle used for the primal and dual domains,
respectively. They correspond to Algorithms 1 to 3 and 6, respectively. For LMO-based updates, we
use simple enclosing sets X 2 X and Y 2 ). These sets are chosen so that projection onto them is
computationally cheap, while the actual feasible updates over &’ and ) are performed using LMOs
whenever the corresponding method uses an LMO. For the robust classification problem, we rely on
the following set ) for the inexpensive projection step.

Lemma B.1. Given any c € R™, let [c]; = max{c, 0} componentwise. For
Yi={yeR":y>0,[yl <1},
it holds that

—(¢c) = [c]+
O3 () = s o 1)

Proof of Lemma B.1. Computing PO3;(c) is equivalent to solving
min{|y —cl3:y >0, Jyl2 < 1}.
yeRn

Since the feasible set is the intersection of the nonnegative orthant and the Euclidean unit ball, the
negative coordinates of ¢ are first clipped to zero. Thus the problem reduces to projecting [c] onto
the Euclidean unit ball. If ||[c] ||z < 1, then [c] is feasible and is the projection. If |[¢] |2 > 1,
the Euclidean projection onto the unit ball is [¢] /| [¢]+|2. Combining the two cases gives

[c]+
max{|[c] ]2, 1}

This proves the claim. O

POS}(C) =

The projection and LMO formulas used in the experiments are summarized in Table 1, where the
input is the vector c or the matrix C' depending on the context.
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Table 1: Summary of LMOs and POs.

Set LMO PO
. C C
Frobenius Ball —T6T If|Clz>rY =r5.
(Yle <m) Else Y = C.
Nuclear Ball —r(uiof) 1. Full SVD: C = UXV7T.
(Y« <) (Top singular triplet) 2. Project diag(X) onto r-Simplex.

3. Reconstruct: Y = UV L.

Nonnegative Ball — 1. Nonnegative clip: [c]+ = max(0, ¢)
(yl2 <7,y = 0) 2.1 [ |2 > 7, ¥ = rld Blse y =[]
r-Simplex —rsign(c;) - e; 1. Sort C' in descending order.

Qlys =r,y=0) wherei = argmin(c) 2. Find 7 s.t. >, max(¢; — 7,0) = r.
3. Output: y; = max(c; — 7, 0).

B.1 Matrix Completion with Spectral Norm Fit

Juditsky and Nemirovski [33] considered the spectral norm fit problem
min_JACX) = Blop, B.1)

X5 <1
where X € R™*P is the decision variable, B € R"*?, and A : R"*P — R™*4 ig a linear map.
Problem (B.1) admits the saddle-point reformulation
min  max Tr[(A(X)-B)"Y].

X<l [Y]s<1

For the matrix completion with spectral norm fit problem, we generate a synthetic instance as
suggested by [33] as follows: We set p = n and ¢ = m = 2n with n = 200 and the map .4 given by

k
AX) = 1 LiXR],

i=1

where L; € R™*" and R; € R?*? with L; = L;/|Li|op and R; = R;/|R;|op and L;, R; are
randomly generated by standard normal distributions. In our experiment, we set k = 2. The
construction of the observation matrix B begins with the generation of a ground-truth signal
Viwe € R™*™. To ensure this matrix is low-rank, we first define the rank as r = |4/n|. We then
sample two latent factor matrices U, V' € R™*” from a standard normal distribution and form the
base signal matrix through the outer product Ve = U VT,

To construct B, we first compute Viye = Vioase/ | Voase | +» Which ensures that the resulting ground-truth
matrix has a unit nuclear norm. This normalized signal is then passed through a linear observation
operator A(+) to produce the clean measurement matrix Bejean = A(Vie) € R™*™. We then
generate a raw noise matrix F,, € R"*" where each entry is sampled from standard normal
distribution. This matrix is then rescaled by its spectral norm and multiplied by a specified noise
level ¢ to form the error matrix £ = 0 - (Eraw/|| Eraw |op)- The observed matrix B is then obtained by
the summation of the clean measurements and this spectrally-scaled noise, B = Bgjean + F.

For initialization, we start with Xy = POy (X 0)and Yy = POy(YO) where entries of X, and Yj
are randomly generated by uniform distribution over [—1000, 1000]. For Algorithm 1, Algorithm 2,
Algorithm 3 and Algorithm 6, the stepsizes are given by

1\ V2 0.1 1 \"2
Oétzﬂt:(m) & 77t=’ft=m & 'YtZPt=<t_~_1) ,

26



which align with Theorem 1 and Theorem A.4. For X = {X € R"*? | | X, < 1}, we choose
the covering X = {X € R™*? | | X|r < 1}. For Y = {X € R™*49 | |Y |+ < 1}, we choose the
covering ) = {Y e R™*4 | |Y|g < 1}.

Moreover, since the payoff function in this experiment is smooth, we also implement LMO-LMO,
LMO-PO and PO-LMO methods [18], Alternating Gradient Projection (AGP) method [69], Extra-
Gradient (EG) method [36], Optimistic Gradient Descent-Ascent (OGDA) method [59]. To describe
the parameter choices, we follow the notation adopted in the corresponding paper. For LMO-LMO
method [18, Algorithm 1], we choose 74 = (t+1)"!and 8; = (t+ 1)~ /5 according to [18, Theorem
2.2]. For LMO-PO method [18, Algorithm 2], we choose 7, = (t + 1)"' and 8, = (¢t + 1)~/3
according to [18, Theorem 3.2]. For PO-LMO method [18, Algorithm 3], we choose 7 = (¢ + 1)_2/ 3
and 3; = (t + 1)~'/3 according to [18, Theorem 4.2]. For AGP method [69], we implement both
parameter choices in [69, Theorem 3.2 ], i.e., by = 0,¢; = (t + 1)*1/4, Be=(t+ 1)1/2, v+ = 10 and
in [69, Theorem 4.2], i.e., by = (t + 1)""/* ¢; = 0,3; = 10, = (t + 1)*/? which correspond to
parameter choices that ensure convergence in nonconvex-concave and convex-nonconcave settings,
respectively. For EG method [36], we choose the stepsize to be i and for OGDA method [59], we

_1

choose the stepsize to be 5=

payoff function.

where L = ¢ Zle [ Ls |lop | Ri |lop is the smoothness constant of the

Figure 2 provides the extended comparison on the smooth matrix completion instance. As expected
for this bilinear problem, the classical smooth methods, especially OGDA and EG, perform very well
when equipped with tuned stepsizes. Among the proposed nonsmoothing methods, LMO-LMO (Det)
and LMO-LMO (Sto) are the strongest variants, and they substantially outperform the smoothing-
based projection-free methods. The smoothing-based LMO variants decrease much more slowly
and remain close to their initial saddle-gap values over the plotted time horizon, reflecting the cost
of introducing and tuning a smoothing parameter. The AGP variants also improve more slowly
than EG/OGDA and the proposed LMO-based methods. Overall, the figure illustrates that, even
on a smooth problem where methods designed specifically for smooth saddle-point problems are
highly competitive, the proposed subgradient-based LMO methods remain effective and avoid the
deterioration observed for smoothing-based projection-free schemes.

Saddle Gap
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== LM0 — PO (Det) === LMO—PO (Sto) =*** LMO— PO (Smth) AGP (CVX — NCCV)
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=——P0 PO (Det) === PO— PO (Sto) — 0GDA

Figure 2: Additional comparison on the matrix completion problem with spectral norm fit.
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B.2 Robust Multiclass Classification with Hinge Loss

We use the robust multiclass classification model described in Section 5. In this experiment, we set

)\/

n?’

r=10, A= XN =1.

The primal and dual feasible sets are

n
X ={0ecR": |0, <r} and y—{yeR":yZQZyi—l}.
=1

For the LMO-based variants, we use the covering sets
X={0eR": |0|p<r}, and Y ={yeR":y>0,|yl|z <1}

The inclusion ) < Y follows because every probability vector has Euclidean norm at most one.
Projection onto X is a Frobenius-norm rescaling, while projection onto ) is given in Lemma B.1.

We initialize ©; = PO X((:)l) and y; = e1, where the entries of él are sampled independently from
the uniform distribution on [—1000, 1000]. The stepsizes are

0.01\ 2 10 2 0.01 \ /2
“ ==\ o e =) o T i)

These choices follow the scaling in Theorems 1 and A.4. Let

: T T
4;(0) = ;_Ié%{{l(] #b;) + 0 a; —0y,a;}.

The full primal subgradient is computed from % >t ¥i00;(©). The dual oracle uses the subgradient
of (—f)e(-), namely —24(0) +2An(ny — 1,,), where £(©) = (£1(©), ..., £,(0))T. The stochastic
variants replace the full sums by unbiased single-sample estimates. For this experiment, we report
the primal objective

1 & 2
©) := max<{ — i (©) — X|ny — 1, .
p(©) yey{n;y (©) = Alny 2}
Computing the full strong saddle gap is expensive at this scale because it requires solving both the
dual maximization problem and the primal minimization problem over the nuclear-norm ball. The
primal objective is substantially cheaper to compute and empirically tracks the same convergence
behavior.

28



	Introduction
	Contributions
	Related Works
	Notation and Outline

	Proposed Algorithms
	Convergence Guarantees
	Lower Bounds
	Numerical Results
	Proofs
	Proofs of Proposition 1
	Proofs of Proposition 2
	Proofs of Theorem 1 (i)
	Proofs of Theorem 1 (ii) and (iii)
	Strong Saddle-Gap Guarantee for the PO-PO Baseline
	Proofs of Theorem 2
	Proofs of Theorem 3

	Implementation Details
	Matrix Completion with Spectral Norm Fit
	Robust Multiclass Classification with Hinge Loss


