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Abstract

Gradient descent-ascent (GDA) is a widely used algorithm for minimax optimization. How-
ever, GDA has been proved to converge to stationary points for nonconvex minimax optimiza-
tion, which are suboptimal compared with local minimax points. In this work, we develop
cubic regularization (CR) type algorithms that globally converge to local minimax points
in nonconvex-strongly-concave minimax optimization. We first show that local minimax
points are equivalent to second-order stationary points of a certain envelope function. Then,
inspired by the classic cubic regularization algorithm, we propose an algorithm named Cubic-
LocalMinimax for finding local minimax points, and provide a comprehensive convergence
analysis by leveraging its intrinsic potential function. Specifically, we establish the global
convergence of Cubic-LocalMinimax to a local minimax point at a sublinear convergence rate
and characterize its iteration complexity. Also, we propose a GDA-based solver for solving
the cubic subproblem involved in Cubic-LocalMinimax up to certain pre-defined accuracy,
and analyze the overall gradient and Hessian-vector product computation complexities of
such an inexact Cubic-LocalMinimax algorithm. Moreover, we propose a stochastic variant of
Cubic-LocalMinimax for large-scale minimax optimization, and characterize its sample com-
plexity under stochastic sub-sampling. Experimental results demonstrate faster convergence
of our stochastic Cubic-LocalMinimax than the standard stochastic GDA algorithm.

1 Introduction

Minimax optimization (a.k.a. two-player sequential zero-sum games) is a popular modeling framework that
has broad applications in modern machine learning, including game theory (Ferreira et al., 2012), generative
adversarial networks (Goodfellow et al., 2014), adversarial training (Sinha et al., 2017), reinforcement learning
(Qiu et al., 2020; Ho and Ermon, 2016; Song et al., 2018), etc. A standard minimax optimization problem is
shown below, where f is a smooth bivariate function.

Jnin max f(@,y). (P)
In the existing literature, many optimization algorithms have been developed to solve different types of
minimax problems. Among them, a simple and popular algorithm is the gradient descent-ascent (GDA),
which alternates between a gradient descent update on x and a gradient ascent update on y in each iteration.
Specifically, the global convergence of GDA has been established for minimax problems under various types
of global geometries, such as convex-concave-type geometry (f is convex in z and concave in y) (Nedié
and Ozdaglar, 2009; Du and Hu, 2019; Mokhtari et al., 2020; Zhang and Wang, 2021), bi-linear geometry
(Neumann, 1928; Robinson, 1951) and Polyak-FLojasiewicz geometry (Nouiehed et al., 2019; Yang et al., 2020),
yet these geometries are not satisfied by general nonconvex minimax problems in modern machine learning
applications. Recently, many studies proved the convergence of GDA in nonconvex minimax optimization for
both nonconvex-concave problems (Lin et al., 2020; Nouiehed et al., 2019; Xu et al., 2020d) and nonconvex-
strongly-concave problems (Lin et al., 2020; Xu et al., 2020d; Chen et al., 2021). In these studies, it has been
shown that GDA converges sublinearly to a stationary point where the gradient of an envelope-type function
®(z) := max, f(x,y) vanishes.
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Although GDA can find stationary points in nonconvex minimax optimization, the stationary points may
include candidate solutions that are far more sub-optimal than global minimax points. However, finding
global minimax points is in general NP-hard (Jin et al., 2020). Recently, Jin et al. (2020) proposed a notion
of local minimax point that is computationally tractable and is close to global minimax point. Specifically,
a local minimax point (x,y) is a stationary point that satisfies the following second-order non-degeneracy
conditions (see Definition 1 for the formal definition).

Voo f(2,y) <0, [Virf = Vief(Vaef) ' Vai f](z,y) > 0.

In the existing literature, several studies have proposed Newton-type GDA algorithms for finding such local
minimax points. Specifically, Wang et al. (2020) proposed a Follow-the-Ridge (FR) algorithm, which is a
variant of GDA that applies a second-order correction term to the gradient ascent update. In particular, the
authors showed that any strictly stable fixed point of FR is a local minimax point, and vice versa. In another
work (Zhang et al., 2021), the authors proposed two Newton-type GDA algorithms that are proven to locally
converge to a local minimax point at a linear and super-linear convergence rate, respectively. However, these
second-order-type GDA algorithms only have asymptotic convergence guarantees that require initializing
sufficiently close to a local minimax point, and they do not have any global convergence guarantees. Therefore,
we are motivated to ask the following fundamental question.

e Q: Can we develop globally convergent algorithms that can efficiently find local minimax points in nonconvez
minimax optimization? What are their convergence rates and complexities?

In this work, we provide comprehensive answers to these questions. We develop deterministic and stochastic
cubic regularization type algorithms that globally converge to local minimax points in nonconvex-strongly-
concave minimax optimization, and study their convergence rates, computation complexities and sample
complexities under standard assumptions. We summarize our contributions as follows.

1.1 Our Contributions

We consider the minimax optimization problem (P), where f is twice-differentiable with Lipschitz continuous
gradient and Hessian and is nonconvex-strongly-concave. In this setting, we first show that local minimax points
of f are equivalent to second-order stationary points of the envelope function ®(x) := maxyer~ f(x,y). Then,
inspired by the classic cubic regularization algorithm, we propose an algorithm named Cubic-LocalMinimax
to find local minimax points. The algorithm uses gradient ascent to update gy, which is then used to estimate
the gradient and Hessian involved in the cubic regularization update for = (see Algorithm 1 for more details).

Global convergence. We show that Cubic-LocalMinimax admits an intrinsic potential function H; (see
Proposition 3) that monotonically decreases over the iterations. Based on this property, we prove that every
limit point of {x;}; generated by Cubic-LocalMinimax is a local minimax point. Moreover, to achieve an
e-accurate local minimax point, Cubic-LocalMinimax requires O(L2H1'56’3) number of cubic updates and

O(Lyk*5€¢3) number of gradient ascent updates, where £ > 1 denotes the problem condition number.

GDA-Cubic solver. The updates of Cubic-LocalMinimax involve a cubic subproblem that has a very
special Hessian structure. To solve this subproblem, we reformulate it as a minimax optimization problem,
for which we develop a GDA type solver (see Algorithm 4). We name such a variant of Cubic-LocalMinimax
as Inexact Cubic-LocalMinimax. By bounding the approximation error of the cubic solver carefully, we
establish a monotonically decreasing potential function and establish the same iteration complexity as that of
Cubic-LocalMinimax. Moreover, the total number of Hessian-vector product computations involved in the
cubic solver is of the order O(L;k%e~%).

Sample complexity. We further develop a stochastic variant of Cubic-LocalMinimax named as Stochastic
Cubic-LocalMinimax, which applies stochastic sub-sampling to improve the sample complexity in large-scale
minimax optimization. In particular, we adopt time-varying batch sizes in a way such that the induced
gradient inexactness and Hessian inexactness are adapted to the optimization increment ||z; — z;—1|| in the
previous iteration. Consequently, to achieve an e-accurate local minimax point, we show that stochastic
Cubic-LocalMinimax requires querying O(x%°¢~7) number of gradient samples and O(x%°¢~°) number of
Jacobian samples.
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1.2 Other Related Work

Deterministic GDA algorithms: Yang et al. (2020) studied an alternating gradient descent-ascent (AGDA)
algorithm in which the gradient ascent step uses the current variable z;; instead of z;. Xu et al. (2020d)
studied an alternating gradient projection algorithm which applies /5 regularizer to the local objective function
of GDA followed by projection onto the constraint sets. Daskalakis and Panageas (2018); Mokhtari et al.
(2020); Zhang and Wang (2021) analyzed optimistic gradient descent-ascent (OGDA). Mokhtari et al. (2020)
also studied an extra-gradient algorithm which applies two-step GDA in each iteration. Nouiehed et al.
(2019) studied multi-step GDA where multiple gradient ascent steps are performed, and they also studied the
momentum-accelerated version. Cherukuri et al. (2017); Daskalakis and Panageas (2018); Jin et al. (2020)
studied GDA in continuous time dynamics using differential equations. Adolphs et al. (2019) analyzed a
second-order variant of the GDA algorithm.

In a concurrent work (Luo and Chen, 2021), the authors proposed a Minimax Cubic-Newton algorithm that
is different from our Cubic-LocalMinimax in various aspects, as we elaborate with more details in Sections 4
and 5. First, our algorithm adopts a very different output rule, which leads to a different algorithm design of
the cubic solver as well as different convergence proof strategies. Second, we develop a GDA-based solver
for solving the cubic subproblem, whereas they use a gradient-based solver with Chebyshev polynomials.
Moreover, we develop a stochastic version of Cubic-LocalMinimax and analyze its sample complexity, which
to our knowledge has not been studied in the existing literature.

Stochastic GDA algorithms: Lin et al. (2020); Yang et al. (2020) analyzed stochastic GDA and stochastic
AGDA, which are direct extension of GDA and AGDA to the stochastic setting. Variance reduction techniques
have been applied to stochastic minimax optimization, including SVRG-based (Du and Hu, 2019; Yang et al.,
2020), SPIDER-based (Xu et al., 2020c), SREDA (Xu et al., 2020b), STORM (Qiu et al., 2020) and its
gradient free version (Huang et al., 2020). Xie et al. (2020) studied the complexity lower bound of first-order
stochastic algorithms for finite-sum minimax problem.

Cubic regularization (CR): The CR algorithm dates back to (Griewank, 1981), where global convergence is
established. In (Nesterov and Polyak, 2006), the author analyzed the convergence rate of CR to second-order
stationary points in nonconvex optimization. In (Nesterov, 2008), the authors established the sub-linear
convergence of CR for solving convex smooth problems, and they further proposed an accelerated version of CR
with improved sub-linear convergence. Yue et al. (2019) studied the asymptotic convergence properties of CR
under the error bound condition, and established the quadratic convergence of the iterates. Recently, Hallak
and Teboulle (2020) proposed a framework of two directional method for finding second-order stationary
points in general smooth nonconvex optimization. The main idea is to search for a feasible direction toward
the solution and is not based on cubic regularization. Several other works proposed different methods to
solve the cubic subproblem of CR, e.g., (Agarwal et al., 2017; Carmon and Duchi, 2019; Cartis et al., 2011b).
Another line of work aimed at improving the computation efficiency of CR by solving the cubic subproblem
with inexact gradient and Hessian information. In particular, Ghadimi et al. (2017) proposed an inexact
CR for solving convex problem. Also, Cartis et al. (2011a) proposed an adaptive inexact CR for nonconvex
optimization, whereas Jiang et al. (2017) further studied the accelerated version for convex optimization.
Several studies explored subsampling schemes to implement inexact CR algorithms, e.g., (Kohler and Lucchi,
2017; Xu et al., 2020a; Zhou and Liang, 2018; Wang et al., 2018b).

2 Problem Formulation and Preliminaries

We consider the following standard minimax optimization problem (P), where f is a nonconvex-strongly-
concave bivariate function and is twice-differentiable. Throughout the paper, we define the envelope function

O (z) := maxyern f(x,y).

i . P
Join max f(z,y) (P)

Our goal is to develop algorithms that converge to a local minimax point of (P), which is defined as follows.

Definition 1 (Local minimax point). A point (z*,y*) is a local minimax point of (P) if there exists 69 > 0
and a function h that satisfies lims_,oq h(d) = 0 such that, for any § € (0,09] and any x,y that satisfies
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|z —2*|| <& and ||y — y*|| < 9§, we have

fay) < f@ty) < | omax o fl@y). (1)

Local minimax points are different from global minimax points, which require x and y to be the global
minimizer and global maximizer of the functions ®(z) and f(x,-) simultaneously. In general minimax
optimization, it has been shown that global minimax points can be neither local minimax points nor even
stationary points (Jin et al., 2020). However, global minimax necessarily implies local minimax in nonconvex-
strongly-concave optimization. Moreover, under mild conditions, many machine learning problems have been
shown to possess local minimax points, e.g., generative adversarial networks (GANs) (Nagarajan and Kolter,
2017; Zhang et al., 2021), distributional robust machine learning (Sinha et al., 2018), etc.

In (Jin et al., 2020), the following set of second-order conditions have been proved to be sufficient conditions
for local minimax points. Moreover, as we show later, our algorithm design is inspired by these conditions.
Definition 2 (Sufficient conditions for local minimax). A point (x,y) is a local minimax point of (P) if the
following conditions hold.

1. Stationary: Vi f(z,y) =0, Vaf(z,y) =0;
2. Non-degeneracy: Vaof(z,y) <0, and [Vuf — Vlgf(V22f>_1V21f] (z,y) > 0.

Throughout the paper, we adopt the following standard assumptions on the minimax optimization problem
(P). These conditions have been widely adopted in the related works (Lin et al., 2020; Jin et al., 2020; Zhang
et al., 2021).

Assumption 1. The minimaz problem (P) satisfies:
1. Function f(-,-) is Ly-smooth and function f(x,-) is u-strongly concave for any fived x;
2. The Jacobian mappings Vi1 f, Viof, Vo1 f, Vaof are Lo-Lipschitz continuous;

3. Function ®(x) := maxyecprn f(z,y) is bounded below and has bounded sub-level sets.

To elaborate, item 1 considers the class of nonconvex-strongly-concave functions f that has been widely
studied in the minimax optimization literature (Lin et al., 2020; Jin et al., 2020; Xu et al., 2020d; Lu
et al., 2020), and it is also satisfied by many machine learning applications. Item 2 assumes that the block
Jacobian matrices of f are Lipschitz continuous, which is a standard assumption for analyzing second-order
optimization algorithms (Nesterov and Polyak, 2006; Agarwal et al., 2017). Moreover, item 3 guarantees that
the minimax problem has at least one solution.

Under Assumption 1, the following properties regarding the gradient of the minimax problem (P) have been
proved in the literature. Throughout, we denote x = L;/u as the condition number.

Proposition 1. (Lin et al., 2020) Let Assumption 1 hold. Then, the mapping y*(x) := argmaxycr» f(,y)
1s unique for every fixed x. Moreover, it holds that

1. Mapping y*(x) is k-Lipschitz continuous;

2. Function ®(z) is L1(1 + k)-smooth and V®(x) = V1 f(z,y*(z)).

3 A Cubic Regularization Approach for Finding Local Minimax Points

In this section, we propose a cubic regularization type algorithm that leverages the cubic regularization
technique to find local minimax points of the nonconvex minimax problem (P). We first relate local minimax
points to certain second-order stationary points in Section 3.1, based on which we further develop the
algorithm in Section 3.2.

3.1 On Local Minimax and Second-Order Stationary

Regarding the conditions of local minimax points listed in Definition 2, note that the stationary conditions in
item 1 are easy to achieve, e.g., by performing standard gradient updates. For the non-degeneracy conditions
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listed in item 2, the first condition is guaranteed as f(z,-) is strongly concave. Therefore, the major challenge
is to achieve the other non-degeneracy condition [V11f — Vi2f(Va2f) ' Va1 f](z,y) = 0. Interestingly, in
nonconvex-strongly-concave minimax optimization, such a non-degeneracy condition has close connections to
a certain second-order stationary condition on the envelope function ®(z), as formally stated in the following
proposition.

Proposition 2. Let Assumption 1 hold. Then, the following statements hold.

1. Define mapping G(z,y) = [Vi1f — Viaf (Voo f) "' Var f](z,y). Then, G is a Lipschitz continuous mapping
with Lipschitz constant Lg = La(1 + k)?;

2. The Hessian of ® satisfies V2®(x) = G(z,y*(z)), and it is Lipschitz continuous with Lipschitz constant
Lo = Lg(1+ k) = La(1 + k)3.

The above proposition points out that the non-degeneracy condition G(z,y) > 0 actually corresponds to
a second order stationary condition of the envelop function ®(x). To explain more specifically, consider
a pair of points (z,y*(z)), in which y*(x) := argmax, f(z,y). Since f(z,-) is strongly concave and y*(x)
is the maximizer, we know that y*(x) must satisfy the stationary condition Vs f(z,y*(z)) = 0 and the
non-degeneracy condition Vaa f(x,y*(x)) < 0. Therefore, in order to be a local minimax point, = must satisfy
the stationary condition Vi f(z,y*(x)) = 0 and the non-degeneracy condition G(z,y*(z)) = 0, which, by
item 2 of Proposition 1 and item 2 of Proposition 2, are equivalent to the set of second-order stationary
conditions stated in the following fact.

Fact 1. Let Assumption 1 hold. Then, (x,y*(x)) is a local minimax point of (P) if x satisfies the following
set of second-order stationary conditions.

(Second-order stationary): V®(x) =0, V*®(zx) > 0.

To summarize, to find a local minimax point in nonconvex-strongly-concave minimax optimization, it suffices
to find a second-order stationary point of the smooth nonconvex envelope function ®(z). Such a key
observation is the basis for developing our proposed algorithm in the next subsection. We also note that the
proof of Proposition 2 is not trivial. Specifically, we need to first develop bounds for the spectrum norm of
the block Jacobian matrices in Lemma 2 (see the first page of the appendix), which helps prove the Lipschitz
continuity of the G mapping in item 1. Moreover, we leverage the optimality condition of f(z,-) to derive an
expression for the maximizer mapping y*(z) (see (42) in the appendix), which is used to further prove item 2.

3.2 The Cubic-LocalMinimax Algorithm

The standard gradient-descent-ascent (GDA) algorithm can only find stationary points, i.e., V®(z) = 0, in
nonconvex-strongly-concave minimax optimization (Lin et al., 2020). Such a type of convergence guarantee
does not rule out the possibility that GDA may get stuck at suboptimal saddle points of the envelope function
®, which are known to be the major challenge for training high-dimensional machine learning models (Dauphin
et al., 2014; Jin et al., 2017; Zhou and Liang, 2018). Therefore, we are motivated to escape the saddle points
and target at finding second-order stationary points. Importantly, the previous Fact 1 shows that these
second-order stationary points of ® are guaranteed to be local minimax points in nonconvex-strongly-concave
minimax optimization.

In the existing literature, many second-order optimization algorithms have been developed for finding second-
order stationary points of nonconvex minimization problems (Nesterov and Polyak, 2006; Agarwal et al.,
2017; Yue et al., 2019; Zhou et al., 2018). Hence, one may want to apply them to minimize the nonconvex
function ®(x) and find local minimax points of the minimax problem (P). However, these algorithms are
not directly applicable, as the function ®(x) involves a special mazimization structure and hence its specific
function form ® as well as the gradient V® and Hessian V2® are implicit. Instead, our algorithm design can
only leverage information of the bi-variate function f.

Our algorithm design is inspired by the classic cubic regularization algorithm (Nesterov and Polyak, 2006).
Specifically, to find a second-order stationary point of the envelope function ®(z), the conventional cubic
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regularization algorithm would perform the following iterative update.
1 1
541 € argmin VO (z;) ' s + isTVQQ(xt)s + a||s||3,

Tey1 = Tt + Stt1, (2)

where 7, > 0 is a proper learning rate. However, due to the special maximization structure of @, its gradient
and Hessian have complex formulas (see Propositions 1 and 2) that involve the mapping y*(x), which
cannot be computed exactly in practice. Hence, we aim to develop an algorithm that efficiently computes
approximations of V®(z), V2®(x), and use them to perform the cubic regularization update.

To perform the cubic regularization update in eq. (2), we need to compute V®(x;) = Vy f(xs, y*(x)) (by
Proposition 1) and V2®(z;) = G(x,y*(2:)) (by Proposition 2), both of which depend on the maximizer
y*(x¢) of the function f(zy,-). Since f(xy,-) is strongly-concave, we can run N iterations of gradient ascent to
obtain an approximated maximizer yx, ~ y*(2¢), and then approximate V®(z;), V2®(x;) using V1 f(x¢, Un,)
and G(z¢, yn, ), respectively. Intuitively, these are good approximations due to two reasons: (i) yn, converges
to y*(x¢) at a fast linear convergence rate; and (ii) both Vi f and G are shown to be Lipschitz continuous
in their second argument. We refer to this algorithm as Cubic Regularization for Local Minimax
(Cubic-LocalMinimax), and summarize its update rule in Algorithm 1 below, which terminates whenever
the maximum of the previous two increments ||s;—1|| V ||s¢]| is below a certain threshold €. Such an output
rule helps characterize the computation complexity of the algorithm. In Section 5, we provide a comprehensive
discussion on how to solve the cubic subproblem with the special Hessian matrix G(z¢, y;+1) using first-order
GDA type algorithms.

Algorithm 1 Cubic-LocalMinimax
Input: Initialize xg, Yo, learning rates n,, n,, threshold €', numbers of iterations T', IV,
Define ||so|| = ¢
for t=0,1,2,...,T—1do
Initialize yo = v«
for k=0,1,2,...,N; —1do
| Ykr1 = Uk + 10y Vaf (@, Uk)
end
Set yi+1 = Yn,. Solve the cubic problem for s;41:
argmin, Vi f(ze,ye+1)"s + 38" G@eyrn)s + g [Is]?
Update 441 = = + S¢41
end
Output: zp/,yr, T = min{t : ||se—1|| V ||s¢]] < €'}

4 Convergence and lteration Complexity of Cubic-LocalMinimax

In this section, we study the global convergence properties and the iteration complexity of Cubic-LocalMinimax.
The key to our convergence analysis is characterizing an intrinsic potential function of Cubic-LocalMinimax
in nonconvex minimax optimization. We formally present this result in the following proposition.

Proposition 3 (Potential function). Let Assumption 1 hold. For any o, > 0, choose ¢ < gfé, Ne <

(9L + 18 +28B) " and n, = +2—. Define the potential function Hy := ®(x¢) + (Lo + 2+ 38)||s¢||®. Then,

Li+p
when Ny > O(k1n Lla”St*lHz‘GLBléf;‘*‘L?”)”St” ), the output of Cubic-LocalMinimaz satisfy the following potential
function decrease property for all t € N.

Hip1 — Hy < —(Lo + a+ B) (IIsesl® + lIsel?). (3)

Proposition 3 reveals that Cubic-LocalMinimax admits an intrinsic potential function H;, which takes the
form of the envelope function ®(x) plus the cubic increment term ||s¢||. Moreover, the potential function H;
is monotonically decreasing along the optimization path of Cubic-LocalMinimax, implying that the algorithm
continuously makes optimization progress.
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The key for establishing such a potential function is that, by running a sufficient number of inner gradient
ascent iterations, we can obtain a sufficiently accurate approximated maximizer y;11 ~ y*(x¢). Consequently,
the V1 f(2¢,yev1) and G(z, yr41) involved in the cubic sub-problem are good approximations of V®(x;) and
V2®(z;), respectively. In fact, the approximation errors are proven to satisfy the following bounds.

V@ (1) = Vif(@e, yrsr)|| < Bl + ), (4)
IV2®(2¢) = G(e, yes) | < alllse]] + €). (5)

On one hand, the above bounds are tight enough to establish the decreasing potential function. On the
other hand, they are flexible and are adapted to the increment ||s¢|| = ||z — x;—1]| produced by the previous
cubic update. Therefore, when the increment is large in the initial iterations, it suffices to use coarse
approximations, and hence only a few number of inner gradient ascent iterations are needed. Such an idea of
adapting the inexactness to the previous increment in eqs. (4) and (5) are further leveraged to develop a
scalable stochastic variant of Cubic-LocalMinimax in Section 6. As a comparison, the Minimax Cubic-Newton
algorithm proposed in the concurrent work (Luo and Chen, 2021) adopts constant-level approximation errors,
ie., [|[V®(x;) — Vif(ze, yer1)] < O(€?) and ||V2®(x;) — G2, yi41)|| < O(¢')!, which may require more
gradient ascent iterations in practice.

Based on Proposition 3, we obtain the following global convergence rate of Cubic-LocalMinimax to a second-
order stationary point of ®. Throughout, we adopt the following standard measure of second-order stationary
introduced in (Nesterov and Polyak, 2006).

p(x) = VI[Ve()| v

—)\min(VQQJ(:r))
Vv33Lg
Intuitively, a smaller u(x) means that the point x is closer to being second-order stationary.

Theorem 1 (Convergence and complexity of Cubic-LocalMinimax). Let the conditions of Proposition 3 hold

* 2
with o = B = Le. For any 0 < e < L1v33Le VL?’GgL‘I’, choose €' = \/?ETq) and T > W. Then, the output
of Cubic-LocalMinimazx satisfies
p(zr) < e. (6)

Consequently, the total number of required cubic iterations satisfies T' < O(\/L2ﬁ1‘56_3), and the total
number of required gradient ascent iterations satisfies Ztho_l N, < 6(\/[42%2'56_3).

Remark: We note that the gradient ascent steps for updating yx41 in Algorithm 1 can be accelerated by
using the standard Nesterov’s momentum. In this way, the total number of required gradient ascent iterations
will reduce to the order O (\/Lign%*?’), which matches that of the Minimax Cubic-Newton algorithm proposed
in (Luo and Chen, 2021).

The above theorem shows that the gradient norm ||[V®(z;)|| vanishes at a sublinear rate O(T~3%), and the
second-order stationary measure —Apip (VQCD(l‘)) converges at a sublinear rate (’)(T_%). Both results match
the convergence rates of the cubic regularization algorithm for nonconvex minimization (Nesterov and Polyak,
2006). As a comparison, the standard GDA does not guarantee the convergence of —Apin (qu)(x)), and
its convergence rate of |[V® ()| is of the order O(T~2) (Lin et al., 2020), which is orderwise slower than
that of Cubic-LocalMinimax. Therefore, by leveraging the curvature of the approximated Hessian matrix
G(zt,yt+1), Cubic-LocalMinimax is able to find second-order stationary points of ® at a fast rate.

We note that the proof of the global convergence results in Theorem 1 is critically based on the intrinsic
potential function H; that we characterized in Proposition 3. Specifically, note that the cubic subproblem in
Cubic-LocalMinimax involves an approximated gradient Vi f(x¢, y¢+1) and Hessian matrix G(zy, yr41). Such
inexactness of the gradient and Hessian introduces non-negligible noise to the cubic regularization update of
Cubic-LocalMinimax. Consequently, Cubic-LocalMinimax cannot make monotonic progress on decreasing
the function value ®, as opposed to the standard cubic regularization algorithm in nonconvex minimization

LOur ¢ corresponds to O(y/€) in Luo and Chen (2021).
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(which uses exact gradient and Hessian). Instead, we take a different approach and show that as long as the
gradient and Hessian approximations are sufficiently accurate, one can construct a monotonically decreasing
potential function H; that leads to the desired global convergence guarantee.

5 How to Solve the Cubic Subproblem of Cubic-LocalMinimax?
The Cubic-LocalMinimax presented in Algorithm 1 involves a cubic subproblem that takes the following form.
1 1
St1 = argmin B(s):=g's+ isTAs + WHS”?), (7)

where g = V1 f(24,ye41), A= Hyy — HioHyy' Hoy with Hyp = Ve f (24, ye11)-

To solve the above cubic subproblem, one standard approach is to apply the existing gradient-based solvers
(Carmon and Duchi, 2019; Tripuraneni et al., 2018), which requires computing the Hessian-vector product
A - s. However, in Cubic-LocalMinimax, the Hessian matrix takes the complex form A = Hy; — HuH{legl
that involves product of block Jacobian matrices as well as matrix inverse. Hence, directly computing the
product of such a Hessian matrix with any vector can be highly inefficient. On the other hand, in the
concurrent work (Luo and Chen, 2021), the authors proposed two-timescale update rules for computing
such Hessian-vector product, where they approximate the matrix inverse H2_21 via Chebyshev polynomials?.
To further simplify these update rules and reduce computation, we next propose an efficient GDA type
algorithm to solve this cubic subproblem with the special Hessian matrix A.

Our main idea is to reformulate the cubic subproblem in order to avoid the matrix inverse H,," involved
in the Hessian matrix A. Specifically, we observe that the above cubic subproblem can be rewritten as the
following minimax optimization problem.

~ 1 1 1
min max ¢(s,v) :=g' s+ isTHns + s Hipv+ ivTHggv + 6—||$||3 (8)
S v 771/’

To explain, note that the above bi-variate function $ is strongly concave in v with the unique maximizer given
by v*(s) := argmax, ¢(s,v) = —H,y' Has. Substituting this maximizer into the function ¢(s,-) yields the
original cubic subproblem, i.e., 5(5, v*(s)) = ¢(s). Moreover, since 5(5, v) is a nonconvex-strongly-concave
function (because Hoe < —pul), we are motivated to develop a GDA type solver to solve it. Specifically,
our solver, named GDA-Cubic Solver, is partially inspired by the existing gradient-based cubic solvers
(Tripuraneni et al., 2018) and is summarized in Algorithms 4 and 5 in the appendix. To elaborate, the solver
performs updates based on the following two cases.

o Large gradient ||g|| > 4L%x%n,: In this case, the first-order gradient g is far from being stationary, and
it is more preferable to constrain the solution of the cubic subproblem in eq. (7) to s = _H’YTH g for some

~v > 0 (Tripuraneni et al., 2018). In particular, the optimal choice v*, named as Cauchy radius, has been
shown in (Conn et al., 2000) to take the following form.

T 2 T
. . 9N\ _ [(mg"Ag g Ag
v = argm1n¢< W—HQH) = \/() + 2029l — =5 9)

720 gl lgl]?
T
Here, to compute the quantity W with A = Hyq — H12H§21H217 we propose to rewrite it as

9'Ag _g"Hug  (Hayg) w* 1 Horg
lgl? g1l gl gl

Note that both Hi1g and Hs1g are Jacobian-vector products that can be efficiently computed by the
popular machine learning platforms such as TensorFlow (Abadi, 2015) and PyTorch (Paszke, 2019). To

compute w*, note that it can be viewed as the unique maximizer of the u-strongly concave problem

v
max,, %/LUTHQQU) — (Hﬁ;‘ﬁ) w. We can solve this problem by performing K gradient descent steps (see

, where w* := H,, (10)

eq. (59)) and obtain an approximated minimizer wx ~ w* with high accuracy.

2See eqgs. (36)-(37) of (Luo and Chen, 2021).
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o Small gradient |g|| < 4L2x?n,: In this case, we propose to solve the equivalent cubic subproblem in eq. (8)
via a nested-loop GDA type algorithm, as it is nonconvex-strongly-concave. Specifically, we first fix s and
maximize ¢(s, -) via gradient ascent for multiple iterations to estimate the maximizer v*(s) (see eq. (60)).
Then, we fix v and minimize ¢(-,v) via one step of perturbed gradient descent (see eq. (61)).

We note that all the steps of GDA-Cubic Solver are based on computing Jacobian-vector products, which can

be efficiently computed and does not require storing the Hessian matrix. Equipped with this GDA-Cubic
Solver, we propose the following Inexact Cubic-LocalMinimax algorithm summarized in Algorithm 2.

Algorithm 2 Inexact Cubic-LocalMinimax

Input: Initialize z¢, yo, learning rates 7,1, threshold €', numbers of iterations T, N
Define ||5p]| = €’
for t=0,1,2,...,T—1do
Initialize yo = y:
for k=0,1,2,...,N; — 1 do
| Ukt+1 = Uk + 1y Vaf(ze, Uk)
end
Set Y11 = Yn,
Approximately solve the cubic problem argmin, Vi f(z4,y141)"s + 35" Gy, yi41)s + i ||s||® for 5441 using
Algorithm 4 with g := Vi f(24,y441) and Hye := Ve f (24, ye41) (k£ € {1,2})
Update 441 = o + Sgp1
if ||5i—1]] V [|S¢]| < € then
Obtain 5 using Algorithm 5 with g := Vi f(a4,y¢11) and Hyp := Vief (@, ye401) (K, € € {1,2})
T :=min{t : ||Se—1|| V ||St]| < €'}« ¢
T =xp_1+5§
Output: Zp/, yr
end

end

We note that our Algorithm 2 is different from the Inexact Minimax Cubic-Newton Algorithm proposed in
Algorithm 3 of the concurrent work (Luo and Chen, 2021) in the following aspects.

o First, as mentioned in Section 4, we adopt the more relaxed adaptive gradient and Hessian approximations
in eqs. (4) & (5) for the gradient ascent steps, whereas they adopt constant approximation errors.

e Second, our GDA-based cubic solver is simpler and very different from their gradient descent-based
cubic solver that uses Chebyshev polynomials to handle the matrix inverse. Specifically, our cubic solver
computes the complex Hessian-vector product A - s via one-timescale gradient ascent steps (see eq. (60) in
Algorithm 4), whereas their solver uses two-timescale updates (see egs. (32)-(33) of (Luo and Chen, 2021))
that require more Hessian-vector product computations per iteration.

o Third, both our Inexact Cubic-LocalMinimax (Algorithm 2) and our GDA-based cubic solver (Algorithm 4)
adopt simple termination rules that are purely based on tracking the norm of the increments |[s¢—1||, ||s¢|l,
which are directly accessible in each iteration. As a comparison, the termination rules of their Inexact
Minimax Cubic-Newton Algorithm and its cubic solver need to additionally track the approximate objective
function value of the cubic subproblem, which requires additional computation.

We obtain the following overall computation complexity result of Algorithm 2.

Theorem 2 (Computation complexity of Inexact Cubic-LocalMinimax). Let Assumption 1 hold. For any 0 <

¢ < min (2323%7 120526102, LT”) and § € (0,1), choose ¢ = 1555—, T = O(VLa[®(x0) — & + e ?),
Ny = @((L@)—l); Ny = %—‘ru and Ny = @<l€1n LIOCHSt—lH’zLGle(;“FLzK)HStH) (see eq. (45)) in Algorithm 2.
When implementing Algorithm / at the t-th iteration, use hyperparameters in Lemma 6 with &' = 6/T
if IV1f(ze,ye1)|| < 4L3K%n,, and use those in Lemma 7 otherwise. When implementing Algorithm 5,
use the hyperparameter choices in Lemma 8. Then, with probability at least 1 — §, the output of Ineract
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Cubic-LocalMinimaz satisfies
/,L(%T/) S €. (11)

Consequently, the total number of required cubic iterations satisfies T' < O(\/Lgf-il'g’e’g), the total number
of required gradient ascent iterations satisfies ZtT:,al Ny < (’3(\/L2n2'5e’3), and the total number of required
Hessian-vector product computation (in Algorithms 4 € 5) is of the order O(Lik%e™%).

Remark: We can apply the standard Nesterov’s momentum to further accelerate the convergence rate of
the gradient ascent steps of Algorithms 2, 4 and 5. The resulting total number of gradient ascent iterations
and total number of Hessian-vector products will then be improved to O(v/Lak?e™3) and O(Lix'5e™),
respectively, which match those of the Inexact Minimax Cubic-Newton algorithm in (Luo and Chen, 2021).

Compared with Theorem 1, it can be seen from the above Theorem 2 that the total number of cubic iterations
and that of gradient ascent iterations remain the same, demonstraing the effectiveness of our proposed
GDA-based cubic solver. Moreover, since our algorithm design and cubic solver design are different from
those of (Luo and Chen, 2021), our convergence proof of Theorem 2 is therefore substantially different from
that of (Luo and Chen, 2021) in the following aspects.

o First, our Algorithm 2 adopts the more relaxed adaptive approximation criteria (4) & (5) to save
computation in practice, and thus cannot guarantee monotonic decrease of ®(x;). Instead, we established
D(z141) — P(2r) < —(11Lg + 8+ 1183)[|St4+1 1> + (9La + 6c + 98)||5¢|® (see eq. (99)), which implies that
our constructed potential function Hy := ®(x;) + (10Lg + 7ar + 103)5¢]|® is monotonically decreasing as
shown in Proposition 4.

o Second, as our Inexact Cubic-LocalMinimax (Algorithm 2) uses the termination rule ||$;_1]| V ||5¢|| < €
that only relies on the norm of the increments, we need to prove |[s7-||, |[s]] < O(€') in order to ensure the
second-order stationary condition p(z) < e. In particular, we have proved eq. (77) in Lemma 7, which
implies that ||37|| < € cannot hold under large gradient, so we conclude that ||V f(z7:, y7/11)|| < 4L2K2n,.
In this small gradient case, the eq. (65) we proved in Lemma 6 implies that the exact CR solution sp
satisfies ||s7/|| < 3€’, which combined with the final cubic solver (Algorithm 5) yields that the final CR
solution § must satisfy eq. (83) (i.e., ||5]] < 7€) in Lemma 8. As a comparison, the Inexact Minimax
Cubic-Newton Algorithm in (Luo and Chen, 2021) terminates based on tracking the objective function
value of the cubic subproblem, which requires additional Hessian-vector product computation in practice
and does not involve these technical developments.

6 Stochastic Cubic-LocalMinimax

In this section, we apply stochastic sub-sampling to further improve the performance and complexity of
Cubic-LocalMinimax in large-scale nonconvex minimax optimization with big data. Specifically, we consider
the following stochastic finite-sum minimax optimization problem (Q).

N
min max f(x,y) = %Zfl(x,y), Q)
i=1

zER™ ycRn

where N denotes the total number of training samples and f; corresponds to the loss function on the i-th
sample. We adopt the following assumptions.

Assumption 2. The stochastic minimax optimization problem (Q) satisfies:

1. For any sample i, function f;(-,-) is Li-smooth, function f;(-,y) is Lo-Lipschitz for any fized y, and
function f;(x,-) is p-strongly concave for any fived x;

2. For any sample i, the Jacobian mappings V11 fi, Viafi, Vo1 fi, Vaofi are Lo-Lipschitz continuous;

3. Function ®(x) := max,eprn f(z,y) is bounded below and has bounded sub-level sets.

10
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Applying Cubic-LocalMinimax to solve the above problem (Q) would require querying full partial gradients
and full Jacobian matrices that involve all the training samples. Instead, it is more efficient to approximate
these quantities via stochastic sub-sampling. Therefore, we propose a stochastic Cubic-LocalMinimax
algorithm, which replaces the exact quantities V1 f and G involved in the cubic update by their corresponding
stochastic approximations.

Specifically, to approximate the partial gradient Vi f, we sub-sample a mini-batch of samples By with
replacement from the training set and construct the following sample average approximation.

Vi) = 5 3 Vilia) (12)

i1€By

On the other hand, to approximate the matrix G, we sub- sample mini- batches of samples Bi11, B12, Ba1, Bos
with replacement and construct approximated Jacobian matrices V11 1, V12 1 V21 1, Vgg f in the same way as
above. Then, we construct the following approximation of G.

G(z,y) = [Virf = Viaf (Voo f) Va1 f] (2, y). (13)

We summarize the update rule of stochastic Cubic-LocalMinimax in Algorithm 3 below. In particular, we
run stochastic gradient ascent in the inner iterations to obtain the approximated maximizer y; 1, and its
high-probability convergence rate has been established in the existing stochastic optimization literature
(Harvey et al., 2019).

Algorithm 3 Stochastic Cubic-LocalMinimax
Input: Initialize 9, yo, learning rates 7,, threshold €', numbers of iterations T', N,
Define ||so|| = €
for t=0,1,2,...,T—1do
Initialize yo = y:
for k=0,1,2,...,N; —1do
Query a sample & to compute Vo fe(x, i)
Yk+1 = Yk + ﬁvﬁg(%,ﬂk)
end

Ny—1 ~
Set yi1 = D 1sp Wﬁl)yk

Sample minibatch By (t), B11(t), B12(t), B21(t), Baa(t) to compute eq. (12) and eq. (13). Then, solve the
following cubic problem for St41:

argmin, Vi f(zeyes1)Ts + 13TG(xt,yt+1)s + 677
Update T4l = T + St4+1

end

Output: z7/, yr with T/ = min{¢ : ||s;—1|| V ||s¢]| < €'}

s>

The following lemma characterizes the sample complexities of all the stochastic approximators for achieving a
certain approximation accuracy.

Lemma 1. Fix any 0 < e; < 2Lg, 0 < e2< 4L and choose the following batch sizes

L3 m
> 01 =
By > (9(6% In 5), (14)
L? m+n
|Bu1l, | Bizl, | Bail, | Baz| = O(Tlln ) (15)
€5 )
Then, the stochastic approximators satisfy the following error bounds with probability at least 1 — 4.
IVif(y) = Vif(a,y)l < e, (16)
Hviﬁf(x7y)_viéf($7y)” < €2, Vkvé € {172}7 (17)
G (2,y) — Gz, y)l| < (5 +1)%e. (18)

11
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Therefore, by choosing proper batch sizes, the inexactness of the stochastic gradient, Jacobian and Hessian
estimators can be controlled within a desired range. From this perspective, stochastic Cubic-LocalMinimax
can be viewed as an inexact version of the Cubic-LocalMinimax algorithm.

To characterize the convergence and sample complexity of stochastic Cubic-LocalMinimax, we adopt an
adaptive inexactness criterion for the sub-sampling scheme. Specifically, we choose time-varying batch sizes
in a way such that the gradient and Jacobian inexactness in iteration ¢ are proportional to the previous
increment, i.e., e1(t) oc ||s¢||%, e2(t) o ||s¢]|. Such an adaptive inexact criterion has been justified in the cubic
regularization literature (Wang et al., 2018a; 2019) with the following advantages: 1) it is adapted to the
optimization increment and hence leads to reduced batch sizes when the increment is large in the early
iterations; 2) it makes the batch size scheduling scheme in Lemma 1 practical, as the batch sizes in iteration
t now depend on the increment ||s;|| obtained in the previous iteration ¢ — 1. We also note that since the
sub-sampling scheme is adapted to the previous increment, the output rule of Algorithm 3 is designed to
control the value of both the current and the previous increments. This termination rule is critical to bound
the adapted gradient and Jacobian inexactness in the analysis.

We obtain the following global convergence and sample complexity result of stochastic Cubic-LocalMinimax.

Theorem 3 (Convergence and Sample complexity). Let Assumption 2 and Theorem 4 hold. For any 0 < e <

L1v/33Lg B(x0)—P*+8Lgpe’? Loln(1/8)+L3
Le v33L e < 55L = 3Lge’® and Ny 2 O(R*2(LiIIStH4+e4)AL§(HStH2+62/L¢))'

Moreover, in iteration t, choose the batch sizes according to eqs. (14) and (15) with the inexactness given by

, choose € =

Lo Lg

€1(t) = o (” e+ 332 )/\QLO, ea(t) = m(” tHJFW)

AN4Ly.

Then, the output of Stochastic Cubic-LocalMinimax satisfies
ulxy) <e. (19)

Consequently, the total number of cubic iterations satisﬁes T' < O(VLak'e=3), the total number of queried
gradient samples satisﬁes ZZL (Ni+[Bi(t)]) < O(Lom Lz 7”) and the total number of queried Jacobian

samples satisfies Zk 1 Ez LB (t)] < (9( ln m+”).

Therefore, under adaptive sub-sampling, the induced gradient and Jacobian inexactness €;(t),e2(t) are
properly controlled so that the iteration complexity T of stochastic Cubic-LocalMinimax remains in the same
level as that of Cubic-LocalMinimax. Moreover, as opposed to the sample complexity of Cubic-LocalMinimax
that scales linearly with regard to the data size IV, the sample complexity of stochastic Cubic-LocalMinimax
is independent of N. For example, by comparing the more expensive Jacobian sample complexity between
Cubic-LocalMinimax and stochastic Cubic-LocalMinimax, we conclude that stochastic sub-sampling helps

L?n
Loe2 |°

reduce the sample complexity so long as the data size is large, i.e., N > (5(

7 Experiments

In this section, we test the numerical performance of Cubic-LocalMinimax and compare it with the performance
of the standard gradient-descent-ascent (GDA) algorithm in solving a synthetic minimax optimization problem
and an adversarial machine learning problem.

7.1 Synthetic Minimax Optimization Problem

We consider the following finite-sum minimax optimization problem with parameters x = [x1, 72, 23] € R3
and y = [y1,y2] € R2

2

5
40 L Aryyy — 7 + Bizoys, (20)

N
;réﬁgggé%gf T,y) = Z , with fi(x,y) = w(xs) —

12
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where A;, B; > 0 are independently drawn from a uniform distribution over the interval [0.5,1.5], N = 1000
is the total number of samples, and the function w(-) is a W-shaped nonconvex function whose exact form is
presented in Appendix H. In this setting, each function f; is nonconvex-strongly-concave.

We apply our stochastic Cubic-LocalMinimax algorithm to solve the above synthetic problem. We choose
the initialization point to be = [0;0;1],y = [1;1] and set the batch size |Bi(t)| = |B11(t)| = |B12(t)| =
| B21(t)| = | B22(t)| to be 20,100, 500, respectively. We choose the number of gradient ascent steps Ny = 10
for each outer loop, the strong concavity constant ¢ = 1, and choose the learning rate 7, = 0.01. To solve the
cubic subproblem, we use the standard gradient descent with learning rate 0.01, as the gradient and Hessian
of ®(x) can be analytically computed for this synthetic problem.

= Batchsize B = 20 = Batchsize B = 20
0.03 = Batchsize B = 100 0.03 = Batchsize B = 100
—— Batchsize B = 500 —— Batchsize B = 500
0.02 0.02
z %
-] e
0.01 0.01
[1] 1]
\
0 20k 40k 60k 0 01 0.2 0.3
total sample size time

Figure 1: Sample complexity (left) and time complexity of stochastic Cubic-LocalMinimax under different
batch sizes. The y-axis denotes the function value of ®(x) = max, f(z,y) that we aim to minimize.

Figure 1 shows the sample complexity (left figure) and time complexity (right figure) of stochastic Cubic-
LocalMinimax under different batch sizes. Here, the y-axis denotes the function value of ®(x) = max, f(z,y),
which we aim to minimize. It can be seen that stochastic Cubic-LocalMinimax converges faster under a
smaller batch size. This is because the synthetic minimax problem involves relatively small noise so that the
stochastic gradients computed over a small batch of samples are sufficiently accurate.

We further compare the performance of stochastic Cubic-LocalMinimax with that of the standard stochastic
GDA using batch size 100 and the fixed initialization point = [0;0;1],y = [1;1]. For both algorithms, we
choose the gradient ascent steps Ny = 10 and u = 1. We do one step of cubic descent and one step of gradient
descend in each algorithm, respectively. The difference between the two algorithms is that the cubic solver
in Algorithm 3 is replaced with one gradient descent step, and both cubic solver and gradient descent step
have the same stepsize 0.01. Figure 2 shows the comparison of the sample complexity and time complexity
for both algorithms. It can be seen that our stochastic Cubic-LocalMinimax converges much faster than
stochastic GDA under both sample complexity measure and time complexity measure, demonstrating the
effectiveness of both the cubic regularization approach and our proposed GDA-Cubic Solver.

= GDA = GDA
0.03 = Cubic-LocalMinimax 0.03 = Cubic-LocalMinimax

®(x)
®(x)

0 20k 40k 60k 80k 100k 0 0.2 0.4 0.6 0.8 1.0 1.2
total sample size time

Figure 2: Comparison of sample complexity (left) and time complexity (right) between stochastic Cubic-
LocalMinimax and stochastic GDA.
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7.2 Adversarial Deep Learning

We further compare the stochastic Cubic-LocalMinimax with the classical GDA in the application of adversarial
deep learning, which aims to train an adversarially-robust convolutional neural network model (see Section
H.2 for the detail of the neural network structure) by solving the following minimax optimization problem
using the MNIST dataset with 50k training samples and 10k test samples.

n

min max l Z [f(he(fnyi)) - )‘Hgi - mzHQ} ) (21)

6 {6}, n =

where n = 50k is the number of training samples, 6 is the parameter of the neural network hg, (x;,¥;)
corresponds to the i-th image and label respectively, &; refers to the adversarial sample corresponding to x;,
and we choose cross-entropy loss function as ¢ and penalty coefficient A = 2.0.

When implementing stochastic Cubic-LocalMinimax (Algorithm 3), we choose batchsize |B;(t)| = |B11(t)| =
| B12(t)| = |Bo1(t)| = |B22(t)| = 512 and implement N; = 20 gradient ascent steps with stepsize 0.1. For the

cubic solver, we implement Algorithm 4 with 1, = 1 when ||g|| > 10 until K = 500 iterations is reached or
(| Hagwy, — %H < 107% in the update rule (59); Otherwise, we choose o = 0 (i.e. no random perturbation),
K =500, n, = 0.01, s = 0.001, 17, = 0.1 and N, = 5 until either K = 500 iterations is reached or the gradient
|g+ ‘[.’,[118;€ + Hyovy, + H29nkx‘| S%H) <
10~* in the update rules (60) & (61)). When implementing the classical GDA algorithm, we replace the cubic

solver of stochastic Cubic-LocalMinimax with 10 stochastic gradient descent steps to update € using also
batchsize 512 and stepsize 0.01, while the rest hyperparameters are not changed.

terms of both s, and vy, are sufficiently small (i.e., max (|| Hy;s), + Haovp.c|,

75 TERD = — - = Cubic-LocalMinimax 09w Cubic-LocalMinimax /___.—-——'_-'
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Figure 3: Comparison of ®(x) between stochas- ~ Figure 4: Comparison of robust test accuracy
tic Cubic-LocalMinimax and stochastic GDA.  between stochastic Cubic-LocalMinimax and

stochastic GDA.

Figure 3 compares the objective function value ®(x) at each epoch of both algorithms, which is estimated
via 50 gradient ascent steps with stepsize 0.1 to obtain the approximate maximizer {&;}? ;. It can be seen
that our stochastic Cubic-LocalMinimax algorithm has significantly faster convergence than GDA. Figure 4
further demonstrates the advantage of stochastic cubic in robust test accuracy which is estimated on test
samples. It can be seen that the robust model trained by stochastic Cubic-LocalMinimax is also more robust
in generalization.

8 Conclusion

We developed cubic regularization type algorithms that globally converge to local minimax points in nonconvex-
strongly-concave minimax optimization. These algorithms include the basic Cubic-LocalMinimax, Inexact
Cubic-LocalMinimax with our proposed GDA-based cubic solver and stochastic Cubic-LocalMinimax for large-
scale minimax optimization. By designing and leveraging an intrinsic potential function that monotonically
decreases over the iterations, we have obtained the computation or sample complexities required by each
algorithm to achieve an e-approximate local-minimax point. Experimental results demonstrate faster

14
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convergence of our stochastic Cubic-LocalMinimax than the standard stochastic GDA algorithm. A future
direction is to extend the proposed algorithms to bilevel optimization, which is a generalization of minimax
optimization.
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A Supporting Lemmas

We first prove the following auxiliary lemma that bounds the spectral norm of the Jacobian matrices.

Lemma 2. Let Assumption 1 hold. Then, for any x € R™ and y € R™, the Jacobian matrices of f(x,y) and
G(z,y) = [Virf — Viaf (Voo f) " Var f](z,y) satisfy the following bounds.

I[Vaaf(z, )] M < (22
[Vizf(z,y)l| = (Va1 f (2, y)|| < L1, (23
[Virf(z, y)ll < L, (24
Gz, y)ll < Li(1 + k). (25

NN NN

The same bounds also hold for @11]0, §12f, 621f, @22f and G defined in Section 6 under Assumption 2.

Proof. We first prove eq. (22). Consider any z € R™ and y € R". By Assumption 1 we know that f(z,-) is
p-strongy concave, which implies that —Vao f(2,y) = ul. Thus, we further conclude that

-1
1Va22.f (2, 9)] 7' | = Amax ([=Vazf (z,9)] ") = ( min (— Voo f (2, y))) <up
Next, we prove eq. (23). Consider any z,u € R™ and y € R", we have

Va1 f(z,y)ull V2f +tu’y)‘t:OH

_Hat
:‘ lim S [Vaf (@ +tu,y) = Vaf(z,y)] H

= hm

‘t| ||V2f(x +tu,y) — VQf(Ivy)H

<l |tu|| = Ly |Jul, (26)

g

which implies that ||Va1f(z,y)|| < Li. Since f is twice differentiable and has continuous second-order
derivative, we have Viaf(2,y) " = Va1 f(7,y), and hence eq. (23) follows. The proof of eq. (24) is similar.

Finally, eq. (25) can be proved as follows using eqs. (22)&(23).
G, )l < Vi f (@) + 1 Viaf (@ 9l Voo f @, ) IVa1 f (2, 9) | < Ly + Lig™ 'Ly = Li (1 + k).

The proof is similar for the stochastic minimax optimization problem (Q) in Section 6 under Assumption 2.
O

The following lemma restates Lemma 3 of (Wang et al., 2018a).

Lemma 3. The solution sky1 of the cubic regularization problem in Algorithm 1 satisfies the following
conditions,

1
Vif(@e, Y1) + G(@e, Y1) Se41 + ﬁ“sﬂrl”&%l =0, (27)
1
G(ze,ys41) + §”5t+1”1 = O, (28)
1 1
Vif(@e, ye1) " ser + 55:+1G(-73t>yt+1)5t+1 < - H||St+1||3~ (29)

Lemma 4. Suppose the gradient V1 f(xs,yi+1) and Hessian G(xy, yir1) involved in the cubic-reqularization
step in Algorithm 1 satisfy the following bounds for all t <T' — 1 with T = min{t > 0 : ||se—1]| V ||s¢]] < €'}:

IV®(e) = Vif (e yer) | < Blllsell* + €, (30)
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V2@ (21) — G(ze, yes)l| < al[[sel + €). (31)

Then, choosing 1, < (9L + 18+ 283) 71, the sequence {x;}; generated by Algorithm 1 satisfies that for all
t<T -2,

Hyyy = Hy < —(Lo + o+ B) (st + [lse]l*), (32)

where Hy = ®(z;) + (Lo + 2+ 38)||wy — x4—1||3. The same conclusion holds for Algorithm 3 by replacing
Vif(xe,ye+1), G(xt, yer1) with their stochastic estimators V1 f(xs, yi41), G(Tt, yr41) respectively.

Proof. By the Lipschitz continuity of the Hessian of ®, we obtain that

P(z441) — (1)
1

L
<SVO(wy) (w141 — ) + 5 (@1 — 20) T V2D(xe) (w41 — 1) + %thﬂ-l — )®

1 Lo
= vlf(l'taytJrl)TSH»l =+ *S:+1G(xtayt+1)8t+1 + ?HStHH3

2
+ (VO(2:) — Vi f(a, yt+1))T5t+1 + %StTH (V20(x¢) = G(t, yer1)) st
< (52— Yl + Bl + €2) + Slscaa Pl + )
< (G g el (5 )@l L+
(B sl + (5 8) @l P+ 2hslP)
<—(3- -5 =5 3 lsal’ + (e + 20) s,

(iv)
< —(2Lg + 3a +48)||si1|]® + (o 4+ 28) ||s¢|?

where (i) uses egs. (29), (30)& (31), (ii) uses the inequality that ab? < a® Vv b3 < a® + b%,Va,b > 0,
(iii) uses €2 < ||s¢|I> V ||lsexall® < |Isell® + [|se41]]3, V0 < ¢ < T’ — 2 based on the termination criterion of

T’, and (iv) uses 1, < (9Ls + 18a + 283)~ L. Eq. (32) follows from the above inequality by defining
Ht = (I)(,Tt) + (L@ + 20 + 36)”5(3,5 — l‘t,1H2.

Note that the cubic-regularization step in AlgorithAm 3 simply replaces V1 f(x¢, yt+1), G(2¢, yer1) in Algorithm
1 with their stochastic estimators Vi f(xt, yr41), G(2+, ye11) respectively. Hence, eq. (32) holds for Algorithm
3 after such replacement in egs. (30) & (31). O
Lemma 5. Suppose all the conditions of Lemma / hold. If T > q’(lo)_é;iijﬁgi%ﬁﬁ)e& in Algorithm 1, then
T =min{t > 1: ||si_1| Vsl <€} < é(xo)iiilﬁsi;iofjw)ee < T. Consequently, the output of Algorithm
1 has the following convergence rate

1
IV ()| < (277 + Lo +20+28) ¢, (33)

x

1
V20 () = — (2— Ty za) el. (34)

x

The same conclusion holds for Algorithm 3 by replacing V1 f(x¢, yt+1), G(xt, ye+1) in the conditions (30) &
(31) with their stochastic estimators V1 f(z¢,yt+1), G(xt, ye41) respectively.

Proof. Suppose T" < T does not hold, i.e., ||s;—1] V ||s¢|| > €,V1 <t < T, which implies that eq. (32) holds
for all 0 <t <T — 1 based on Lemma 4.
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On one hand, telescoping eq. (32) over t =0,1,...,7 — 1 yield that

Ho— Hr > (Lo + o+ f) Z (Iseall® + llsel1®)
prt

‘\]

> (Lo +a+p) Z Isell V llse4all)?

> T (Lo 4+ o+ B)€? (35)
On the other hand, recalling the definition of H; in Lemma 4, we have

Hy — Hy = ®(20) — ®(a7) + (Lo + 20+ 38)(||so]|* — [|s7]*)

(1)
< (o) — D + (L + 3a + 48)€?, (36)
where (i) uses ||so]| = € and ®(zp) > ®* = mingerm P(x). Note that egs. (35) & (36) contradict.
Therefore, we must have 1 < T/ < T for any T > ¢(z°)_®*+(L‘I’+3°‘.+4ﬂ)€/2, which implies that 77 <

, (Lo+a+p)es
®(x0)—P*+(Lap+3a+4B)e
= (Lq>+0¢iﬁ)€’3 S T

Finally, we conclude that

VO (2|

’L

1
‘V‘I) wr) = Vif(er—1,yr) — G(xr -1, y717 )87 — g”ST’HST’

<||IV®(xq) — V(w7/-1) — V2®(27r—1)s7|| + [V (x7—1) — Vi f (@1, 1) ||

1
IV R(ar )z = Glaros,yr)sr | + 5 - lsr |

i 1
< (Lot g )l + Bllsall? +€) + szl + )lsr |
e

3 + Lot 20 25)6'2, (37)

where (i) uses eq. (27), (ii) uses egs. (30) & (31) and the item 2 of Proposition 2 that V2® is Lg-Lipschitz,
and (iii) uses [|s7/ 1] V ||s7/|| < €. Also,

(@)
V20(ar) = Glar—1,yr) = |Glar—1,yr) — V2@ (ap)||1
(@)

= —f||ST'H1— |G (xr—1,y7) = V2@ (xr 1) |1 = [[V2®(27) = V2O (wp1)|1
(2i1) 1
= (5 + La)llsrolll = alllsr ]l + )1
N
(iv) 1
- _(2—+L¢,+2a)el (38)

x

where (i) uses Weyl’s inequality, (ii) uses eq. (28), (iii) uses eq. (31) and the item 2 of Proposition 2 that
V2® is Lg-Lipschitz, and (iv) uses ||sg/_1|| V [|s7]| < €. O

For the stochastic minimax optimization problem (Q) in Section 6, we prove the following supporting lemma
on the error of the stochastic estimators.

Lemma 1. Fix any 0 < ¢; < 2L, 0 < e2< 411 and choose the following batch sizes

1By > O(Lol F) (14)
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L? m+n
|Bu1l, | Bizl, | Bail, | Ba2| 2 O(:zlln 5 ) (15)
2
Then, the stochastic approximators satisfy the following error bounds with probability at least 1 — 4.
IV f(@y) = Vif(a,p)l < e, (16)
IVEef (@, 9) = Vief (2, 9)l| < €2, Vh L€ {1,2}, (17)
G (@,y) — Gz, y)l| < (5 +1)%. (18)

Proof. Based on Lemmas 6 & 8 of (Kohler and Lucchi, 2017), we obtain that with probability at least 1 — 0,
the following bounds hold. (We replaced ¢ in (Kohler and Lucchi, 2017) with §/5 by applying union bound
to the following 5 events.)

19/ e.) ~ Vafv)] < mLO\/ il <, (39)
1920/ (2,9) = V2, ()] < 4L1¢ o (1°fgj|")/ O <2y (40)

Note that here we only consider the cases that |Bi|,|Bke| < N for all k,¢ € {1,2}. Otherwise, |B;| = N

yields ||§1f(a:,y) —Vif(z,y)|| =0 < e and |By | = N yields ||§£Zf(x,y) — Viof(@,y)|l = 0 < e. Hence,
in both cases, the above high probability bounds hold, which further implies eq. (18) following the argument
below.

G (x,y) — G(z,y)|
< Vi f(@,y) = Vi f@ )| + [(Vizf (Voo f) " Var )@, y) — (Vi f (Voo f) 7 Var £) (2, y)]|
<er+ ||(Viaf — V12f)((§22f)71§21f) (x,9)]
F Va2 f (Voo £) ™ = (Voo £) ) Var f (@, y) || + IVizf (Vo f) 7 (Var f — Vai f)(@,y)|
(1) ~ ~
< ex+eop Ly + LYV f(z,y) H[(Vazf — Voo f) (@, v) || Voo f (2, y) M + Lip e

(i)
< €9+ 2K€9 + L%/J/_QEQ < (FL + 1)262. (41)

where (i) and (ii) use Lemma 2. O

Regarding the high-probability convergence rate of the inner stochastic gradient ascent (SGA) in Algorithm
3, the following result is a direct application of Theorem 3.1 in (Harvey et al., 2019).

B Proof of Proposition 2

Proposition 2. Let Assumption 1 hold. Then, the following statements hold.

1. Define mapping G(z,y) = [Vi1f —Viaf (Voo f) ' Var f](z,y). Then, G is a Lipschitz continuous mapping
with Lipschitz constant Lg = Lo(1 + k)?;

2. The Hessian of ® satisfies V?®(x) = G(x,y*(z)), and it is Lipschitz continuous with Lipschitz constant
Ly = LG(I + H) = Lg(l + I{)B.

Proof. We first prove the item 1. Consider any z,2’ € R™ and y,y’ € R™. For convenience we denote
z = (x,y) and 2’ = (a’,y'). Then, by Assumption 1 and using the bounds of Lemma 2, we have that

1G(",y") — G(z,y)|l
< IV f (', y) = Vinf (@, o)l + Vi f (2, y') = Via f (2, ) [ Va2 f (2, y)] T IV f (2, y) |
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+IVizf (@ IV f @,y )] 7 = Voo f ()] T V21 f (@)

+ IV f @, ) [ Vazf (@, y) Vs f (2, y) — Varf(z,9)||
< Lo|l2’ = 2|l 4 (Lal2’ — zll)p ™" Ly

+ L[Vaaf @ )]~ V20 f (@, y) — Voo f @,y NV o2 f ()~ + Lo (a2’ — 2]
< Lo(1+20) 12" — 2l| + L3 (Lol — 2!
< Lo(1+r[2' 2.

Next, we prove the item 2. Consider any fixed z € R™, we know that f(x,-) achieves its maximum at y*(z),
where the gradient vanishes, i.e., Vo f(x,y*(z)) = 0. Thus, we further obtain that

0= VIVQf(mu y*(x)) = v21f($7y*(33)) + VQQf(fL', y*(‘r))Vy*(x)7
which implies that
Vy*(x) = ~[Varf(z,y" ()] "' Var f(z, " (2)). (42)
With the above equation, we take derivative of V®(x) = V1 f(z,y*(z)) and obtain that

V20(z) =Vi1f(z,y" () + Via f (2,5 () Vy(2)
=V f(z,y" () = Vizf(2,y"(2))[Vazf (2,57 (2))] 7 Vor f(z, 4" () (43)
=G(z,y" (z)).

Moreover, we have that
V2@ (2") = V2@ (2)|| =[G (a’,y" (2")) — G(z,y" (2))]

<Lo[lla’ — |l + lly* (=) — y* ()]
<Lc(1+ )|z’ — =], (44)

where the last step uses the item 1 of Proposition 1. This proves the item 2.

C Proof of Proposition 3

Proposition 3 (Potential function). Let Assumption 1 hold. For any o, > 0, choose € < 2EL 5 <

BLg
(9Lg + 18+ 28B) "t and n, = %ﬂl Define the potential function Hy := ®(z;) + (Lo + 20+ 383)||s¢||>. Then,
when Ny > O(k1n Lla”St’l”;LBIEZ+L2”)”“” ), the output of Cubic-LocalMinimaz satisfy the following potential

function decrease property for all t € N.
Hyr — Hy < (Lo + a+ 8) (s P + l5e]P). (3)
Proof. The required number of inner gradient ascent steps is shown below

No > &ln (Lillyo — y* (x0) ||/ (28¢™))

2L1al|si—1|| + Li(a + Lak) | st
Ny > kln ( Lope? )
Lyalsi—1]| + Li(o + Lark)||s¢| )
:o(mn T 5 );1§t§T. (45)

To prove eq. (3), we first prove by induction that for any ¢ > 0.

allsll +€)  Bllsell* +€)
Lc Ly

[Yye+1 =y (2e) || < 0<t<T -1 (46)
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Note that ;11 is obtained by applying N; gradient ascent steps starting from y;. Hence, by the convergence
rate of gradient ascent algorithm under strong concavity, we conclude that with learning rate n, = Liﬂ“
lyers = y* (@)l <= K™Yy, —y* (@0 (47)

When ¢ =0, eq. (47) implies that
lyr — v (o) |l < llyo — y*(xo) | exp (NoIn(1 — &7 1))

@) . Lillyo — y* (zo)|

< llyo = y" (wo) || exp ( —In (T))
_ 2 @ a(llsoll +€) A Blisoll® + €?)
Ly~ Lg Ly

(48)

where (i) uses eq. (45) and In(1 —z) < —z < 0 for z = k=1 € (0,1) and (ii) uses [|so|| = ¢ < gfé Hence, eq.
(46) holds when t = 0.

If eq. (46) holds for t =k —1 € [0,7” — 2], then

[Yk+1 — ¥ (i) |

< (1= k)™ g — y* @)l + (L= 5 g () — g )

) _ / _ 2 2

2 exp (Nkln(l_ﬁ—l))<<a(”5k il +€)  Blisk-al® +¢ ))JFKHS]C”)

LG Ll
(? exp ( —ln (2L1a||5k71|| + Li(a+ L) skl )) (O‘(HSkfIH +¢)
Lgﬁ€/2 LG

(i LoBe” a(@lsu—1ll + lsl) + Larlls]
2L1a|sp—1 || + Li(a + Lak) | skl La

_ B v ad B alllsell+¢) , Blllsel® +€?)
Ll LG L1 - LG Ll

+ Al

where (i) uses eq. (46) for t = k—1 and the fact that y* is k-Lipschitz mapping (see (Lin et al., 2020; Chen et al.,
2021) for the proof), (i) uses In(1 — £~ 1) < —k~! and eq. (45), (iii) uses € < ||sp_1]| V ||skll < llse—1ll + ||sxl
for Kk <T’ —1, and (iv) uses the condition that € < g‘,Lié This proves eq. (46) holds for ¢ = k and thus for

all t € [0,7" — 1], which further implies eqs. (30) & (31). Hence, by Lemma 4, we prove that eq. (3) holds for
all0 <t <T' —1. O

D Proof of Theorem 1

Theorem 1 (Convergence and complexity of Cubic-LocalMinimax). Let the conditions of Proposition 3 hold

. _n_ L1+/33L: ’_ D(20)—P*+8Lge?
w;tgo;—f = 5;'. .For anytpﬁ< € < Sk L choose € = \/3§Tq> and T > —SrLes - Then, the output
of Cubic-LocalMinimaz satisfies
p(xr) < e. (6)

Consequently, the total number of required cubic iterations satisfies T' < O(\/L2H1'56_3), and the total
number of required gradient ascent iterations satisfies Zf;gl Ny < (5(\/L2/£2'5e’3).

Proof. Substituting & = 8 = Lg = La(1 + k)% and € = ﬁ into Lemma 5 yields that when T >

\/33L¢,W and 1, = (55Le) 1, we have T' < \/33L¢W = O(VL2k*Pe™3) < T,
and moreover,
1

IVl < (5,

+ Lo + 200+ 26)6’2 <€
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Amin (V2@ (277)) > — (W + Lg + 2a)e > —/33Lge.

This proves eq. (6).
Note that the number of gradient ascent iterations N; should satisfy eq. (45). Substituting « = 8 = Lg =
Ly(1+ k)3 and € = 5= into eq. (45) yields that

No > rln (Lillyo — " (20)[l/(28¢2)) = xIn (33L1 lyo — y (o)I|/(2€%))

(L
Ny > (2L1a||st L+ Lo+ Lol

LGBEQ

66L1(1+ K)||se—1 || + 33L1 (2 + /i)||st||)_
2 )

€
where (i) uses Lg = La(1+ k)2 and Lg = La(1 + k)3 in Proposition 2.

When we select Ny such that the above holds with equality, then the total number of gradient ascent iterations
is upper bounded as follows

T -1 T -1
66L1(1+ K)||s +33L1(2+ k)]s
S Ny =rn (33Lalyo — v (20)ll/(2€2) +nZl ( 14 )i 1!2 124 )] t”)
t=0
T/—l
<kln (33L1yo — y*(xo)\|/(262))—|—/-iz In (||se—1]| + ||se]|) +KT" In (66L1e (1 + &)
t=0
(i) . KT 1
<rkIn (33L1|lyo — y*(z0)|/(2€%)) + 5T In (4]|se—1[1* + 4f|s¢]|*)
t=0
+ kT"In (66L1€e *(1 + K))
(i1) . /QT/ 4 T'—1
< ki (33Lalyo — y* @o)ll/(26%) + =1 (5 D (el + ell”))
t=0

+ KT"In (66L1e*(1 + K))

(i) KT (4(Hy — H*)
< ¥ 2 S\ s
< £l (33Lallyo — y™ (o) /(2€%)) + —-1 ( Lol )

+ KT In (66L1€ %(1 + K))
= 6(HT/) < 6(\/L2m2'5e_3)

where (i) uses (a + b)® < 4(a® + b3) for any a,b > 0, (ii) applies Jensen’s inequality to the concave function
In(-), and (iii) telescopes eq. (3) over t =0,1,..., 7" — 1. O

E Proof of Theorem 3

Theorem 3 (Convergence and sample complexity). Let Assumption 2 and Theorem 4 hold. For any 0 < e <

L1v/33Lg ’_ € 1 D(20)—P*+8Lge’? Loln(1/8)+L3
T Choose € = st e S 550 T2z 3Lgc3 and Ny > O(R*Z(Lé||st|\4+s4)/\Lf(HstH2+e2/L<1,))'

Moreover, in iteration t, choose the batch sizes according to egs. (14) and (15) with the inezactness given by

Lq:, 2 62 L
) =22 ( )/\2L, tzi( )/\4L.
61() 2 || t” 33Lg 0 62() 2(/43_’_1) || tH+\/33T 1
Then, the output of Stochastic Cubic-LocalMinimax satisfies
wlxr) < e (19)
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Consequently, the total number of cubic iterations satisﬁes T' < O(VLak'e™3), the total number of queried
gradient samples satisfies ZtT/;o (Ne+[By(t)]) < (Q(L“N Va2 %), and the total number of queried Jacobian

samples satisfies thlal S S IBra(t)] < O( ln m;“”),

Proof. In Lemma 1, replace z,y with x;,y;, B1 with By (t), and By ¢ with By, ¢(t) for any k, ¢ € {1,2}, and
substitute the following hyperparameters.

L 2
@r(t) =75 (el + g57—) A 2Lo = OLallsel +).
_ Le _ -2 /
EQ(t) m(” tH + m) AN 4L1 = O(I{ (Lq:.”St” + L@G)).

Then, we obtain that using the following batchsizes

L3 m
> 70 1p =
2101 2 Oy o )

L3k* ern) ’

> 1
|Bk’£(t)| - O(L@(L@HStHQ + 62) In )

the stochastic approximators satisfy the following error bounds with probability at least 1 — 4.

~ L 2
1937 ) = V1 fGas) | < (1) < 7@ (el + 557 (50)

G (e, y1) — Gl yo)|| < ea(t) < =2 (|| o+ m)

Based on Theorem 4, using the following number of stochastic gradient ascent steps

Loln(1/8) + L2 )
123 (([[lsel|2 + €/(33L0)]/L1) A ([[lsel] + €/v/33La)/Lc:))”
O( Loln(1/8) + L3 )
(([Lallsell® + €1/m) A Li(lse]l + ¢/VTa))®
B Loln(1/8) + L2
__O<H_%L1H&H4+€ﬂ/\LﬂH&H2+€%q@)>

Nt20<

—
~

i)

(52)
where (i) uses k = L1/ and Le = Lg(1 + k) (Proposition 2). we have

Loln(1/0) + Lg)
n2Ny

< 2w (- (Il + o) 7 (s + ). (53)

lyers =y (@l < O

Therefore,
VO (x;) — ﬁlf(l‘t, Yer1) |l
(7) N
< |IVif(ze, v (2) = Vif(@e, v )l + IV f (@6, yev1) — Vif (@, yer) |l

(i1) 9 €
< Lillyss — " @)l + 2 (sl + 55— )

(i44) €
< L<I>(||St||2 + ﬁ)7 (54)
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where (i) uses V®(z) = V1 f(z,y*(z)) in Proposition 1, (ii) uses eq. (50) and Assumption 1, and (iii) uses eq.

(53).
||V2q’($t) - @($t7yt+1)||
(1) ~
< Gz, y™ () — G, yer 1) | + G (24, Yer1) — G2, yegr) |

(@) Lo e
< Lallyens =y @l + =5 (el + =)

(#i) €
< Lo(llol + =), (55)

where (i) uses V2®(x) = G(z,y*(x)) in Proposition 2, (ii) uses eq. (51) and the item 1 of Proposition 2, and
(iii) uses eq. ( 53). Eqgs. (54) & (55) imply that the conditions (30) & (31) hold with o = 8 = Lg = La(1+ k)3

and € = \/33T In Lemma 5, by substituting these values of a, 3, € and 7, = (55Lg) !, we obtain that
when T > W we have T' < 33L¢W = O(VL2k'?e7?®) < T, and moreover,

1
VD ()| < (2% )e'2 <
1 ()
Amin (V2@ (277)) > _(ﬂ + Lo+ 2a) ¢ > —\/33Lge,

This proves that eq. (19) holds with probability at least 1 — 4.

Choosing both V; in eq. (52) and the batchsizes in eq. (49) with equality, the number of gradient computations
has the following upper bound.

i Ny + |Bl )
t=0

T'—1

Loln(1/6) + L2 L2 m)

= O( + In —
= LG lst + e) ALY (IselP + /L) T L [Isillt et 0

Ak 2ANL22/Le € 6

I /\

Z (Loln 1/6) + L} +L%1 m)
—0

—~
S

i)

IN

2
T’O(LOH (In(1/6) + Lo) + Lf In %)

(i)
< (’)(\/ 515 _3) (Lgf ln%)

3.5
< 0<7L0” V2, %) (56)

€7

where (i) uses ¢ = T f—é = %:”) which implies that €*x=2 < O(L2¢?/Lg), (ii) uses T7 <

(’)(\/ L2K1‘5€_3) we proved above. The number of Hessian computations has the following upper bound.

Lq>€2 1)
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@)
T'O

L2€2 In )

(i) O(L%n“ m+ n)

(L%H m+n)
In ——

vV LQGS 6

where (i) uses Lo = Lo(1 + k) = O(Lak?), (ii) uses T < \/33[@W = O(VL3:"%¢7?) we
proved above. O

F Convergence Rate of SGA

The following high-probability convergence rate of SGA is a direct application of the Theorem 3.1 of (Harvey
et al., 2019).

Theorem 4. Let Assumption 2 hold. For all t,k, assume that ||Vaof(z¢,yx)|| < Lo and ||§2f(xt,§k) -
Vof(xe, gk)|| < 1 almost surely. The inner stochastic gradient ascent steps in Algorithm 3 converges at the
following rate with probability at least 1 — 4.

LoIn(1/6) +L%).

Gl <o
et =y (@)l < N

Proof. Based on Theorem 3.1 of (Harvey et al., 2019), the inner SGA steps in Algorithm 3 has the following
convergence rate with probability at least 1 — 4.

. Loln(1/6) + L3
_ < ek S A M V)
Py () = Flanye) < O(F25 =0, (58)
which by p-strong concavity of f(xy,-) proves the following convergence rate.
. . Loln(1/6) + L3
e =9 @l <y 2(F ey () = S enn)) I < O (3| 2 g=2).
O

G Solving Cubic-Regularization problem

In this section, we present the cubic-regularization solvers below, including GDA-Cubic Solver (Algorithm 4)
and GDA-Cubic FinalSolver (Algorithm 5). Then, we obtain the properties of these solvers in Lemmas 6-8,
and show in Proposition 4 that Algorithm 2 using these cubic solvers admits a Lyapunov function H; intrinsic
potential function H; (see Proposition 3) that monotonically decreases over the iterations. Finally, using
these lemmas and Proposition 4, we will prove Theorem 2 on the computation complexity of Algorithm 2.

Lemma 6. For any 0 < § < 1, when |g|| < 4L3k?n,., implement Algorithm 4 with initialization s, =
0 and hyperparameters K = @(le]we’fl[ln (1 + m(L?NQ%JFL‘I’CIQ)) + ln(Llnnace”l)})], N, = N =

Lgc'?5
1 L3 3,2 L /3 /3 . .
@( n[(lnl[aj;),/l()f’li )]>, Ny = L%, Ns = ﬁ, o= ﬁfﬁ%. Then, the output s satisfies the following

inequalities with probability at least 1 — ¢' where s* := argmin, ¢(s).

¢'lls*|I?

/ _ *) < 2L 13 64
O(sic) ~ 0(s") < o= + 2L (64)
! 247] Lq>6l3
x| < 2 / i T

Proof. The gradient ascent step (60) can be rewritten as vg g1 = (I + 9y Haz2)vke + 1o H{ys),. By iterating it

over £ =0,1,..., N and using vg o = 0, we obtain that
N'—1
Vg = Vg,N' = Mo Z (I + anQQ)ZHlTQS;C = —H2_21 (I — (I + UUHQQ)N )Hl—FQS;e (66)
£=0
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Algorithm 4 GDA-Cubic Solver

Input: Gradient g, Hessians Hyy, Hi2, Hos, perturbation magnitude o, learning rates n,,7,, ns, numbers of
iterations K, {N] }1 .

if ||g|| > 4L2K%n, then

wo =
for k=0,...,K—1do
H
Wit1 = Wk + My (HZZ'LUk - HQTW) (59)
end
_ g g (Hai9)Twk
P = HQHHHHQH hgll -
TK = \/(nmﬂK)Q + 27]:5“9” - 7]:65K~
Sk = —VKY-
else
& ~ Uniform({z € R™ : ||z| = 1}).
for k=0,...,K—1do
Vg0 =0
for (=0,...,N/,—1do
Uk, 0+1 = Vg0 + Mo (H5 8t + Haovk ) (60)
end
Vi = vkaN;;'
S/
S;chl:s;C—’r]S(g—‘rOf—l—HllS;C+H12?)k+ |2’r;€||8;€> (61)
xr
end
end
Output: s%.
Algorithm 5 GDA-Cubic FinalSolver
Input: Gradient g, Hessians Hi1, Hi2, Hoo, learning rates 1), 1y, 15, numbers of iterations K, {N}, f;ol.
for k=0,...,K —1do
Vo =0
for {=0,...,N/, —1do
| Obtain vi ¢41 using eq. (60) with learning rate 7,.
end
Vi = Uk,N];~
_ H / H ||S;<:|| /
gk =g + M1, + v + e Sk (62)
Sha1 =5k = Nk (63)
end

Output: s, K' = min{k : ||gx| < Lo€?}
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By substituting the above equality, the gradient descent step (61) can be rewritten as

S/ _ ’
||27;“”8§€),Where ANI = H11 — H12H221 (I — (I+ an22)N )H;—Q (67)

81 =5k — s (g+0£ + Anrsy +

It can be easily verified that the above update rule (67) can be seen as gradient descent steps with random
perturbation ¢ on the following cubic-regularization problem

1

sy = arg min oni(s) =g s+ 5

T+ ool (68)
Note that
AN <| Hual| + (| Huz 11 Hso 1T = (7 + o Hoo)™ ||| Hoa |
<)l + | HrollH3 o
(?Ll + Lip 'Ly < Apax = 201K (69)
where (i) uses —L11 < Hay = —pul (Assumption 1) and 1, = 1/L; which imply that O < T + 5, Hass <

(1 — :‘Q_l)I and thus ||I — (I—F?’]UHQQ)N,H < 1, and (11) uses ||H11H < Ll, HH12|| < Ll, HH2_21|| < /A_l
(Assumption 1). Similarly, we obtain that

Al <[l Hua | + [ Hiz || Hy ||| Hiz < Amax := 2L15, (70)
and that
’ (’L) ’ (“) L 6,3
Ay — Al = [T+ neHo)N | < 1= 6 DN [|4g — A < —2 1
AN =1L +neHa2)" | < (1—r")" [[Ag— A < Lo )2 (71)

where (i) uses —L1I < Hos =< —ul (Assumption 1) and 7, = 1/L; which imply that O < I + 1, Hos =<

(1 — k=11, and (ii) uses N’ = ln[(gfnL[Ef_SZ%)l/)(_Lﬁela)], Ag = O and ||A]| < 2Lqk.

Hence, the optimal solutions s* := arg min; ¢(s) satisfies

@)
Is*Il < llAllne + /([ Alln2)? + 2091

(i)
< 2[|AlIne + /212l

(ii4)
< TL1KENg := Smax, (72)

where the proof of (i) is in eq. (7a) of (Carmon and Duchi, 2019), (ii) uses the inequality that v/a + b < v/a+v/b
for any a,b > 0, and (iii) uses ||A| < 2Lk and ||g|| < 4L3k%n,. Similarly, s%, := argmin ¢y (s) satisfies

H‘ﬁ\l’“ < Smax- (73)

Then, based on Lemma 2.3 and Theorem 3.2 of (Carmon and Duchi, 2019), the gradient descent step (67)
of the cubic-regularization problem (68) yields that [|s,]| < [[si/|| < Smax for all k and that ¢n/(s)) <
sl

éne (83) + — on, T Lge' with probability at least 1 — §’, using the hyperparameter choices below which
can be easily verified to be satisfied by those used in this Lemma.

56 =0
_ 1 _ 1
T A (A + Sman/ (202))  22L150
_[€llsy 117/ (2400) + Lo€®]/(2n2) & _ (2La€®)/(2n,) _ Lac” (74)
Amax + ||S*N/ H/Uz 12 12(2-[/1/‘5 + Smax/nx) 108L1I€77$
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3\/> ll5%/ 1? (Amax+Smasx/Me)
61n (1+ : ) +141 /HN;(\]/H /(2407 )+ Loe’s 1OHS7\/”H2

(1/2)ns €|[sx11?/(240n.) + Lo€?

3vm(5L2 k%N, +24Lge'?) 2160L; K1y
211200L1 o, [31n (1 + It o) ) 4 Tl gt |

¢ + 2400, Lo €53, [| 2 ’

K >

Amax+”5j\]/‘|/nw 2L g€’ c [0_ . 1} (O’ e 10Lge’?
Amax+Smax/Nx e’|\s;‘v,\|2/(240nz)+Lqpe’3 mins min - 5Lff§2nm+24Lq>e’2’

since 0 < ||s%/|| < Smax = 7L1k7;) defined in Theorem 3.2 of (Carmon and Duchi, 2019), which yields omin
and (1/2)n in eq. (75).

where eq. (74) corresponds to & =

Then, eq. (64) can be proved as follows
P(sk) — ¢(5") = (8(s%) — o (sK)) + (v (sK) — D (si0)) + (I (sh) — d(s7))

< (o)~ om(650) + PR e+ (o067 — 0157)
@ &

< lsT(A—A )she + M

2 NUSKE T o 40m,
(i) 7Ly Loe” éllsn|I?
= V) T k)2 T 2400,

1
+ Lq~,€/3 + is*T(A — AN/)S*,

+ Lq> 6/3

¢llsi 12
= 2Lge"
240n, + 2Lge (76)

€lls

where (i) uses ¢y (s},) < On/(sy/) + 24N'H + Loe” and ¢/ (k) < ¢nv(s*), (ii) uses the definitions of ¢(-)
and ¢n/(-) in egs. (7) & (68) respectively, (iii) uses eq. (71) and max(||s*(|,[|s,]]) < Smax = TL1K7s.

Eq. (65) can be proved as follows.
¢|ls*]1? ® .
240n, +2La€® > ¢(s) — d(s")

(i) 1 ] el . .
25 ot =) (A4 5 ) sk =) + 117l = sl 25"+ 2l

@ [ls™|| )
= 1o, s I Nl = 2k ™ 1)
st H2

> (151 = 21l

where (i) uses eq. (64) proved above, (ii) uses eq. (6) of (Carmon and Duchi, 2019) and (iii) uses Proposition
2.1 of (Carmon and Duchi, 2019) which states that A + %I = 0. O

Lemma 7. When |g|| > 4L%k2n,, implement Algorithm J with hyperparameters K > W, Ny =1/L1

€3

and initialize so = 0. Then, the output sy satisfies ¢(sf) < o T, with probability at least 1 — 6.

Correspondingly, the approzimate CR solution sy in Algorithm 1 satisfies
I8k || =L1kn: (77)

1
Blsi) < — { L3R (78)

Proof. v* has the following lower bound.

T Agh 2 TA
* Neg  Ag Nzg A9
v =\/($ )+ 2melgl - L

g1l g1l
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Q gT Ag\? 9" Ag
> Ny +8L2%K2 —
(\/< 912 ) ! llg]?

(41)
2 ;Lm (79)

where (i) uses ||g|| > 4L3xk2n,, and (ii) uses the monotonically decreasing property of the function /22 + 8L% —
xand ||A|| < |[[Hy | + | Hil| || Hy || Hoa || < Li(1+ &) < 2Ly based on Lemma 2.

v* = argmin. >, ¢(—79g/llgl]) also satisfies the stationary condition below

9¢(—9) 2
0= ——— —llgll + —Lt5g" Ag + . 80
Oy =y lol || ||2 21 (80)
Note that the gradient steps (59) aim at the L;-smooth, p-strongly concave maximization problem w* :=
T
argmax,, sw' Haw — (Hﬁ;ﬂ) w. Therefore, these gradient steps with stepsize 1, = 1/L; and initialization

wo = 0 have the following convergence rate

7
NK/2 81
P2y — | < o (51)

where (i) uses wo = 0, [|w*|| < ||Hyp 22| < |HR || Har|| < = Ly = 5 and K > 21220/ (Tne)]

lwre —w*[ < (1= &77)%Fwo

lgll In[(1—r=5)~1]"
Denote the function {(u) = y/u? + 20, ||g|| — w(u € R). Then we have
v — 77| *’5( 11i - 7(H21g)—er) - f(iﬂni _ (Hﬂg)—rw*)’
gl llgl lgll gl llgll g1
e (9 g, 8 )T + () (Hang) e — )
gl 1lgll gl gl

(@) 7 (i)

< %me < 0.17*
where (i) applies the Lagrange Mean Value Theorem to the function & with w € [0, 1], (ii) uses |&'(z)| =
|m - 1’ < 2, ||H21|| € Ly and eq. (81), and (iii) uses eq. (79). The above inequality implies that
0.97" <k < L1y (82)
Therefore, eq. (77) can be proved as follows.

(21) . (i37) 7 0 9
lsiell Ly = 097+ 2 1Y)

——— L1k > L1k,
where (i) uses s = fﬁg, (ii) uses eq. (82), and (iii) uses eq. (79).

Eq. (78) can be proved as follows.

3
Tk
o(sk) = —xlgl + 9" Ag+
10 = ol + 550" g+ 3K
® 97* (L1v*)? + (L1y*)?
< - + o9 Ag+————
0 11 g 2 .
@ o G
< —llgll =
20,
(Zi) _(1.4L1/-£7]x)(4L%/£27]x) B (1.4L1km,)3
= 20 25001,
1
= —Linn;
where (i) uses eq. (82), (ii) uses eq. (80), and (iii) uses eq. (79) and ||g|| > 4L2k?n,. O
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Lemma 8. Implement Algorithm 5 with initialization si = 0 and hyperparameters K = @(L2 6,2> N| =

N — ln[2Lm16I’l[(11mZX(l2)4an7/L1)]7 N = 71’ Ns = m. Then, if ||s*|| < 3¢’ and ||g|| < 4L3Kk%n,, the algorithm

will terminate with K' = min{k : ||gx|| < Lo€’?} < K and the output s, satisfies

el < 7€ (33)
5/ ’
IVotsiell = o + Ashe + 12, (31)
Proof. Since s* = argmin, ¢(s), 0 = Vo(s*) = g + As* + HS H s*, which implies that
[[s*l Ils*]1> @ n o B)(TLikn,) /
=||As* + —s" < 2L, 4+ ——————= < 13L1ke 85
Il =[4s*+ 5~ I+ 55 w(3e) + : (85)

where (i) uses || 4| < 2Lk, [|s*]| < 3¢’ and ||s*|| < Smax := TL1£7;.

Following the proof of eq. (71), we can prove that when N’ = ln[ngﬁi[_(iin,jfgﬂTﬂL@)

€ Lg€

24n," 7

l A = Al = (L + 0o Ho2) ¥ | < (1= k) [ 4g = All € 2Las(1 = 5N < min ( ). ()

Substituting eqs. (66) & (67) into eq. (62), we obtain that

s/
gk =9 + Anrsi + H27k|| k= Vén(si)- (87)
Nz
Hence, the update rule (63) can be seen as gradient descent step on solving the cubic-regularization problem
(68) without random perturbation. Therefore, based on Lemmas 2.3 and eq. (11) of (Carmon and Duchi,

2019), [Is%]l < syl < Smax and that when n, = 57> we have

1L < 1
2201k — 4(|All+5max/ (272

K-1
B3 el <one(sh) = one(s”)
k=0

Is*|I°

@) * 1 *
<llglllls™ll + 511 An[lls™1* + o

(i4)
<3¢’ (13L1 ke + L1k(3€’) + (3€')(TL1£ns) / (61))

115
<—1L
D) 1I€€

where (i) uses sj = 0 and the definition of function ¢~ in eq. (68), (ii) uses eq. (85), ||s*|| < max(3¢’, 7L1kn,)
and ||[An/|| < 2L1k. Rearranging the above inequality, we obtain that

115L1K€ (i)
2 2 2 /14
ociin_ llgrll” < Z lgll® < === < Lge"™,

: 2530L3 k>
where (i) uses K = Léé’l;: and n; = 22L —. Hence, K’ = min{k : [|g|| < Lo€?} < K — 1.

Next, we will prove eq. (83). On one hand, using the same proof logic as that of eq. (65) (see the end of the
proof of Lemma 6), we obtain that

(i)1

* * * * ||S*’|| * * 1 * * * *
o (s7) = b (siv) D557 = siv) T (Aw + TR (7 = i) + lsioll = 1510 Clsiv ] +20°])
” ||S ’|| * *
> 12N (Isn I+ 11s™ 1% = 2l s* [ls v 1)
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() s |2

- 12n,

(Isi Il = 6¢), (83)

where (i) uses eq. (6) of (Carmon and Duchi, 2019), (ii) uses Proposition 2.1 of (Carmon and Duchi, 2019)
which states that A + HSN’”I = O and (iii) uses ||s*|| < 3€¢/. On the other hand,

b (5%) — b (%)

< (Bar(s) — (7)) + ((5") — b (530))
2 (6r(s") — 9(s") + (9(s3) — o (30))
(“) ; *T(Ay — A)s* + %SN/ (A— AN/ )sh,
(ig) I
< m

where (i) uses ¢(s*) = mins ¢(s) < @(sky), (i) uses the definitions of ¢(-) and ¢n/(-) in egs. (7) & (68)
respectively, and (iii) uses eq. (86) and ||s*|| < 3¢/. Combining egs. (88) & (89) yields that

(9 + [lsiv %), (89)

96’3

(9 + |5/ |I?) = 6.5¢' + —————.
N 2||s 12

lsi/ll < 6€ + ——
N 2” eIl

Suppose ||si/|| > 7€ and substitute it into the right side of the above inequality. Then we obtain the
contradiction that ||s}. || < 6.8¢. Therefore, ||sk/| < ||si|| < 7€, i.e., eq. (83) is proved. Finally, eq. (84)
can be proved as follows

IVo(sko)ll <IVo(skr) — grerll + llgx |

(1)

<I(A—An/)skr|| + Lo€”

(i) Loe
7

(7€) + Lope® = 2Lge?, (90)

where (i) uses ||gx|| < Lo€’? and the definitions of ¢(-) and ¢/ () in eqs. (7) & (68) respectively, (ii) uses
eq. (86) and |[sg/|| < T€'. O

Proposition 4 (Potentlal decrease for Inexact Cubic-LocalMinimax). Let Assumption 1 hold. For any

a,f>0,0<¢é < gLLl and 6 € (0,1), choose n, = (168Le + 120a + 1683)~1, n, = and N; >

o (ﬂ In Lia|[si—1 ||+ L1 (a+Lak)|se|

_2
Li+p

LgpBe?
hyperparameters in Lemma 6 with &' = §/T if ||[Vif(x,yir1)|| < 4L3k%n,, and use those in Lemma 7
otherwise. Define the potential function H; := ®(z;) + (10Lg + Ta + 1083)||5:||*>. Then, the output of
Cubic-LocalMinimaz satisfies the following potential decrease property with probability at least 1 — 6.

) (see eq. (45)). When implementing Algorithm /j at the t-th iteration, use

Hip1 = Hy < —(Lo + o+ B) (St [” + [I5]%). (1)

Proof. Following the proof of Proposition C, it can be seen that when ¢ < gLLcl; and Ny >
O(xIn Lia|si— 1\|+L1(Q+L2H)\|St|\

), the following bounds always hold, which are analogous to eqs. (30) &

LgpBe’?
(31) with exact solutions s;—1 and s; replaced by 5;—1 and 3; respectively.
IV®(x) = Vi f (e, yer)l| < BB + €), (92)
IV2®(z) — G(ar, yerr) || < (|5l + €). (93)

Then we consider the following two cases.

(Case 1) When ||V f(zt, y1+1)|| < 4L3K%n,, the output s’ satisfies eqs. (64) & (95) with probability at least
1 —¢’. Also note that the input variables of Algorithm 4 are g := V1 f(zy,y411) and A := G(zy, yi11) =
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Hqi — H12H2721H217 the output % of Algorithm 4 is assigned to s;y+; which is later used for the update
ZTey1 = Tt + St11, and the optimal CR solution s* in Algorithm 4 corresponds to s;1; in Algorithm 1.
Therefore, eqs. (64) & (65) transform to the following inequalities at the ¢-th iteration of Algorithm 1, which
by applying union bound hold simultaneously for all 0 < ¢ < T — 1 with probability at least 1 — 7§ =1 — 4.

[y [ [T [
67

~ 1. - 1
Vlf(xtvyt-&-l)T(St-i-l —5S¢41)+ *SI+1G($t,yt+1)St+1 - §5I+1G(xtvyt+1)3t+l +

2

€ llse4al® Va3 94
_W‘F PE ( )

" € 24n.. Lae’
Isell < 203el| + == + —=®

. 95
20 I[5¢]|2 (95)

Based on eq. (95), if ||s¢|| > €', then ||s;|| < 2||5¢|| +¢ since 1, < (168Lg) L. Otherwise, ||s¢|| < ¢’. Combining
the two cases yields the following inequality.

Isell < 2015l + ¢ = llsell* < 83| + 2. (96)

Therefore,

O(z441) — (1)
(%)

- 1 Le
< 51 V() + 55[4, V2O(2)541 + *||St+1H

2

=501 (VO(x1) = Vif (@, yes1)) + 541 VS (@, Yes1)

1 - 1. - Ly,
+ 2St+1(v D () — G(@e, Ye41) ) Se41 + §3tT+1G(It7yt+1)5t+1 + ?||t‘>’t+1||3

< BlISeall(I15]% + €) + §||8t+1||2(||5t|| +€) 4 80 Vif (@, Yer1) + =501 G, Y1) St

2
s 3 L 1 . s
” t+1H ( P 67’ )Hst 1”3 H t+1H 2L 6

67, 6 240m,
(i) /o _ - Iserall® | (Le 1N, o 4/ [[Bea ||* + €
(o 9 3 3, 3y St (7_7) 3 W TR L of 3
< (5 +6) @Bl + 5P +€) = Fg 4 (5 = 5= ) Bl Pog,
() /o ch 1
< (= 3151 + 215 (7_7>~ °
< (5 +8) @5l + 2050 + ( ~ 5. )15l
4511112 ()15 + 150D + 1512 + 115613 - -
4 B Pl + 180D + ISl + 157y e
120n,
(v) o _ . L@ 1
< (5 +8)BlElP + 20505 + (22 = — )5
6 614
45 341513 + |15 )+ |18een|1® + |52 _ ~
B+ 40BN+ [Beal®) B+ 1By o0
120nx
3« 13Ls
< (543845 o ) Fea P +(a+26+21@+f)“5t”3
(vi) ~
< —(11Lg + 8a + 11851 |* + (9Ls + 60 + 98) |5 (97)

where (i) uses w441 = x; + 5411 and the fact that V2®(z) is Lg-Lipschitz continuous (see the item 2
of Proposition 2), (ii) uses egs. (92), (93) & (94), (iii) uses egs. (29) & (96) and the inequality that
ab? < advb? < ad+b3,Va,b >0, (iv) uses €™ < ||5]|"V||5ex1 || < ||5el|™+|Sea ||, VO <t < T'—2,n € {1, 3}
based on the termination criterion of 7" in Algorithm 2, (v) uses ab?® < a® Vv b® < a3 + b3,Va,b > 0, and (vi)
uses 7, = (168Lg + 120 + 1683) 7!

(Case 2) When ||V1f(x, yi+1)]] > 4L%n2n$, similar to case 1, eq. (78) transforms as follows in Algorithm 1.

1
R (98)

Vi f (@ Y1) Segr + 5t+1G(xt7yt+1)5t+l

2
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Then, we obtain that
P(wp41) — P(wt)
T L 1 o2 Lo 3
< 501 V(@) + 55001 VIR (2e)st41 + —=lsel
=501 (VO(2) = Vif(@e,y41)) + 501 Vif (@, Yer1)

1 1 L .
+ 2801 (V2®@(21) — G, ye41)) 41 + 2841 G (@4, Yoy 1)Se41 + %H%HHS

2 2
(7) o Ls 1 1
< Blisesall(lsell +€2) + Slseaal2lsell + ) + (T = == ) Iseal* = FLiR02
2 6 67 4
(i) N N
—(11Lg + 8a + 118)|[5¢41[|> + (9La + 6 + 98) |5, [|° (99)

where (i) uses egs. (92), (93) & (98), and (ii) follows the same proof logic as that of eq. (97).

Eq. (97) in case 1 and eq. (91) in case 2 are the same. By rearranging them and using Hy := ®(x;) + (10Lg +
Ta+ 1083) |5 ||, we can prove eq. (91). O

Theorem 2 (Computation complexity of Inexact Cubic-LocalMinimax). Let Assumption 1 hold. For any 0 <

€ < min (222%, LZL_l/2 172 LZ" ) and § € (0,1), choose ¢ = e T = O (VLo [®(xo) — ®* + €e?),

n. = O((La)™t), ny = m and Ny = @(/{ln L‘aHs"’lH+L1(S+L2R)”s"u) (see eq. (45)) in Algorithm 2.

LGE

When implementing Algorithm /J at the t-th iteration, use hyperparameters in Lemma 6 with 6" = §/T
if IV1f(ze,ye1)|| < 4L2K%n,, and use those in Lemma 7 otherwise. When implementing Algorithm 5,
use the hyperparameter choices in Lemma 8. Then, with probability at least 1 — §, the output of Inexact
Cubic-LocalMinimaz satisfies

w(Trr) < e (11)

Consequently, the total number of required cubic iterations satisfies T' < O(\/L2H1‘56’3), the total number

of required gradient ascent iterations satisfies Zf;gl N, < 6(\/L2/€2'56_3), and the total number of required
Hessian-vector product computation (in Algorithms J €& 5) is of the order O(Lyr%e™%).

Proof. First, it can be easily verified that the hyperparameter choices of this Theorem fits those in Proposmon 4
with « = 8 = Ls. In particular, ¢ = 106;? with 0 < e < 1??%” and § € (0,1) satisfies 0 < € < E‘LLl
required by Proposition 4, since 1, = (456Le) "', « = 8 = Lg and Lg = Lo /(1+ k) < Lg/k (see Proposition
2).

Suppose T" < T does not hold, i.e., ||si—1|| V [|s:]| > € = Toouz=> V1 <t < T. Then, on one hand, telescoping
eq. (91) over t =0,1,...,T — 1 yield that

Hy—Hr > (Le +a + ) Z ISeral® + 115:01%)
t=0

T-1

>3Lo Y (Ilsell V llseal)?

t=0

> 3T Ly (106\6/5)3

Q)
> ®(z0) — D" + €2 (100)

where (i) uses T = 397006y/Lg [®(z0) — ®* + €2]e 3. On the other hand, recalling the definition of H; in
Proposition 4, we have

62

~ NG .
Ho = Hr = ®(z0) = ®(wr) + 27Le([[30]* = I57[*) < ®(x0) = 2" + ==, (101)
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where (i) uses ||sp]| = €' = Tosurs and ®(xp) > ¢* = mingerm ®(x). Note that egs. (100) & (101) contradict.
Therefore, we must have 1 < T < T = 397006/La[®(z0) — ®* + €2]e 3

Since ||37]| < €, we have ||V1f(a:T/ yT/+1)|| < 4L3k%n,. Otherwise, eq. (77) directly implies the contradiction
that |57/ > Lllﬂh = 45L6L® > = 106@ (since € < Zggf/‘i) Hence, ||V f(z1/, yr+1)|| < 4L3Kn,, which
implies eq. (96) and thus implies ||sp/|| < 2||57/|| + €’ < 3¢’. Therefore, the conditions of Lemma 8 are met,
so egs. (83) & (84) holds. Rewriting eqs. (83) & (84) with g «+ Vlf(:cT/_l,yT/), A« G(zp—1,yr) and
§ < s, yields that

5] < 7€ (102)
HV1f (xr—1,y7) + Gl 1,y )S + (103)
Therefore,

Ve (@)l

@ )VCI)(-%T’> - Vif(er—1,y71) — Ger—1,y717)s — %g

= “vq)(fT')_vq)(xT’fl)—V2¢($T'71)~||+|\V‘I’($T'71)—V1f(mT'71,yT’)H

+ IV20(270_1)5 — Glagr—1, yr )3 + ol ||~||2 2L
(g) Lo ||8]1* + B(I37—1]1* + €?) + Ta€ (|[Srr—1]| + €) + 228Le(7€')* + 2Lgpe”
" 01Le? 2, 0

where (i) uses eq. (103), (ii) uses eqgs. (92), (93) & (102), Ty = xzp/—1 + 5 and the item 2 of Proposition 2
that V2® is Lg-Lipschitz, (iii) uses Mo = (168Lg + 120a + 1683) ™1 = (456Lg) 71, ||S7—1]| < €, a =B = Lo
and eq. (102), and (iv) uses ¢’ = Toours- Also,

O] ~
V2®(Z1) = Glor—1,yr) — |G(@r -1, yr) — V2®(zr 1) — |[V?®(Tr) — VO(21_1)|]
(44) 1 . ~
- —ﬁHST'HI —a(llspall + €)I = Lo |51

(2i1)

= —237Loe' ] = —3v/Loel, (105)

where (i) uses Weyl’s inequality, (ii) uses Zp» = /1 +35, egs. (28) & (93) and the item 2 of Proposition 2 that
V2® is Le-Lipschitz, (iii) uses eq. (102), 7, = (456Ls) "1, a = Lg, ||377_1]| < €, and (iv) uses ¢ = 06"

Combining egs. (104) & (105) proves eq. (11) where pu(z) = 1/||VO(x)| V %

Finally, we compute the computation complexities. We have proved that the total number of cubic iterations
satisfies T/ < T = 397006/ Lo [® () — ®* + €] 3 = O(V/Lak'e3) (Lo = La(1+ k)® = O(L3k?) based on
Proposition 2). We can also prove that the total number of gradient ascent iterations have the same bound

T_gl N, <O (VL2k*Pe3) as that of Theorem 1, following the proof logic at the end of Appendix D. Then
we compute the total number of Hessian-vector product computations in cubic solvers (Algorithms 4 & 5).
When implementing Algorithm 4 at the t-th iteration, if ||V f (2, ye11)| < 4L2K%n,, then based on Lemma
6, the number of Hessian-vector product computations is proportional to

2n[(8L3R"03) [ (La€®)] &5 o
(= w01 O

zé[Ll/«PL;l <\/6LT>)1]

—O(Li Ly w2y 2 O(L Ly /26126

KN' =
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where (i) uses Lo = La(1+ k)% = O(Lak?). If || V1 f (24, Yer1)|| > 4L3K%n,, based on Lemma 7, the number of
Hessian-vector product computations is proportional to K = O(k), whose order is not larger than the above

O(L2 JU/23/2— 1) since € < L3L 1/2 x'/2. Based on Lemma 8, Algorithm 5 is implemented once with the
total number of Hessian-vector product computations proportional to

A in’ A ir’ 2 €2
[10)00) = 0z 0 7r) = O fcp) = OWKiz ')

As a result, the total number of Hessian-vector product computations in Algorithm 2 is

KN' O(

TO(L Ly 2612 + O(L2L; e )

= O(v/Lae *)O(L1 Ly /2KM2e) + O(L3L; e 7?)
= O(V/Low? Ly Ly /kM2e4) + O(L2 Ly e ™?)

= O(L1k2e ™),

where (i) uses € < LG to absorb the term O(L2L; 'e~2). O

H Experiment Details
In this section, we present the details of both synthetic minimax problem and the neural network simulation.

H.1 Details of Synthetic Minimax Problem

In this section we aim to solve the problem below:

RS i by3
){IGI% ;-rel% 5 z:: { (z3) — 10 + Ajx1y1 — 53 + B;xoys (106)
where A; and B; are independent random variables from uniform distribution range from 0.5 to 1.5 and w(z3)
has the exact form below :

Vel@+ (L+1)e)? — 2@+ (L+1)ye)? — 2BL+1)e¥/?, 2 < —L/e
ex—l—%, —Lye<z < —\/[¢

B —\ﬁxz—%, —Ve<xz <0 107

3/23 ) =~
—61’+€T7 ﬁ<$§L\/€,
Velw = (L+1)Ve)? + 2z — (L+1)ye)? — 2BL + 1)e¥/2, Lyfe <.
and we set ¢ = 0.01 and L = 5 in our experiment. Through simple computing we can calculate that:
® S SRR NECE A
(2) = wias) +10( 3 ; )+ (% ; ) (108)

H.2 Details of Neural Network Simulation

The network model we use is a convolutional neural network that consists of two convolution blocks followed
by two fully connected layers. Specifically, each convolution block contains a convolution layer, a max-pooling
layer with stride step 2, and a ReLU activation layer. The convolution layers in the two blocks have 1, 10
input channels and 10, 20 output channels, respectively, and both of them have kernel size 5, stride step 1
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Figure 5: Figure of the w-shaped function w(x).

and no padding. The two fully connected layers have input dimensions 320, 50 and output dimensions 50, 10,
respectively.
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