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ABSTRACT

This paper studies the strongly-convex-strongly-concave minimax
optimization with unbalanced dimensionality. Such problems con-
tain several popular applications in data science such as few shot
learning and fairness-aware machine learning task. The design of
conventional iterative algorithm for minimax optimization typi-
cally focuses on reducing the total number of oracle calls, which
ignores the unbalanced computational cost for accessing the infor-
mation from two different variables in minimax. We propose a novel
second-order optimization algorithm, called Partial-Quasi-Newton
(PQON) method, which takes the advantage of unbalanced structure
in the problem to establish the Hessian estimate efficiently. We
theoretically prove our PQN method converges to the saddle point
faster than existing minimax optimization algorithms. The numeri-
cal experiments on real-world applications show the proposed PQN
performs significantly better than the state-of-the-art methods.

CCS CONCEPTS

« Mathematics of computing — Mathematical optimization.

KEYWORDS

Minimax Optimization, Quasi-Newton, Few-shot Learning, Fairness

ACM Reference Format:

Chengchang Liu, Shuxian Bi, Luo Luo, and John C.S. Lui . 2022. Partial-
Quasi-Newton Methods: Efficient Algorithms for Minimax Optimization
Problems with Unbalanced Dimensionality. In Proceedings of the 28th ACM
SIGKDD Conference on Knowledge Discovery and Data Mining (KDD °22),
August 14-18, 2022, Washington, DC, USA. ACM, Washington, DC, USA,
11 pages. https://doi.org/10.1145/3534678.3539379

“The corresponding author

Permission to make digital or hard copies of all or part of this work for personal or
classroom use is granted without fee provided that copies are not made or distributed
for profit or commercial advantage and that copies bear this notice and the full citation
on the first page. Copyrights for components of this work owned by others than the
author(s) must be honored. Abstracting with credit is permitted. To copy otherwise, or
republish, to post on servers or to redistribute to lists, requires prior specific permission
and/or a fee. Request permissions from permissions@acm.org.

KDD 22, August 14-18, 2022, Washington, DC, USA

© 2022 Copyright held by the owner/author(s). Publication rights licensed to ACM.
ACM ISBN 978-1-4503-9385-0/22/08...$15.00

https://doi.org/10.1145/3534678.3539379

1031

Shuxian Bi
School of Cyber Science and Technology
University of Science and Technology of China
stanbi@mail.ustc.edu.cn

John C.S. Lui
Department of Computer Science & Engineering
The Chinese University of Hong Kong
cslui@cse.cuhk.edu.hk

1 INTRODUCTION

We study the minimax optimization problem of the form

i, s, 5. 0
where f(x,y) is smooth, strongly-convex in x and strongly-concave
in y. This formulation has received increasing attention recently
because of it contains a lot of applications in machine learning and
data mining (8, 14, 16, 25, 26, 39, 54, 55].

There are a great number of first-order algorithms for solving
the general strongly-convex-strongly-concave (SCSC) minimax
problem (1), including extragradient method [19, 29, 33, 48], op-
timistic gradient descent ascent [9, 37], proximal point method
[23,41,49, 50] and dual extrapolation [31]. These algorithms achieve
linear convergence rate and their extension to stochastic setting
also be well studied [1, 7, 27, 28, 34, 47]. Second-order optimization
algorithms usually have superior convergence behavior compared
with the first-order methods. Huang et al. [17] proposed cubic reg-
ularized Newton (CRN) method [30, 31] for solving problem (1).
CRN has quadratic local convergence but it requires constructing
the Hessian matrix exactly at each iteration. Recently, Liu and Luo
[24] proposed quasi-Newton methods, which enjoy explicit local
superlinear convergence rate and their iterations avoid computing
the exact Hessian.

The minimax formulation for plenty of machine learning ap-
plications has the characterization of unbalanced dimensionality,
that is, we usually have ny > ny (or ny < ny)l. We list some
popular models that naturally lead to minimax optimization with
unbalanced dimensionality.

e AUC Maximization: Area under ROC (AUC) is a metric
which is important in few-shot learning and widely used for
measuring the performance of binary classification for im-
balanced data [16]. The idea of AUC maximization [8, 54] is
to find a classifier on the imbalanced training set {a;, b;}]2;
where a; € R4 and b; € {+1, -1}, whose minimax formulation
can be written as

def 1

m
: e ) A2
i, ma ) S ) il ganb) + 3 IKE @

where each f;(x, y; a;, b;) is convex in x, strongly-concave in
y and A > 0 is the regularization parameter.

IWithout loss of generality, we only consider n, > ny in remainders of this paper.
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e Fairness-Aware Machine Learning: The issue of addressing
fairness in Al systems is a hot topic for data science in re-
cent years [39]. Adversarial learning [26] is a popular way for
fairness-aware machine learning [55]. Consider that we have
the training set {a;, b;, ¢;}]Z, where a; € R4 contains all input
variables of i-th example, b; € R is the corresponding output
and ¢; € R is the input variable which we want to protect
and make it unbiased. Then we can formulate the following
minimax optimization problem

1

min max —

m
L (bia] x) — Bla(ciya; Alx])? - yy? 3
min yd&m;m( ialx) = lo(eiyal ) + Alxll’ - vy’ (3)

where both /5 (+) and I (+) are the convex loss functions; f > 0
is the trade-off parameter.

Typically, computing the (second-order) partial derivative with
respect to x is much more expensive than computing the one with
respect to y in above applications?. However, the designs of all
existing first-order and second-order algorithms for SCSC minimax
optimization do not consider such unbalanced characterization.
In this paper, we proposed a novel type of second-order optimiza-
tion algorithms for SCSC minimax optimization with unbalanced
dimensionality, called partial-quasi-Newton (PQN) methods. The
algorithms construct the Hessian estimator by approximating the
second-order partial derivative with respect to x via quasi-Newton-
type update and computing the other second-order information
exactly. The exact second-order information helps PQN converges
to saddle point faster than Liu and Luo [24]’s quasi-Newton meth-
ods for SCSC minimax problems. We summarize the comparison
of the convergence results for PQON and existing quasi-Newton
methods in Table 1. Furthermore, the unbalanced dimensionality
in minimax problem allows PQN methods to compute the required
exact second-order information efficiently. We also provide the nu-
merical experiments on the applications of AUC maximization and
fairness-aware machine learning, which show the proposed PQN
performs significantly better than the state-of-the-art algorithms.

Paper Organization. In Section 2, we introduce the notation and
preliminaries that will be used in this paper. In Section 3, we survey
the recent advances in quasi-Newton methods. In Section 4, we
propose partial-quasi-Newton (PQN) methods for solving SCSC
minimax optimization problems with unbalanced dimensionality. In
Section 5, we provide numerical experiments on popular machine
learning models to validate the effectiveness of our algorithms.
Some detailed proofs are deferred to appendix.

2 NOTATION AND PRELIMINARIES

We use ||-|| to present spectral norm and Euclidean norm of matrix
and vector respectively. We denote the standard basis for R4 by
{e1,...,eg} andletI, and I, be the corresponding identity ma-
trix. The trace of a square matrix is denoted by tr(-). Following the

notation of problem (1), we let z = [x;y] € R" where n def Ny +ny
and use z* = [x*;y"] € R” to present the solution of the minimax
problem. We denote the gradient and Hessian matrix of f at (x,y) as
g(z) € R" and H(z) € R™". Additionally, we use Hxx(z), Hxy(2),

2We present the detailed expression of f; for AUC maximization and Iy, I, for fairness-
aware machine learning models in Section 5.
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Hyx(z) and Hyy (z) to denote V2, f(x,y) € R™Xnx, V,Z(y flxy) €
RPxXMy Vf,xf(x, y) € R"™*"x and V)Z,yf(x, y) € R™*"y respec-
tively. We also define P(z) def Hxx(z) — ny(z)H;}l,(z)ny(z).

We suppose the minimax optimization problem (1) satisfies the

following assumptions.

Assumption 2.1. The objective function f(x,y) is twice differen-
tiable and it has L-Lipschitz continuous gradient and Ly-Lipschitz
continuous Hessian, i.e., there exist constants L > 0 and Ly, > 0
such that
lg(2) - g(z")]| < Lz~ 2| @

and

[H(z) - HZ)|| < Lz |z - 2] )
foranyz = [x;y], 2z’ = [x/;y'] e R™.
Assumption 2.2. The objective function f(x,y) is twice differ-
entiable, p-strongly-convex in x and p-strongly-concave in y, i.e.,
there exists constant y > 0 such that

Vief(xy) =
for any (x,y) € R"™ X R"v,

and V)Z,y f(xy) < —ul

The inequality (4) means the spectral norm of Hessian matrix
H(z) can be upper bounded, that is, we have ||H(z)|| < L for all
z € R™. Additionally, the condition number of the objective function

is defined as k L/p and k2 def Ly/p.

3 RELATED WORK

Before presenting our algorithms, we briefly survey the related
work of quasi-Newton methods.

3.1 Quasi-Newton Methods for Minimization
Problems

Quasi-Newton methods [2-5, 10, 18, 20, 22, 43, 44, 46, 53] are pop-
ular algorithms for convex optimization. They have superior local
convergence than first-order methods and avoid accessing exact
second-order information. The famous quasi-Newton methods in-
cluding Davidon-Fletcher-Powell (DFP) method [10, 13], Broyden-
Fletcher-Goldfarb-Shanno (BFGS) method [3, 4, 46] and symmetric
rank 1 (SR1) method [2, 10], which approximate the Hessian matrix
based on the Broyden family updating formula [2] that is defined
as follows.

Definition 3.1 ([32, Section 6.3]). Suppose two positive definite
matrices H, G € R™" satisfy H < G. For any u € R”, if Gu = Hu,
we define BroydT(G, H u) def H. Otherwise, we define
(G -Huu™ (G -H)

uT(G - H)u
. Huu"G6+Guw™H (uTGu ) ﬂuuTﬂ]
G- — + — +1 — .
uTHu uTHu uTHu
In this paper, we focus on the popular SR1 update by choosing
parameter 7 = 0 for formula (6), leading to
_(G-Hu"(G-H)
uT(G - H)u '

Broyd, (G, ALu) % (1-1) [G -

+7

SRI(G, HLu) & 6 (7)
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Table 1: We compare the convergence results of proposed PQON methods with existing quasi-Newton methods [24] for solving
SCSC minimax problem (1). The measure of Liu and Luo [24]’s algorithms is the gradient norm ||V f(z; )| after (k + ko) iterations.
The measure of proposed PQN methods is based on the weighted gradient norm (Vyf(zy), P;lvxf(zk))l/2 + /Iy f ()l
after (k + ko) iterations, where Py > 0. The upper bounds of random algorithms hold with probability at least 1 — § for § > 0.

Algorithm Upper Bound ko
k(k=1)/2 ; \k ko
1 1 1
Random Broyden [24, Corollary 3.17.2] (1 = 1) (5) (1 - —4K2) o (nKZ In (%))
k(k=1)/2 /\k ko
1 1 1 2 nk
Random SR1 [24, Corollary 3.17.2] (1 - n+1) (5) (1— m) O((n+1c )In (?))
k(k=1)/2 ;.\ k ko
. 1 1 1 nk
Random Broyden PQN [This paper, Corollary 4.7 (a)] (1 - 1) (5) (1 - E) o (nK In (?))
L \K(K=D/2 1\ 1 \ko
Greedy Broyden PQN [This paper, Corollary 4.7 (b)] (1 - —) (5) (1 - 4—) O (nx1n (nx))
nk K
k(k=1)/2 ;1\ k ko
. 1 1 1 nk
Random SR1 PQN [This paper, Corollary 4.7 (c)] (1 T 1) (5) (1 N @) o ((n +k)In (7))
(\K(=D/2 1\ 1 \ko
Greedy SR1 PON [This paper, Corollary 4.7 (d)] (1 - —) (5) (1 - 4—) O ((n+x)1In (nx))
n K

For minimization strongly-convex function, classical quasi-Newton
methods [5, 11, 38] construct the Hessian estimator based on the
framework of Broyden family update and select direction u by
secant condition. As a result, these algorithms achieve local super-
linear convergence.

Recently, Rodomanov and Nesterov [42] proposed a greedy al-
gorithm for selecting the direction u for Broyden family update (6):

A
. G

5 (G) def arg max s Au.
uefe,,e;) U Hu

®

Later, Lin et al. [22] provided a specific method to chose direction
for SR1 update as follows

i (6) &

u"(G - H)2u
argmax —————.
uefen,,e;) U (G—H)u
Lin et al. [22], Rodomanov and Nesterov [42] also studies the ran-
dom algorithm for selection u as follows

©®

u~N(@OI or u~ Unif (sﬁ—l) , (10)
which can be implemented more efficiently.

Minimizing strongly-convex objective function by either greedy
or random quasi-Newton methods enjoys two-period local conver-
gence behaviors: the first one has a linear convergence rate and
the second one enjoys explicit non-asymptotic superlinear conver-

gence.

3.2 Quasi-Newton Methods for SCSC Minimax
Optimization Problems

Different with convex minimization, the Hessian matrix for the
objective function in SCSC minimax problem is indefinite. Hence,
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we cannot apply the Broyden family update to approximate the
Hessian directly. To address this issue, Liu and Luo [24] character-
ized the second-order information by approximating the square of
the Hessian. Specifically, they considered the following update rule
at k-th iteration

Zia1 = 7 — G " H(zp)g(zk),

where Gy is an estimator for the square of H(zz). We can verify
that the matrix (H(zj))? must be positive definite [24, Lemma 3.1].
Then applying Broyden family updating on (H(z))? and selecting
direction u by greedy strategy (8) or random strategy (10) obtains
the quasi-Newton methods for SCSC minimax optimization with
two-period local convergence rates: the first one has linear conver-
gence and the second one has explicit superlinear convergence.

Note that the convergence rates of Liu and Luo [24]’s algorithms
for SCSC minimax problems depend on O(1 - 1/x?) (see Table 1),
while the convergence rates of quasi-Newton methods for convex
optimization [21, 42] depends on O(1 — 1/k). The reason is the con-
dition number for (H(z;))? is the square of the condition number
for H(zg). On the other hand, it is difficult to implement greedy
algorithm (8) with H; = (H(zg))? in practice since computing the
diagonal entries for the square of Hessian is so expensive. In fact,
even for quadratic SCSC minimax problem, computing all diagonal
entries for the square of Hessian requires O(n®) time complexity
in general.

4 PARTIAL-QUASI-NEWTON METHODS

In this section, we propose Partial-Quasi-Newton (PQN) methods
for solving minimax problem (1) which satisfies Assumption 2.1-2.2
and ny > ny, then we provide their convergence analysis.
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Algorithm 1 Inverse(Gxy, Hyy, Hyy)

1: Input: G} Hyy and Hyy

po o

2 Cz = Hyy — Hi;GigHyy

3 C7' = Gyt + (GxiHyy) 3! (Gxxny)
c;! -C 'HyyHyy
% G7l= -1 -1\ " -1
- (e g ) G
5. Output: G™!

4.1 Algorithms

The key idea of designing PQN methods is taking the advantage
of the dimensionality-unbalanced structure in the object function.
Since the problem holds that ny, > ny, we can access the exact
second-order information related to Hyy(-) and Hyy(-) efficiently.
Thus, it is only necessary to approximate the matrix Hxx (-) whose
dimensionality is relatively large.

Assumption 2.1 means the matrix Hyx(-) is always positive def-
inite, which implies we can apply Broyden family updating to
approximate it. Based on the observation above, we propose our
PQON methods as shown in Algorithm 2. The Hessian estimator
Gy € R™™ in the algorithm can be partitioned into

Gix k ny(zk) c R*n
ny(zk)T Hyy(zk) |

where Gyy i € R™*"x Hyy(z;) € R™*"v and Hyy (z) € R"v*"y.
Compared with approximating (H(z;))? [24], directly constructing
the estimator for H(z;) is easier to obtain higher accuracy since its
condition number is smaller.

The unbalanced dimensionality in the minimax problem means
the cost for computing Glzl mainly depends on finding the inverse

Gy =

of Gy . Which can be finished in O(n%) flops like existing quasi-
Newton methods [21, 24, 42]. Following Woodbury identity [40],
we can obtain GI;l with O(n?) flops by the given inverse of Gyy x
which is shown in Algorithm 1.

Remark 4.1. The choice of parameter 73 € [0, 1] in Algorithm 2
leads to different types of Broyden family update (6) for approx-
imating Hyx(z) [32]. Our theoretical analysis will focus on the
setting of 7. = 0, which corresponds to SR1 update.
Remark 4.2. Note that we can calculate

P(zge) (Xjer1 = Xgc)
=Hyx (zi) (X1 — Xg) = ny(zk)H;r;r(Zk)(ny(Zk)T(ka = Xg))

in O(n?) flops, which means rj. can be calculated in O(n?) flops.

4.2 Convergence Analysis

We introduce some notations to simplify the presentation for the
analysis of the proposed PQN methods (Algorithm 2). We denote

def def
gk = glz). Hy S H(z). We use gy k. gy k. Hyx ko Hyy o and
Hyy « to present Vxf(zr), Vyf(zr), Hxx (z), Hxy (2) and Hyy(zk)

respectively. We use Py and Cy. to denote Hyy x — Hyy, kH . kay k
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Algorithm 2 Partial-Quasi-Newton (PQN)
1: Input: Gyxo > Hxx 0, 20, 7% € [0,1] and M > 0

2 Gy 1- Inverse(Gxx o> Hxy.0, Hyy.0)

3: fork=0,1,...

4 2k =20 - Glg(zp)

5 k= (Kt = X P(2) (Ker — X))V + [lyges — vl
6 Gyxk = (14 Mr)Gyy

7. Choose uy from

e Option I (greedy method):

lAIHXX (Zks1) (éxx,k) if 7 € (0, 1]

Ui = -
Ul (z001) (Cxxk) e =0
o Option II (random method):
up ~N(0,I) or ug~ Unif (S"™71)
8  Gyxgs1 = Broyd ( xx,ks Hyx (Zk41), uk)
9: G];il = Inverse(Gxx!kH, Hyxy (zg+1) Hyy (2g41))

10: end for

and Gyy ;. — Hy kHyy kHTy, . Tespectively. We let omax (+), Amax(-)
and Apin () be the largest singular value, the largest eigenvalue and
the smallest eigenvalue of the matrix respectively.

Different from the analysis in the work of existing quasi-Newton
methods [22, 24, 42], we design the weighted gradient norm as the

measure for our convergence analysis below

W

where we have Py > Hyy ;. > 0 due to the fact that H’

f _
i S (g Pl 2+ — - llgykll

<0

Now, we establish the relatlon between i, and yx by the itera-
tion rule zg,; = zp — G, lg.

Lemma 4.3. Using Algorithm 2 and assuming that

Hxx,k =< Gxx,k =< Ukax,k

def
with nj 2 1, then for a =

54K2K2//1, we have

vk

1
Yi+1 < (1 - E) Yk +ayi andry < (11)

ProorF. See Appendix A. O

Then we prove that if the norm of Gy j is bounded, the matrix
Gyx k+1 Obtained from the Broyden update

Gxx,k+1 = BrOYdi (éxx,k’ Hxx,k+1’ ug), (12)

where éxx,k = (1+ Mry)Gyx k can be bounded by Hyy j41.

Lemma 4.4. Using Algorithm 2 and assuming thatHyy j < Gyy o <
NicHyx k for some g > 1, éxx,k = (1+Mry)Ggx f and M = Lg/y3/2‘
Then we have éxx,k > Hyy o and

2
Hyx k1 = Gxxhr1 = (1+ Mrg) ngHyx gr1- (13)
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Proor. We first prove that ||Hyy x — Hyy k41| can be bounded
by ||zg4+1 — zi || Note that the difference Hy,; — Hy can be written
as the form of block matrix as follows

Hxx,k+1 - Hxx,k
-
(ny,k+1 - ny,k)

According to Assumption 2.1, we have

ny,k+1 - ny,k

Hpy —Hg =
* Hyy ke —Hyyx

Hpesr — Hiell < Lallzgsq — 2zl
Thus we can obtain
[Haoeks1 = Hykll < Lallzisy =zl (14)
< %HP}/ 2 = 5l + Zlyier - vill < %rk. (15)
Connecting (14) to the strongly-convex assumption on x leads to
Ly Ly
Hyxkst = Hak = =7kl = = reH ke = MrgHok
e
and
Hyx ¢ = Hyx k1 < L_Zrkl =< L_Zrkax k+1 = MrHyy i
N R T :

which are equivalent to

ﬁ < Hyyge1 = (1+ Mrg)Hyy k- (16)
1+ Mrk 4 4
We assume that
Hxx,k = Gxx,k < Ukax,k- (17)

Hence, we have

(16)
<

a7)
Hxx,k+1 = (1+Mrk)Hxx,k =<

(14 Mrg)Gyx k= Gy
and

; a7 (16) )
G = (1+Mrp)Gyx ke = (1+MrnHyxr = (14 Mrp) “niHpyg.

According to Lemma 2.2 in Rodomanov and Nesterov [42], we have
A 2
Hyx k1 < Broyd, (G, Hyy k41, W) = Gy a1 = (1+Mrg) “niHpy .

m]

The linear convergence of PQN methods can be established by
Lemma 4.3 and 4.4. The convergence rate matches the result of
quasi-Newton method for convex optimization [22].

Theorem 4.5. Using Algorithm 2 and assuming the initial point
be sufficiently close to the saddle point such that yy < i/ (216x3k2),
then for all k > 0, we have y, < (1 —1/4) yo.

PRrOOF. Let p; = %y,'. The initial assumption means we have
Mx < In2 d < 1 (18)
—VY0 < — an ayo < —.
Vi o= o5 vo=
We use induction to prove the following statements
k-1
Hxx,k < Gxx,k < exp (2 Zpi KHxx,k =< 2KH)(x,k’ (19)
i=0
k
<[1-= Yo (20)
Yk = 4K ’
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k-1
Nk def exp (Z Zpi)K <2 (21)
i=0
hold for all k > 0.

For k = 0, the initialization Gxxo = LI leads to no = x and
Hxx,0 < Go =< xHxx,, which satisfy (19), (20) and (21). Suppose the
statements (19), (20) and (21) hold for all k” < k, then we prove these
results for k” = k + 1. The induction assumption means n; < 2k and
Hyy i = Gyxk < NiHgx k- According to inequality (11), we have

1 5 (20) 1
Yk +ayg < 1—2—K+ay0 Yk

1-— —
2K
0) 1\*
< - — .
Yk = (1 4K) Yo

1
<f1-—=
Recall that we have defined p; %ﬁ. Based on the elementary

Vi+1 < (

inequality e* > x + 1 and Lemma 4.4 of Rodomanov and Nesterov
[42], we have

2
3Myy
I ) ’7ka);,]<+1

2
Hxx,k+1 =< Gxx,k+1 =< (1 + Mrk) ”kax,k+l =< (1 +

k
(19)
2 2
=(1+pg) Ukax,kH <e pkUkax,kH < exp (2 ZPi)KHxx,kH:
i=0

where the term of Z{'C:o pi can be bounded by
12Mx

k k i-1
(20) 3M 1
p-s_mz(l_—) <
Z = AT VE

Hence, we have Gyy k41 < exp (2 2;‘20 Pi)KHxx,k+1 < 2xHyy j41

(18) In2
Yo <

3 (22)

and ng,1 = exp (2 Z{F:o pi)K < 2k. Then we complete the proof by

induction. O

Note that the result of Theorem 4.5 does not depend on the choice
of the direction uy. However, selecting uy by the update rule in
Algorithm 2 leads to the superlinear local convergence rates. We
present the formal statement in the following theorem.

Theorem 4.6. Solving minimax optimization problem (1) under
Assumption 2.1 and 2.2 by proposed PQN methods (Algorithm 2) with
M= Ly/p?? and Gxx,0 = LI, and the initial point is sufficiently
close to the saddle point such that yo < Inz
def 18k
n

. H
24 Kk (1+fynk)
Po = max{2, =X}, then we have the following results:
(a) If we choose T € (0,1] then Algorithm 2 (Broyden PQN) holds
that

E [Yk+1
Yk

(b) If we choose T = 0 then Algorithm 2 (SR1 PQN) holds that

where

k
] < (1 - i) 2nk, forallk > 0. (23)
nk

k
1
E [M < (1 - —) 2ni®,  forallk > 0. (24)
Yk n
ProoF. See Appendix B. O

The choices of 7 and uy lead to different versions of PQN meth-
ods. Combining the local linear convergence result in Theorem 4.5
and the local superlinear convergence results in Theorem 4.6, we ob-
tain the two-period convergence results for these PQN algorithms.
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Corollary 4.7. Solving minimax problem under Assumption 2.1 and
2.2 by proposed PQN methods (Algorithm 2) with M = Lo/i*'? and
Gxx,0 = LIn, and the initial point is sufficiently close to the saddle
point such that yy < ﬁ, we have the following results:
(a) If we choose t € (0,1] and use the random method (10) to
determine uy, then Algorithm 2 (random Broyden PQON) holds

that
1 \k(R=D/2 K . 1 \ko
nk+1 2 4K Yo

forallk > 0 andky = O (mc In (%)) with probability 1 — 9,
where d € (0,1).

(b) If we choose t € (0,1] and use the greedy method (8) to deter-
mine uy, then Algorithm 2 (greedy Broyden PQN) holds that

(2 k(=12 [\ 1 ko
Yko+k = K 2 I Yo

forallk > 0 and ko = O (nk In(nk)).
(c) If we choose T = 0 and use the random method (10) to determine
ug, then Algorithm 2 (random SR1 PQN) holds that

| VKD /2 K 1 ko
n+1 2 4K Yo
orallk > 0 and kg = O ((x +n)In(ZE|) with probabilit
5 P Yy
1 -0, where$ € (0,1).

(d) If we choose T = 0 and use the greedy method (9) to determine
uy, then Algorithm 2 (greedy SR1 PON) holds that

[\KGk=D/2 K L\
Yotk = 1_; 2 1-—1| v

Yotk < (1 -

Yotk < (1 -

forallk > 0 and ko = O ((x + n) In(nk)).

ProoF. Theorem 4.5 and 4.6 have shown the local linear and
superlinear convergence rate for two periods of the algorithms.
We can prove this corollary by combining these two theorems. The
statement of cases (a), (b) and (d) can be easily obtained by following
the proof of existing quasi-Newton methods [22, 42] as follow:

e For case (a), Theorem 4.5 and 4.6 mean we can use Corol-
lary 11 of Lin et al. [22] by replacing the term (1 — 1/(2k)) by
(1 -1/(4k)), which directly obtains the two-period conver-
gence result for our random Broyden PQN method.

e For case (c) and (d), Theorem 4.5 and 4.6 mean we can use Corol-
lary 21 of Lin et al. [22] by replacing the term (1 — 1/(2k)) by
(1 -1/(4k)), which directly obtains the two-period conver-
gence result for our random and greedy SR1 PQN methods.

We provide the proof of case (b) as an example. We denote k1 > 0
as the number of the first iteration which satisfies

1 k1 KZ
1-—| < ——.
4K Ponk +1
Thus we have
(1 e _In2 4
Yy = ) Kok (1 + fonk)’
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Figure 1: We demonstrate iteration numbers vs. ||g(z)||2 and
GPU time (second) vs. ||g(z)||2 for AUC maximization on
datasets “a9a” (n = 126, m = 32561), “w8a” (n = 303, m = 45546)
and “sido” (n = 4935, m = 12678).

which means our algorithm satisfies the initial condition for the
superlinear convergence of Theorem 4.6 after k; iterations where
ki=0 (max {K,Kln (%)}) .

We denote ky > 0 as the number of the first iteration satisfies

1\ 1
2nk |1 — — < -,
nK 2

where we have k; = O (nkIn (nk)).
We obtain the result of (b) by setting ko = ki+kz = O (knln (nkx)).
[m]

5 NUMERICAL EXPERIMENTS

In this section, we conduct our algorithms on popular machine
learning applications and regularized nonlinear minimax optimiza-
tion problem. We refer to random and greedy versions of proposed
Algorithm 2 by choosing 7 = 0 as RaSR1-PQN and GrSR1-PQN.
We also refer to random and greedy versions of Algorithm 2 by
choosing 7 = u;cerx,k+1uk/(u]1—Gxx,kuk) as RaBFGS-PQN and
GrBFGS-PON respectively. We use the RaSR1 [24, Algorithm 7] and
RaBFGSv1 methods [24, Algroithm 5] as baselines and refer them
to RaSR1 and RaBFGS in our experiments respectively. We do not
include the first-order method extragradient since the experiments
of Liu and Luo [24] have already shown its performance is worse
than their quasi-Newton methods.
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Figure 2: We demonstrate iteration numbers vs. ||g(z)||2 and
GPU time (second) vs. ||g(z)||2 for AUC maximization on
datasets “w8a” (n = 303, m = 45546) with different regular-
ized parameter 1.

Our experiments are conducted on a workstation with NVIDIA
Tesla V100 GPU with 16GB memory. We use PyTorch 1.8.0 to run
the code and the operating system is Ubuntu 20.04.2.

5.1 AUC Maximization

We first validate our PQN methods on AUC maximization. Each
component f; in (2) is a quadratic function of the form

fixysaiby) =(1 - p)(wha —u)? = 2(1+ y)w " a;) I,
-p(1-p)y* +p((wTa; —0)* +2(1 +y)w " a;) -1,

where x = [w;u;0] € R*2, w e R4, u e R v € R,p=m"/m
and m* is the number of positive instances. We have ny = d + 2
and ny = 1. Since the object function is quadratic which satisfies
Assumption 2.1 with Ly = 0, we set M = Ly /p = 0 for PQN methods
by following the setting of Liu and Luo [24]. We tune the input L
from {1, 100, 1000} for all algorithms (including the baselines).
We first let A = 1/m and evaluate all algorithms on three im-
balanced binary classification datasets “a%a” (p = 0.241), “w8a”
(p = 0.029) and “sido0” (p = 0.0036) where “sido0” comes from
Causality Workbench [15] and the others can be downloaded from
LIBSVM repository [6]. The results of iteration numbers against
llg(z)]l2 and GPU time against ||g(z)||2 are presented in Figure 1,
which show that our PQN algorithms performance significantly
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Figure 3: We demonstrate iteration numbers vs. ||g(z)||2 and
GPU time (second) vs. ||g(z)||2 for Fairness-aware machine
learning on datasets “adult” (n = 123, m = 32561) with differ-
ent rounds of extragradient iteration as warm-up.

better than baseline algorithms. We observe that the baseline al-
gorithm RaSR1 diverges for the dataset “a9a” and “sido0”. This is
because the SR1 method is not numerical stable [2, 10, 53] when
the condition number is large. Recall that RaSR1 [24] address the
square of Hessian, which leads to the approximate second-order
information comes from more ill-conditioned matrices, while our
PON algorithm directly deals with the original Hessian.

We also compare our RaSR1-PQN and GrSR1-PQN with RaSR1
under different settings of regularization parameter A, which cor-
respond to the SCSC minimax problem with different condition
numbers. The results presented in Figure 2 show our algorithms
are more stable than baseline RaSR1.

5.2 Fairness-Aware Machine Learning

Then we validate PQN-methods on the fairness-aware machine
learning model defined in (3). We have ny = d and ny = 1. Our
experiments focus on fairness-aware binary classification such that
both /1 (+) and Iy(-) are logit functions: logit(x) = In(1 + exp(—x)).
We use the fairness-aware datasets “adults” and “law school” which
can be found in Quy et al.’s survey [39]. We convert all features of
the original datasets into binary by following the prepossessing of
previous work [6, 24, 36]. We set A = y = 0.0001 and f = 0.5.

We tune M and L from {1, 10, 100} for all algorithms. Since the
object function is nonlinear, we use the first-order algorithm ex-
tragradient [19, 48] as warm-up to achieve a good initial point,
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Figure 4: We demonstrate iteration numbers vs. ||g(z)||2 and
GPU time (second) vs. ||g(z)||2 for fairness-aware machine
learning on datasets “law school” (n = 380, m = 20427) with
different rounds of extragradient iteration as warm-up.

which is a popular strategy in the numerical experiments for quasi-
Newton methods [21, 24]. We run all algorithms with T rounds
of extragradient iteration as warm-up, where T is selected from
{100, 1000, 10000} for “adult” dataset and {10000, 20000, 30000} for
“law school” dataset. The results presented in Figure 3 and 4 show
that our PQN methods outperform the baselines under all of the
warm-up settings, which implies our algorithms are more robust to
the choice of initial point.

5.3 Regularized Nonlinear Minimax Problem

This section studies how the difference between dimensionalities of
two variables in the problem affect the performance of algorithms.
We consider the following minimax problem [17]

min max f(x,y) =
x€R"x ye]R"yf( Y)

L i In(1+exp (- aTx)) + &||x||2
= ' 2
1 Za 4
T T 2
+x Ay - m—zzlln(1+exp(—bj y)) - §||y|| ,
=
where a; € R"™, b; € R" and A € R™*" are generated ran-
domly by the Pytorch function torch.randn() with corresponding
dimensions and A, y > 0 are the regularized parameters.
We set A = y = 0.01 and fix ny = 1000 for our experiments.
The inputs M and L are tuned from {1, 10, 100, 1000, 10000} for all
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Figure 5: We demonstrate iteration numbers vs. ||g(z)||2 and
GPU time (second) vs. ||g(z)||2 for regularized nonlinear min-
imax problem with different settings for n,.

algorithms. We test all algorithms under different settings of the
dimensionality of y, that is, we select ny from {10,50,100}. We
present the experimental results in Figure 5, which show our PQN
methods always perform better than baselines in all cases.

6 CONCLUSION

In this work, we have proposed the partial-quasi-Newton (PQN)
methods for solving the SCSC minimax optimization problems with
unbalanced dimensionality. The algorithms only approximate the
positive-definite block in the Hessian matrix and compute the other
second-order information exactly. The unbalanced structure in the
problem allows we can efficiently update the Hessian estimator
with the iteration. We prove our PQN methods enjoy better conver-
gence rates than existing quasi-Newton methods for SCSC minimax
optimization. The empirical studies on popular machine learning
applications and synthetic minimax problems show PQN method
perform significantly better than the state-of-the-art algorithms.
The framework of PQN methods is not only limited to quasi-
Newton-type algorithms, we can also incorporate the idea of PQN
into other classes of inexact Newton methods [12, 35, 45, 45, 51, 52].
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A THE PROOF OF LEMMA 4.3

def Pl/2 0

Proor. We use Ji. = in the following analysis.

0 ny
We first give the bounds for some matrices which will be useful in
the analysis. We have Gyy ¢ > pl and Hyy . < —pl, then Gi > p,

which implies Amin(Glzc) > p? and ||G;1|| = Amax((Ggl)Z) < 1/42.

Hence, we have ||G];1|| = ‘Mmax((G;l)z) <1/p.

Recall that we’ve defined C; = Gyy ) — Hy kHyyk
according to the assumption that Hyy p < Gyxp < Ukax,k’ we

have Py < Cj. < 1Py and combining with Lemma B.1 of Liu and
Luo [24], we have

HT and

— and

1/2 ~—1 1/2”
I-P,/°C,°P <1-
H k "k Tk Tk

HP”ZC 1P1/2|| <1 (25)

If we further define the matrices Qy def Hyy  —Hyy kH;i, Hay k
and By def Hyyx — ny’kG;i Hxy k> we can easily obtain that
IIQ;1 || <1/pand ||B];1 || € 1/p. According to the Woodbury iden-
tity, we have
Q/'=H

thus we have

-1/2 — T 1 —1
1Py e H 3 = (e (] HT P Hy (HEL )

=10 =B < JIQp I+ M) Il < =

k + Hyy kny kP ny kHyy P

9 (26)
\/l_l.
We can obtain that ul < P < (2k/p)I and P(z) is 3x2L,-lipschitz
countinous which means

32

M) P,
Vi

P
We rewrite Vf(zx,) according to the iteration (12) as

1+ 3Kk /A1 @)
Vf(2k41) = VS (zi) + Hi (=G 'V f (2))

< Pk+1 =< (1+

ag

1
o [ (Tt st =200) = P @) o = 20 .

b

The term of a; can be written as

[Gxx,k -H

ap = (Gp —Hp)G gt = ook

-1
0 0] Gy gk

We define ak = [a , and we have

xk’ yk]

xx,k)Ck Exk — (Gxx,k -
0

|ax,k _ (Gxx,k_

ay, k

Hxx,k) C;1 ny,kHyy,k gy,k]

We bound the term of P;}(/ Zax’k by

—1/2 1/2 A~—1pl/2 —1/2
P il < 11— P2y 1P gk

1/2 12 p=1/2 g

+||I-
(25), (26) (
< 1

C B P Hy kHO L gl

_ 1 2
- —|Ip % k||+(1——)—||g Kl
’Yk) e =% M) vE Y

(28)
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] can be bounded by Lipschitz-

The term of bk [bxk’ vk
continuous of H(z) that is

1
bl < / V2 i + 5 (zienr = 20)) = V2 || 1zt — 220 I ds

4) L L @)
< —||zk+1 —zl? < i”i‘
h -1/2
We further denote hy = [hx’k] def J;l = Pk Bxk . Then,
y.k gy,k

we can bound hy ., and hy ., as follows:

Ly
Iy st ]l < NIbyiell < Ibell < —”rk

and

—-1/2 —1/2
sl < 1P 2 ll + 1P b

@7 32Kz -1/2 -1/2
1+ \/I_l rk”Pk ax,k” + ||Pk+l

(28), (29) 3Kk (
< +

= Vi

IA

1B

2
-

Ly
1= — | |yl + ||h k”) +o—r
'7k) ( Y 2N

Thus, we have

Iy jest I + 2/ Vi) 1By e |

Ly
\/1+3szzrk/\/_(1——) (||h Kl + ||h k||)+—’~
m )\ e Vi

Finally, we bound rg by y; as follows

P2 (Xpeas — Xp) -1
Tz —2z) = | K =JikGy Jrhk
Yk+1 — Yk
1/2 A-1pl/2 1/2
P/2C P *hy - PYPC, £ Hay cHL g
1/2 1 2 71 2
-(p’c; 1P/ PP Hy kHJL ) Thy ke + (Br) ™Mhy i
Thus we have
) (26 2
122 0t =30 72 Wil + =
+ X, \//_1 Y>
and
1/2 1 2 -1 2 -
Iyies = vill < ||P/ NP g HUL
)( 6) 2
+ 1B el el + "y .

Thus, we can bound the term ry

1/2
rie < 1PV (s = %011+ Ilygees = yill < T (30)
In the end, we obtain the relation between yx,; and yi
<(1 1) +3;<;<2 +2L2
Yk+1 = - — | Yk TkYk
* Mk VH 312k
<30)( 1 ) 27k%ky 5 18Ly , 1 54x%Ky
< (1-—)ye+ +—Ve S |1-— v+ ——V1¢-
Mk po ks Mk po ok
mi
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B THE PROOF OF THEOREM 4.6

The proof is standard which can be modified from Liu and Luo [24].

We only provide proof sketch of this theorem.
We first define the following constants for analysis
18
ag def max{2n, 18K2} and Bo def max {2, —K} .
n

We have %(1 + fonk) > 24 % 18x% > 216K2, so the initial

condition
In2 u

24 Kok (1 + Ponk) G1)

Yo =

: It
< —X
satisfies yp < T

Recall that we define p; = %y,— then it enjoys that

k
1
Pr < (1 - —) po- (32)
4K
We also have
Pokn = max{2nk, 18x%} > max{2n, 18x?} = ag,
which implies that if yy satisfies (31),then it also satisfies

In2 u

24 Kok (1+ ap) 3)

Yo <

Proor. We define the random sequence {r]k}, {O'k} as follows

def tr(Gxx,k - Hxx,k)

Nk , (34)
tr(Hxx,k)
et i (G g = Hige g )H!
O = tr ( xx,k xx,k) xx.k | - (35)
We have

Hj < G¢=(1+ ox)Hg. (36)

From Lemma 4.3, we have

3¥k

Yes1 S Okvk +ayp and rg < Vi 37)

Broyden Case (0 < 73 < 1): One can obtain the following
results by Lin et al. [22]

1 2nMry
E <(1-=]@a+Mr)? o+ . 38
. [0kl < ( nK)( k) (Uk 1+Mrk) (38)
We set 0y def ok + appx and use induction to show that
1 k
E[6;] < (1 - —) 2nk. (39)
nk
In the case of k = 0, we have
‘90:<H;,1,0, Gxx,0> — nx +2npg
33) (40)

~1
< <Hxx,0’ kHxx 0) — nx + 2ppo = nk + appo — nx < nk.

Thus for k = 0, inequality (39) is satisfied.

, which is the initial condition for Theorem 4.5.

Suppose inequality (39) holds for 0 < k" < k. For k + 1, using
the inequality e* > 1+ x and recall that p = %yk, we have

54x2
3

1
< (1 - —) 26 pr exp(2px)
nK

s

< (1— K)E[(1+Pk)2(0k+aopk)] (42)

Pk+1 < Okpk + Py < pi(ox +18<%pr) < piebic (41)

and

(38)
Elog] < (1 -

2npy
1 2
(1+px) (0k+1+pk”

- 3= 31~

= (1 - )E [0k exp(2px)] -
nk
Thus we obtain by reduction that
1 1\
E 6] <[1— —|exp|2(1+a0) (1= —| pol|E[0k].
nK 4k
Therefore, we have
1 k+1
E [6r41] < (1 - —) 2nk, (43)
n
which proves (39). Hence, for any k > 0, we have
1 k
Elor] <E[0] < (1 - —) 2nk,
n

which implies

MJ _E lm
Yk Pk
SR1 Case (73 = 0): The proof of the SR1 case is almost the same
as the Broyden case.
One can obtain the following results from Lin et al. [22]

(1) 1\
E < E[6] < (1— —) k. (44)
nK

1
Buy [1g41] < (1 - ;) (1+ Mri)® (g + 2Mry,).
It also holds that

Pr+1 < (1 - %) (1+ pg)*2nicpy (e + Bopic)- (45)

. def .
Setting 0y < Nk + Bopk, same as Broyden case, one can use induc-
tion to show that

1 k
E[0;] < (1 - —) 2K. (46)
n
We can obtain that

E [J’k+1] -E [Pkﬂ
Yk Pk

which is equivalent to the result of (24). O

k
< E[nk6;] < (1— %) K (47)




