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Abstract On solving a convex-concave bilinear saddle-point problem (SPP), there have been many works
studying the complexity results of first-order methods. These results are all about upper complexity bounds,
which can determine at most how many efforts would guarantee a solution of desired accuracy. In this paper,
we pursue the opposite direction by deriving lower complexity bounds of first-order methods on large-scale
SPPs. Our results apply to the methods whose iterates are in the linear span of past first-order information,
as well as more general methods that produce their iterates in an arbitrary manner based on first-order
information. We first work on the affinely constrained smooth convex optimization that is a special case
of SPP. Different from gradient method on unconstrained problems, we show that first-order methods on
affinely constrained problems generally cannot be accelerated from the known convergence rate O(1/t) to
O(1/t?), and in addition, O(1/t) is optimal for convex problems. Moreover, we prove that for strongly convex
problems, O(1/t?) is the best possible convergence rate, while it is known that gradient methods can have
linear convergence on unconstrained problems. Then we extend these results to general SPPs. It turns out
that our lower complexity bounds match with several established upper complexity bounds in the literature,
and thus they are tight and indicate the optimality of several existing first-order methods.

Keywords Convex optimization, saddle point problems, first-order methods, information-based complexity,
lower complexity bound
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1 Introduction

In recent years, first-order methods have been particularly popular partly due to the huge scale of many mod-
ern applications. These methods only access the function value and gradient information of the underlying
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problems, and possibly also other “simple” operations. For example, on solving the constrained optimization
problem f* := mingex f(x), the projected gradient (PG) method

xtD  Proj (x® — aVf(x®))

is a first-order method if Projy is easy to evaluate such as projection onto a box constraint set. For convex
problems, if V f is Lipschitz continuous and « is appropriately chosen, the PG method can have convergence
rate in the order of 1, namely, fx®) — f* = O(4), where t is the number of gradient evaluations. Through
smart extrapolation, the rate can be improved to O(t%); see [3,35]. In addition, there exists an instance
showing that the order t% cannot be further improved [33] and thus is optimal.

In this paper, we consider the bilinear saddle-point problem (SPP):

min max f(x) + (Ax=Db,y) — g(y). (1)

Here, X CR™ and Y C R™ are closed convex sets, f : R — R and g : R™ — R are closed convex functions,
A € R™*" and b € R™. We assume that the function f is differentiable, and V f is Lipschitz continuous

with respect to a norm || - ||, namely, there is a constant L; > 0 such that
IVF(x1) = VI (x)ll« < Lyllx1 — %o, VX1, %2 € X, (2)
where || - ||« denotes the dual norm of | - ||. In addition, we assume that ¢ is simple such that its proximal

mapping can be easily computed. The scale of the problem is large, and it is expensive to form the Hessian
of f and solve or project onto a linear system of size m x n. Two optimization problems are associated with
(1). One is called the primal problem

¢* 1= min { ¢(x) := f(x) + max (Ax — b, y) — g(y) } ) ®)

xeX

and the other is the dual problem

yeYy

P = max{ ¥(y) = —g(y) + min (Ax = b,y) + f(x) } )

The weak duality always holds, i.e.,
Pt < 9t (5)

Under certain mild assumptions (e.g., X and Y are compact [37]), the above inequality becomes an equality,
namely, the strong duality holds.

Many applications can be formulated into an SPP. For instance, it includes as special cases all affinely
constrained smooth convex optimization problems. To see this, let Y = R™ and g = 0. Then maxy, (Ax —
b,y) =0 if Ax = b and oo otherwise, and thus (3) becomes

= }I(Iélg {f(x), st. Ax=Db}. (6)



Lower complexity bounds of first-order methods for convex-concave bilinear saddle-point problems 3

1.1 Main goal

We aim at answering the following question:
For any first-order method, what is the best possible performance on solving a general SPP?

More precisely, our goal is to study the lower information-based complexity bound of first-order methods on
solving the class of problems that can be formulated into (1). In the literature, all existing works about first-
order methods on solving saddle-point problems only provide upper complexity bounds. Establishing lower
complexity bounds is important because they can tell us whether the existing methods are improvable and
also because they can guide us to design “optimal” algorithms that have the best performance. To achieve
this goal, we will construct worst-case SPP instances such that the complexity result of a first-order method
to reach a desired accuracy is lower bounded by a problem-dependent quantity.

In the above question, we say an iterative algorithm for solving (1) is a first-order method if it accesses
the information of the function f and the matrix A through a first-order oracle, denoted by O : R™ x R™ —
R™ x R™ x R™. For an inquiry on any point (x,y) € R™ x R™, the oracle returns

O(x,y) == (Vf(x),Ax,ATy). (7)

Given an initial point (x(o),y(o)), a first-order method M for solving SPPs, at the ¢-th iteration, calls the
oracle on (x, y() to collect the oracle information O(x(*), y(*)) and then obtains a new point (x(**1) y(*+1)
by a rule Z;. The complete method M can be described by the initial point (X(O) , y(o)) € X xY and a sequence
of rules {Z;}2, such that

(x(t+D) y (D) 5(t+1) g1y 7, (0; OO, yO) O(Xa)’y(t))) V>0, (8)

where (x(t),y(t)) € X x Y denotes the inquiry point, and (i(t),y(t)) € X x Y is the approximate solution
output by the method. Note that we allow M to possess the complete knowledge of the rest information in
an SPP, e.g., the sets X and Y, the function g, the vector b, and the Lipschitz constant L ¢ and its associated
norm. We use 6 for all the rest information.

As an example of the first-order method in (8), we consider (6) and the linearized augmented Lagrangian
method (LALM) with iterative updates:

(D) — Projy (X(t) _ E(Vf(x(t)) +AT ()\(t) + r(f)))) ) (9a)
Ui

AUFD Z () 4 ), (9b)

where 17 > 0 is a stepsize parameter, and r() = Ax(®) —b. As a special case, assume that X = R", x(©) =0
and (Y = 0. In such special case it is easy to observe that AW = 22:1 r?) | ¥t > 0, where we have used
the convention

J2
> ) =0, if ji > jo.
J=n
Hence, the update in (9a) becomes exactly

+ t
1 i j j

XD = = (S (VD) + ATED ) + AT x| vz 0. (10)
n

=0 j=1

Let O(u,v) = (Vf(u),Au,ATv) and u® = 0 and v(¥) = 0. We define the rules {Z;}32, as follows:
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1. Ty : (0; O(u(o),v(o))) = (0 v a® M) is given by

a® = u® — 0, ) =y = Ay© _p,

)

2. For any k > 1, Top—1 : (6;0(u®,v(0) ... OuZ—1 vZ-1)) s (0 v k) (2R is given by

k k

Z (vf(u(2j72))+ATv(2jfl)) +ATZV2j71 ,

Jj=1 Jj=2

1
Ui

52F) — 4(2)

G20 — (k) _ A 4(2k—2) _

3

3. For any k > 1, Zoi : (6;0(u(®,v(®), ... 0(u®),v(Z)) s (uZ+D) y(2k+D) g2e+D) $(2h+1) g given
by
L[ & k
G2kHD — e+ — 2 Z (vf(u(zjﬂ)) T ATV(ijl)) AT Zv2jf1 7
n\% .
j=1 j=2

R+ — 2R+ A 420 _

In the above defined rules, we update u by every odd-numbered rule and v by every even-numbered rule.
Through comparing the above rules and (10), it is not difficult to verify that u(®*) = x(®) and v(?+1) = (k)
for any k& > 0. Therefore, the LALM can be described as (8).

Note that the above description satisfies Assumption 1 below, namely, x(**1) in (10) is a linear combina-~
tion of all previous first-order information Vf(x¥)) and ATr(). However, for general X, the description in
(9) may not fall into the above linear span description, and we need use the description in (8).

Existing works (e.g., [12,39]) show that in ¢ iterations, the LALM for (6) can generate an O(+)-optimal
solution %, namely, | f(X) — f(x*)| = O(3) and [|[Ax — b|| = O(3). In addition, by smoothing technique, [34]
gives a first-order method for the problem (3) and establishes its O(%) convergence rate result. We will show
that different from the projected gradient method, the order % generally cannot be improved to t%, and in
addition it is optimal.

1.2 Main results

We consider both convex and strongly convex cases. Here, without specifying details, we state the main
results that are obtained in this paper. The following theorem gives the lower complexity bounds for affinely
constrained problems in the form of (6).

Theorem 1 (lower complexity bounds for affinely constrained problems) Let m < n andt < 5t —2
be positive integers, and Ly > 0. For any first-order method M that is described in (8), there exists a problem

instance in the form of (6) such that V f is Lg-Lipschitz continuous, the instance has a primal-dual solution
(X*7 y*)7 and

. BLy|lx*[1>  V3IAJ - [Ix*]| - ly*|
(t)y _ | > f
&) = 1] 2 128(2t + 5)2 8(2t + 5) ’

V3| Al - [|x*]|
42(2t +5)

|A%®) — b >
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where XM is the approzimate solution output by M. In addition, given p > 0, there exists an instance of
(6) such that f is p-strongly convez, the instance has a primal-dual solution (x*,y*), and

2, * |2
2o SIAL - [yl

o——
5 =" 2 555 2@ 5y

For a general convex-concave bilinear saddle-point problem (1), we obtain lower complexity bound results
as summarized by the theorem below.

Theorem 2 (lower complexity bounds for bilinear saddle-point problems) Letm < n andt < 3 —2
be positive integers, and Ly > 0. For any first-order method M that is described in (8), there exists a problem
instance in the form of (1) such that V f is Ly-Lipschitz continuous, X andY are Euclidean balls with radii
Rx and Ry respectively, and

p(xM) —p(y™) >

LR% V2 +2)\ ||A||RxRy
= 16(4t + 9)2

4 4+9

where ¢ and v are the associated primal and dual objective functions in (3) and (4), and (X, ) is the
approzimate solution output by M. In addition, given p > 0, there exists an instance of (1) such that f is
wu-strongly convexr, X andY are Euclidean balls with radii Rx and Ry respectively, and

] ] 5]A 2R}
)y _ ®)y > Y
X .
o) —v(y™) 2 512u(4t + 9)?
Comparing to upper complexity bounds of several existing first-order methods, we find that our lower
complexity bounds are tight, up to the difference of constant multiples or logarithmic term.

1.3 Literature review

Among existing works on complexity analysis of numerical methods, many more are about showing upper
complexity bounds instead of lower bounds. Usually, the upper complexity bounds are established on solving
problems with specific structures. They are important because they can tell the users at most how many
efforts would guarantee a desired solution. On the contrary, lower complexity bounds, which were first studied
in the seminal work [30], are usually information-based and shown on solving a general class of problems.
Their importance lies in telling if a certain numerical method can still be improved for a general purpose
and also in guiding the algorithm designers to make “optimal” methods. Although there are not many works
along this line, each of them sets a base for designing numerical approaches. Below we review these lower
complexity bound results on different classes of problems.

Proximal gradient methods. On solving convex problems in the form of F* := miny {F(x) := f(x)+g(x)},
the proximal gradient method (PGM) iteratively updates the estimated solution by acquiring information
of Vf and prox,, at certain points, where the proximal mapping of a function h is defined as

1
prox,(z) = arg min h(x) + §Hx —z|)%.

For the class of problems that have L y-Lipschitz continuous V£, the lower bound has been established
in [14,30,31,33]. For example, [33, Theorem 2.1.7] establishes a lower convergence rate bound: F(x®)) — F* >
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3Ly x'? —x"?
32(t+1)2
solution. In addition, setting nn = Lif, [3,35] show that the PGM can achieve O(L¢/t?) convergence rate, and

0) %12
more precisely, F(i(t)) —F* < % Comparing the lower and upper bounds, one can easily see

that they differ only by a constant multiple. Hence, the lower bound is tight in terms of the dependence on
t, Ly, and ||x(®) — x*||, and also the method given in [3,35] is optimal among all methods that only access
the information of V f and prox,,.

For the class of problems where f has L¢-Lipschitz continuous gradient and also is p strongly convex,
the lower bound has been established in [30-33]. For example, [33, Theorem 2.1.13] establishes a lower
O _x* |2/ R

. Il ( ﬁ +i
In addition, assuming the knowledge of 1 and L, [35, Theorem 6] shows the convergence rate: F/(x(V))—F* <
Lylx @ —x"? (

1

, where x(®) is the approximate solution output by PGM after ¢ iterations, and x* is one optimal

convergence rate bound: F(x®)) — F* > ullx

2t L i,
) , where k = 7’” denotes the condition number.

1+ \/%)7% Note that both lower and upper bounds are linear, and they have the same
dependence on [|x(9) — x*|| and . In this sense, the lower bound is tight, and the method is optimal.

Inexact gradient methods. On the convex problem f* := miny f(x) for which only inexact approximation
of V f is available, there have been several studies on the corresponding lower complexity bound. For example,
on solving the convex stochastic program f* := min.{f(x) := E¢fe(x)}, the stochastic gradient method
(SGM) performs iterative update to the solution by accessing the stochastic approximation of subgradient
Vf at a certain point. For the class of problems whose f is Lipschitz continuous, [30,33] show that to find
an e-optimal solution X, i.e., f(X) — f* < ¢, the algorithm needs to run O(1/e?) iterations. On the other
hand, as shown in [29], the order 1/£? is achievable with appropriate setting of algorithm parameters. Hence,
the lower complexity bound O(1/¢?) is tight, and the stochastic gradient method is optimal on finding an
approximate solution to the convex stochastic program. Further study of lower complexity bound of inexact
gradient methods is also performed in [8]. When f(x) has a special finite-sum structure, the lower complexity
bound of randomized gradient method is studied in [1,25,38].

Primal-dual first-order methods. On an affinely constrained problem (6) or the more general saddle-point
problem (1), many works have studied primal-dual first-order methods, e.g., [4,5,7,10-12,15,17,23,36,40,42].
To obtain an e-optimal solution in a certain measure, an O(1/e) complexity result is established by many of
them for convex problems. In addition, for strongly convex cases, an improved result of O(1/4/¢) has been
shown in a few works such as [13,15,40,41]. All these results are about upper complexity bounds and none
about lower bounds. Hence, it is unclear if these methods achieve the optimal order of convergence. Our
results will fill the missing part and can be used to determine the optimality of these existing algorithms.

Others. In adddition to the above list of lower complexity bounds, there are also a few results on special
types of problems. The lower complexity bound of subgradient methods for uniformly convex optimization
has been studied in [19]. Under the assumption that an algorithm has access to gradient information and
is only allowed to perform linear optimization (instead of computing a projection), the lower complexity
bounds have been studied in [18,20]. The lower complexity bounds of oblivious algorithms are studied in [2],
where the way to generate new iterates by the algorithms are restricted. The lower complexity bound of
stochastic gradient algorithms that preserves local privacy is studied in [9].

1.4 Notation and outline

We use bold lower-case letters x,y,c, ... for vectors and bold upper-case letters A, Q, ... for matrices. For
any vector x € R”, we use x; to denote its i-th component. When describing an algorithm, we use x(¥) for
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the k-th iterate. AT denotes the transpose of a matrix A. We use 0 for all-zero vector and 1 for all-one
vector, and we use O for an zero matrix and I for the identity matrix. Their sizes will be specified by a

subscript, if necessary, and otherwise are clear from the context. e;, = [0,...,0,1,0,..., 0] € RP denotes
the j-th standard basis vector in RP. We use Z  for the set of positive integers and S} for the set of all
n x n symmetric positive semidefinite matrices. Without further specification, || - || is used for the Euclidean

norm of a vector and the spectral norm of a matrix.

The rest of the paper is organized as follows. In section 2, for affinely constrained problems, we present
lower complexity bounds of first-order methods that satisfy a linear span requirement. We drop the linear
span assumption in section 3 and show lower complexity bounds of first-order methods that are described
in (8). Section 4 is about the bilinear saddle-point problems. Lower complexity bounds are established
there for first-order methods described in (8). In section 5, we show the tightness of the established lower
complexity bounds by comparing them with existing upper complexity bounds. Finally, section 6 proposes
a few interesting topics for future work and concludes the paper.

2 Lower complexity bounds under linear span assumption for affinely constrained problems

In this and the next sections, we study lower complexity bounds of first-order methods on solving the affinely
constrained problem (6). Our approach is to design a “hard” problem instance such that the convergence
speed of any first-order method is lower bounded. The designed instances are convex quadratic programs in
the form of

x€eR™

f* = min { f(x) = %XTHX — th} (11)

s.t. Ax =Db,

where A € R™*" and H € S'. Note that Vf is Lipschitz continuous, and thus the above problem is a
special case of (6).

Throughout this section, we assume that the dimensions m,n € Z; are given and satisfy m < n, and
that a fixed positive integer number k < 7 is specified. Our lower complexity analysis will be based on the
performance of the k-th iterate of a first-order method on solving the designed instance. It should be noted
that the assumption k < 73 is valid if the problem dimensions m and n are very big and we do not run too
many iterations of the algorithm.

To have a relatively simple start, we focus on a special class of first-order methods in this section. More

precisely, we make the following assumption.

Assumption 1 (linear span) The iterate sequence {x}2 satisfies x(*) = 0 and
x® € span {Vf(x<0>), AT VD), ATrD | VD), ATr(t’l)} >,

where r = Ax — b denotes the residual.

In the context, we refer to the above assumption as the linear span assumption. It is easy to see that if
X =R", then the LALM with updates in (9) satisfies this assumption. In addition, it is not difficult to find
rules {Z;}°, such that the iterate sequence {x(¥)} in Assumption 1 can be obtained by (8). Note that we
do not lose generality by assuming x(°) = 0, because otherwise we can consider a shifted problem

min f(x —x), s.t. A(x —x©) =b.
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It should be noted that Assumption 1 may not always hold, e.g., when there is projection involved in
the description of a first-order algorithm. The lower complexity bound analysis can be performed without
the linear span assumption, thanks to a technique introduced in [31, 32] that utilize a certain rotational
invariance of quadratic functions over a Fuclidean ball. To facilitate reading, we defer the incorporation
of such a technique to section 3, where we will elaborate on the technical details and perform the lower
complexity bound analysis without Assumption 1.

2.1 Special linear constraints

In this subsection, we describe a set of special linear constraints, which will be used to study the lower
complexity bound of first-order methods satisfying Assumption 1.
We let the matrix A and vector ¢ be

_ B O mxn _ 12k m
A—[OG]ER andc-[O]ER, (12)

where G € R(m=20)x(n=2k) j5 any matrix of full row rank such that ||G|| = 2, and

-11

B=| _; 1 € R2Fx2k, (13)

All the designed “hard” instances in this paper are built upon A and ¢ given in (12). Two immediate
observations regarding (12) and (13) are as follows. First, for any u := (ug,...,us)' € R?* we have

IBull® = (ugk — uar—1)" + -+ (u2 — u1)® + 03 < 2(u3y +udy 1) + -+ 2(us + u3) +uf < 4|ul?,
o
B < 2. (14)
Consequently, noting ||G|| = 2 and the block diagonal structure of A, we have
Al = max{[|B], |G} = 2. (15)

Second, it is straightforward to verify that

Based on the two observations, we have the following lemma.
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Lemma 1 Let A and c be given in (12), and for any Ly > 0, let

L L
A="2Aandb="Lec. (17)
2 2
Then ||A|| = La. In addition, for any vector x* = (x%,...,x%) " that satisfies AX* = b we have

x; =1, forl <i<2k.
Proof. By (15) and the definition of A in (17), we immediately have ||A| = L4. To solve the linear system
Ax = b, we split x into two parts as x = (u',v')T with u € R? and v € R"“2*, Then by the block
diagonal structure of A, we have from Ax = b and the definitions of A and b in (17) that Bu = 1g;. It
follows from (16) that B is nonsingular, and thus the linear system Bu = 19 has a unique solution

u =B 1y =(1,...,2k)7, (18)

which completes the proof. g

2.2 Krylov subspaces

In this subsection, we study two Krylov subspaces that are associated with the matrix A and vector c
described in (12). In particular, we consider the Krylov subspaces

Ji == span{c, (AA )c, (AAT)%¢c,...,(AAT )¢} CR™ and K; := A" J; CR", fori> 0. (19)
As shown below in (28), restricting on the first 2k entries, the above two Krylov subspaces reduce to
Fi = span{1lgy, B®1ay,...,B%12;} and R; := span{Blyy, ..., B*T11,,}. (20)
We first establish some important properties of F; and R; as follows.
Lemma 2 Let F; and R; be defined in (20). For any 0 < i < 2k — 1, we have
Fi = span{log, €1 2k,€2,2k, - .-, €2k}, Ri = span{easx_; 2k, €2%—it1,2k;- -, €2k 2k}, (21)
and
BR,; = span{ei 2k, €22k, - - -, €i+1,2k } C Fit1, (22)

where we have used the convention eg 2, = 0.

Proof. From the definition of B in (13), we have

Bl = eop o1, Beagor = €121, (23)
Bej ok = €ap—it1,2k — €2k—i2k, Vi=1,...,2k — 1.
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Hence, from (20) and (23), it holds that

Fo =span{la},
Ro =span{B1ls;} = span{ea 2k},
BRy =span{Bea 21} = span{ei ax},
F1 =span{lox, B*19;} = span{1ay, ey o1},
Ry =span{Blay, B%15;,} = span{eoy ok, Be1 o} = span{ezy_1 2k, €2k 2k }

BR, =span{B?1y;, B*1;} = span{e; ox, B%e; 21 } = span{e; ox, €221 }.

Therefore, the results in (21) and (22) hold for i =0 and i = 1.
Below we prove the results by induction. Assume that there is a positive integer s < 2k and (21) holds
for ¢ = s — 1, namely,

Fs—1 =span{loy, €1 2k, €22k - -, €s—1,2k}, Re—1 = Span{€s—s11,2k; - - -, €2k 2k }- (24)
From (23) and (24), it follows that
BRs_1 = Bspan{esk—_si1,2k,-- -, €2k,2k} C span{es ok, €s—1,2k,---,€1,2k }- (25)
Since B is nonsingular, dim (BRS,l) = dim (Rs,l) = s. Hence, from (25) and also noting
dim (span{es ok, €s—1,2k - - -, €1,2k}) = 5,
we have
BRs_1 = span{es ok, €s—1,2k; - - -, €1,2k }-
Observing span{B?1g,...,B%19;} = BR,_; , we conclude

2 2
Fs = span{log, B“1gy,...,B*° 19, } = span{lok, €1 2k, €22k, - - - , €52k }-

Through essentially the same arguments, one can use (23), the above equation, and the fact Ry = BFs to
conclude

Rs = span{esr_s 2k, - - - , €2k 2k }»

and thus we complete the proof. O

Through relating J; (resp. K;) to F; (resp. R;), we have the following result.

Lemma 3 Let J; and K; be defined in (19). For any 0 <1i < 2k — 1, it holds
J; = span{c,e1 m,€2.m,---,€im}, Ki=span{€sk_in,€2k—it1n;---,€2knt (26)
and

AICZ = span{el_,m, 827m, e ,ei+17m} g ‘71'+1. (27)
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Proof. Observe that for any ¢ =0,...,2k — 1 we have

. 27 ) 2i+1

(AAT)ic = (]3 1%) and AT(AAT)ic = (BO 1%) . (28)
m—2k n—2k

Consequently, the definitions in (19) becomes

L7i = ]:i X {Om_gk} and ICZ' = 'R,i X {On_gk}.

Therefore, the results in (26) and (27) immediately follow from Lemma 2. O

Two remarks are in place for the Krylov subspaces K; and J;. First, by the definitions of ; and J; in
(19) and the relation (27), we have

AK; C Jip1 and AT T, = K. (29)
Second, by (26) we have
K:i_lglci and Z—lg«jiu Vizl,...,Qk—l. (30)

2.3 A lower complexity bound with positive L4

In this subsection, we establish a lower complexity bound of any first-order method that satisfies Assumption
1 on solving (11). Our approach is to build an instance such that the iterate x(¥) € K;_1, V¢ < k and then
estimate the values
i ®y — ¥, and in |[Ax® —b 31
min X , an min X .

cmin FGET) = f oo [ (31)
In the above equation, the former value is used to measure the performance of an algorithm by the objective
value difference and the latter by the feasibility error. It should be noted that the absolute value is needed

in the former measure, since it is possible that f(x(¥)) < f* when x* is not a feasible point.
The following lemma specifies the conditions on (11) to guarantee x® e K1, Vt < k.

Lemma 4 Given Lsy € R, let A and b be those in (17). Consider (11) with h € Koy and H satisfying
HK;_1 CK; for any 1 <t <k, where K; is defined in (19). Then under Assumption 1, we have x e K,y
foranyl1 <t <k.

Proof. 1t suffices to prove that for any t =1,... k,
span {Vf(x<0>), AT vrxM), ATrW VD), ATr(t_l)} C Kt (32)

We prove the result by induction. First, since x(°) = 0, from (12) and (17) we have ATr(® = —ATb ¢
span{ez n} = Ko. In addition, from the condition h € Ky, it follows that Vf(x(o)) = —h € Ky. Therefore,
(32) holds when ¢ = 1. Assume that for a certain 1 < s < k, (32) holds for ¢ = s, and consequently

x e K,y (33)

We go to prove the result in (32) for t = s+1, or equivalently Vf(x(®)), ATr(*) € K, and finish the induction.
From (30) we have Ky C K. By this observation, noting x(*) € ,_1, and using the conditions h € K and
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HK,_1 C Ky, we have Vf(x(*)) = Hx(®) —h € K. In addition, from (29) and (33), we have AT Ax(®) € K,.
Since ATb € Ky C K, then ATr(®) = ATAx®) — ATb € K,. Therefore, Vf(x(*)) and ATr(*) are both in
Ks, and by induction (32) holds for any 1 < ¢ < k. This completes the proof. O

Based on the above lemma, we construct an instance of (11) that satisfies the conditions h € Ky and
HK:_1 C K, for any 1 <t < k. Given positive numbers Ly and L 4, we build a quadratic program as

fr= min {f(x) =Ly <§xi+ 3 Z x?) } (34)

i=2k+1
s.t. Ax=Db,

where A and b are those in (17). Clearly, (34) is a special instance of (11) with h = 0 and a diagonal H € S’}
It is obvious to see h € Ky, and since H is diagonal, it is easy to verify HK;_; C K; for any 1 < ¢t < k.
Hence from Lemma 4, we have the following results.

Lemma 5 Applying to (34) a first-order method that satisfies Assumption 1, we have x®) € K;_1 for any
1 <t <k. In addition, f(x) =0 and Vf(x) =0 for all x € Ki_1.

Proof. The first result directly follows from Lemma 4, and the second one can be easily verified. 0
The lemma below characterizes the primal-dual solution and the optimal objective value f* of (34).

Lemma 6 (primal-dual solution of (34)) Let Ly and L4 be positive numbers. The problem instance (34)
has a unique optimal solution x* with a unique associated Lagrange multiplier y* given by

i, if1<i< 2k,
i = o (35)
0, ifi >2k+1,
and
0%
. 2kL
A 10
respectively. In addition, the optimal objective value is f* = %kz.

Proof. Similar to the proof of Lemma 1, we split x into two parts as x = (u',v')" with u € R?* and
v € R"2k_ Then from the block structure of A, it follows that (34) is equivalent to the following two smaller
problems:

Ly La La

min - ug, s.t. TBu = 71%, (37)
L L
min 7f|\v||2, s.t. TAGV =0. (38)

By Lemma 1, the former problem (37) has a unique feasible (and thus optimal) solution u* that is given in
(18). Clearly, the latter problem (38) has a unique solution v* = 0. Hence we obtain (35). Consequently,

_ Lo Ly
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To derive the corresponding Lagrange multiplier, we split the dual variable to y = ()\T,ﬂ'—r)—r with
A € R?* and w € R™2%_ Tt follows from the Karush-Kuhn-Tucker (KKT) optimality conditions of (37) and
the solution x* in (35) that

L
TABTA* = qu};ekygk = Lfkekygk, GTTI'* =0.

Since G is full row rank, we have #* = 0. In addition, from (16) we have

2 -1 2L 0
N="(B") (Lsk =g |0k
7, BY)  (Lrkerar) = 7 Lk] ,

and (36) follows immediately. O

By Lemmas 5 and 6, we can easily estimate the values in (31) as follows.

Lemma 7 Let Ly and L4 be positive numbers. For the problem instance (34), we have

i 3Ly X" V6
= Lalx*|| - ly* 39
xénlcl,fl,l‘f(x) Frl=z 32(k+1) ' 32(k+1) All=" - ly™ s (39a)
3L 4||x*
min |[Ax — b| > w7 (30D)
X 4V2(k +1)

where (x*,y*) is the unique primal-dual solution pair of (34), and Ky_1 is defined in (19).

Proof. Using the formula

S = p(p + 1)6(2p+1) (40)

i=1

and the description of x* in (35), we have

2k
T k(2k+1?)’(4k+1). (@)
i=1

For any x € Ky_1, we observe from (12), (17) and (27) that Ax can only have nonzeros on its first k

components. Since the first 2k components of b all equal LTA, we have

BLG () BLAIx*  3LA|x"|?
4 42k +1)(4k+1) T 32(k+1)%’

|Ax —b|* > (42)

and hence (39b) holds.
In addition, as x € K,_1, we have from Lemma 5 that f(x) = 0. Hence, it follows from Lemma 6 that

For k > 1, it is easy to verify that

Lk? (1) 3Lsk|x*|? 3Ly|x*||?
LA 1 - 3Ly
2 202k + 1)(Ak +1) = 16(k+ 1)
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Also from (36), we have

412
ly*|? = —Lk?, (44)
L%
and it is not difficult to verify that
Lk? V6 3 k(2k+1)(4k + 1 V6 . .
LI ot VAR DUE+ D) Lalbe |- [y (45)
2~ 16(k+1) 3 16(k + 1)
where the second equality uses (41) and (44). Therefore, (39a) follows from (43) and (45) and the fact
max{a,b} > “TH’, and we complete the proof. O

Using Lemmas 5 through 7 established above, we are now ready to show our first lower complexity bound
result.

Theorem 3 (lower complexity bound I under linear span assumption) Let m < n be positive
integers, and Ly and L4 be positive numbers. For any positive integer t < 7, there exists an instance of (6)
such that V f is Ly-Lipschitz continuous, |A|| = La, and it has a primal-dual solution (x*,y*). In addition,
for any algorithm on solving (6), if it satisfies Assumption 1, then we have

t * 3Lf||X*||2 \/6
[F6) = f)] = 20+ 320+1)
V3LA|x"||
42t +1)

Proof. Set k =t < & and consider (34). Clearly, (34) is an instance of (6), its objective f has L j-Lipschitz
continuous gradient, and ||A|| = L. Its existence of a primal-dual solution is guaranteed by Lemma 6. By
Lemma 5 and also noting t = k, we have x(*) € K;,_;. Hence,

F) — fx)| > min [£()— F|, and [Ax® — b > min [Ax - b].
XELK-1 XELE -1

Lalx*[ - lly*ll (46a)

|Ax®) —bl| > (46b)

Now using Lemma 7, we conclude (46a) and (46b) immediately. O

Remark 1 A few remarks are in place for the above theorem. First, by (46a) and (46b) we have | f(x®))— f*| >
O(1/t) and ||Ax®) —b|| > O(1/t). From the complexity point of view, given € > 0, to compute an e-optimal
solution x, i.e., |f(x) — f*| < ¢ and ||Ax — b|| < ¢, the iteration number of a first-order method is at least in
the order of 1/e. Therefore, on solving (6), O(1/¢) is a lower complexity bound of any first-order algorithm
that satisfies Assumption 1. Second, if we consider further the dependence of the convergence result on the
norm of A, by (46a) and (46b) we have that the lower complexity bound is O(L4/¢). Finally, consider the
dependence on the Lipschitz constant Ly of the objective gradient. From (46a), the lower complexity bound
is O(Lys/e) to ensure | f(x)— f*| < e. It is well known that the complexity result of optimal proximal gradient
methods (c.f. [3,35]) can reach the order of \/Ly /e, which is smaller than Ly/e if Ly > ¢. We point out that
the bound in (46a) does not contradict to the existing results because we do not allow projection onto the
linear constraint set Ax = b. In addition, we point out that we do not restrict the size of primal and dual
solutions in the theorem. For the designed instance (34), it holds that

Lyllx|* = Lallx*[| - ly*]l- (47)
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Hence, the two quantities in the right hand side of (46a) are of the same order, so if we change the first

* 112

However, note that the relation in (47) requires L4 > 0, and thus our lower complexity bound results

in (46) do not include those for a proximal gradient method as special cases. In the next subsection, we

drop the assumption L4 > 0 and design another “hard” instance that does not have the relation (47). That

instance allows us to depict a clearer picture on the dependence of the convergence results on L4 and Ly,
and the dependence coincides with the existing upper complexity bound; see (102) in section 5.

quantity to we still have a valid lower bound.

2.4 A lower complexity bound with nonnegative L 4

In this subsection, we design a “hard” instance that is different from (34). By this instance, we establish a
lower complexity bound that linearly depends on \/L_f and L 4. This bound is particularly useful as Ly is big
and Ly = O(,/Ly). However, to show the bound, we only need assume L4 = O(Ly), which allows L4 =0,
and thus our result can also cover the case for proximal gradient methods. The instance we construct is still
in the form of (11) with

Ly L La La
R h= (=L 4+ 24 ) ey A= 2Ab="24 48
Lr%]e ’ <4 +4v§)e%” 2 2 © (48)

where Ly and L 4 are given nonnegative numbers, and B, A and c are those given in (13) and (12). From (14),
(15), and the block diagonal structure of H above, we have ||[H|| = (Ls/4)||B||?> < L. Therefore, (11) with
data specified in (48) provides an instance of (6) whose objective gradient V f is L;-Lipschitz continuous.

Our derivation of the lower complexity bound follows exactly the same path as in the previous subsection.
Specifically, in the sequel we prove three lemmas that are similar to Lemmas 5, 6, and 7. We show in Lemma
8 below that under Assumption 1, the iterates generated by any first-order method on solving the designed
instance would satisfy x® € K,_; for any 1 < t < k. In Lemma 9, we give a pair of optimal primal-dual
solution and also the optimal objective value of the instance. Then, in Lemma 10, we establish the lower
complexity bound by estimating the values in (31).

H="1

L; [B™B
4

Lemma 8 Consider the instance of (11) with data described in (48). Under Assumption 1, we have x) €
Ki—1 for any 1 <t <k, where K;_1 is defined in (19).

Proof. To prove the lemma, it suffices to verify that h € Ky and HIC;_1 C K; for any 1 < ¢ < k and then
apply Lemma 4. Since h is a multiple of ez, p, from (26) we immediately have h € Ky. Using the definition

of H and the second line of equation in (23), one can easily verify that Hspan{eax_i41n,-..,€2%n}t =
span{€zx—¢,n, €2k—t+1,n, - - - » €2k,n for any 1 < ¢ < k. Hence we have all the conditions required by Lemma
4, and thus x® € K,_1, which completes the proof. O

The next lemma gives the primal-dual solution and optimal objective value of the considered instance.

Lemma 9 Let Ly > 0 and La > 0. For the instance of (11) with data given in (48), it has a unique optimal
solution x* given in (35), and there is a corresponding dual solution y* given by

. Jes f1<i<2k (49)
o if i > 2k + 1.
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In addition, the optimal objective value is

oy VE
Iy ll=%" (51)
Proof. Similar to the proof of Lemma 6, we split x into two parts as x = (u',v')" with u € R? and
v € R"2*_ Then from the block structure of H and A in (48), we obtain the following two optimization

problems with respect to u and v:

and the norm of the dual solution is

1 L L
min —u' Su—s'u, s.t. —2Bu = —21y, (52)
u 2 2 2
L L
min ?f|\v||2, s.t. —2A Gv =0, (53)

where

LinT (L ;o La )
S=——B Bands=|—+—=]e€ .
1 TR 2k,2k
Since Ly > 0, (53) clearly has a unique solution v* = 0. If L4 = 0, (52) is unconstrained, and u* is an
optimal solution if and only if the optimality condition Su* = s holds. Note Ly > 0 and B is nonsingular.
Then it is easy to verify that u* = (1,2,...,2k)" is the unique point that satisfies the optimality condition
and thus is an optimal solution to (52). If L4 > 0, then by (18), u* = (1,2,...,2k)" is the unique feasible
and thus optimal solution of (52). Hence in both cases, we conclude u* is unique, and thus x* is unique and
given in (35). Consequently,
1 Ly Ly Ly L
f* _ 5(u*)TSu* _sTu* = %HBU*HQ _sTu* = ?j”]-QkHQ _sTu* = _Tjk _ 2_\;%]{:
To derive the corresponding dual variable, we split y = ()\T,ﬂ'—r)—r with A € R?* and 7 € R™ 2%, It
follows from the KKT optimality conditions of (52) that

Tv* =0. (54)

Obviously, * = 0 is a solution of the above second equation. In addition, from the definition of B in (13)
and u* = (1,2,...,2k) ", it is straightforward to verify

L L
TABTA* = Su* —s, TAGTW* =

L L Ly L
Su* —s = TfBTBu* —s= TfBT]_Qk —s= TjGQkﬂgk —s= —4—\}%821@,21@-

If Ly =0, then A* = —2—\1/512]@ obviously satisfies the first equation in (54). If L4 > 0, we use (16), the
above result and (54) to have

2 —1 LA 1

A= 2 (BT (- egpon) = ———1as,
7, (B (=g /5ekar) = —5 5t
vk

Therefore, (49) follows immediately, and it is straightforward to have [|y*| = 5. O
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Remark 2 From the above proof, we see that if L4 > 0, then the dual solution y* is also unique and given
n (49) since G is full row rank.

Using Lemma 9, we have the following estimate.

Lemma 10 Let Ly > 0 and La > 0. Assume Ly > La. Then for the instance of (11) with data given in
(48), we have

BLyllx1? | V3Lalx*|| - [ly*]

* >
n S =T 2 g2 sh+1) (55)
mln HAx—bH M (55b)

xEK T AV2(k+ 1)

where X* is the unique primal solution given in (35), y* is a corresponding dual solution given in (49), and
Kr—1 is defined in (19).

Proof. The result in (55b) holds exactly the same as that in (39b).
To prove (55a) we need to compute the minimal objective value of f(x) over Kix_1. By (26) we have

Kr—1 = span{€x+1n, ...,y }. Hence, for any x € Ky_1, we can write it as x = (O—r T OI 2k) where
z € R*. Recalling (48), we have
L A L Ly
(B Y- (Bt
( 42 FRVNGY R
L o\|I° Ly,.-
T _Hf k _ Lf 2
x Hx = 4HB(Z>’ 4HBZH,
where
-11
B = -1 ' 1 . S Rka
-1 1
1
is a k x k submatrix of B. Therefore,
L L
~f 2 f A
Jin £60 = i S Ba? - (54 b ) (56)

Let z* be the optimal solution to the right hand side minimization problem in (56). Then it must satisfy the

optimality condition:
Ly L
Lige _ (_f n _A> -

4 442

which has the unique solution

. 4 (Ly LA) T
= — (2L EA N e
Lf<4 42 ( )
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Plugging z = z* into the right hand side of (56) yields

min f()z—g(Lf+\fLA+L2>k (57)

XELK-1 2Lj

From the above result and (50), we have

min f()_f*1<L + VAL —ﬁ)k 1( +\/_L) (58)
xXEKK -1 _8 ! A 2Lf 8

where the inequality follows from Ly > L. Moreover, using (41) and (51), we have

Ly VoLa, LA Lyl
16 8 16(2k +1)(4k +1) ' 4,/2k + )4k + 1)
o BLelIx? VLAl ly*l
“128(k + 1)2 8k+1)
which together with (58) gives (55a) and completes the proof. O

Using Lemmas 8 through 10, we are ready to establish the following lower complexity bound results.

Theorem 4 (lower complexity bound II under linear span assumption) Let m < n be positive
integers, Ly >0, and La > 0. Assume Ly > La. For any positive integer t < 3, there exists an instance
of (6) such that Vf is L-Lipschitz continuous, ||A|| = La, and it has a primal-dual solution (x*,y*). In
addition, for any algorithm on solving (6), if it satisfies Assumption 1, then we have

BLy|lx*[|*  V3Lallx*|| - [ly*|
(t)y _ ) > f
F6) =16 2 g1y st+1)
HAX(t) —b| > \/gLAHX*H'
T A4V2(t+1)

Proof. Set k =t < % and consider the instance (11) with data given in (48). Clearly, this instance is in the
form of (6), Vf is Ly-Lipschitz continuous, and ||A| = L4. In addition, Lemma 9 indicates that it has a
primal-dual solution (x*,y*). By Lemma 8 and noting ¢ = k, we have x®) € Ky_1. Consequently,

(59a)

(59b)

F(x®) - f(x*) > min S =7, and |Ax") —b|| > min [|Ax - b].
xEK,_ x€K, -1

Now we conclude (59a) and (59b) from Lemma 10. O

Remark 3 Let us compare the results in Theorems 3 and 4. First note that the former theorem requires
L4 > 0 while the latter one only needs Ly > 0. As L4 = 0, Theorem 4 recovers the lower complexity

bound O(L(’;H_xl)! ) for proximal gradient methods in [33]. Second, the lower bounds for feasibility error are

the same in the two theorems. For the objective error, both (46a) and (59a) have the term
this term dominates the other one in both inequalities, then the lower bounds in Theorems 3 and 4 are in
the same order, and their difference is that the former has an absolute value on the objective error while the

Lallx L-ly"]
t+1 I

* 12 * *
latter one does not. Thirdly, O(L(Ql_tcl)! + LA”’;_J‘l'Hy ”) has also appeared as an upper complexity bound for




Lower complexity bounds of first-order methods for convex-concave bilinear saddle-point problems 19

certain first-order methods; see [36,40] and the inequality (102) in section 5. If |x*|| and |ly*|| are regarded
* (12 * *

as constants, the term L(’;!rxl)ﬂ can dominate % for very big t only when L; > L. In fact, we

observe that when Ly < L4, the result in (59a) reduces to O(L4/t). This observation is consistent with the

result (46a) in Theorem 3. Finally, it is interesting to note that in (59a), f(x*)) is always greater than f*,

and it is not necessarily the case in (46a), which uses the absolute value.

2.5 A lower complexity bound for strongly convex case
In this subsection, we develop a lower complexity bound for solving (6) where f is u-strongly convex, namely,
(VF(x1) = Vf(x2),x1 — X2) > plx1 — x2||?, Vx1,%0 € R".

The measure we use is different from those in (31). Instead of bounding the objective and feasibility error,
we directly bound the distance of generated iterate to the unique optimal solution. Similar to the previous
two subsections, the “hard” instance we design is also a quadratic program in the form of (11). The following
theorem summarizes our result.

Theorem 5 (lower complexity bound for strongly convex case under linear span assumption)
Let m < n be positive integers, > 0, and L > 0. For any positive integer t < %, there exists an instance
of (6) such that f is p-strongly convez, ||A|| = La, and it has a unique pair of primal-dual solution (x*,y*).
In addition, for any algorithm on solving (6), if it satisfies Assumption 1, then we have

”X(t) _ X*H2 > 5L,24Hy*||2 )

2562t + 1)2
Proof. Set k =t and consider an instance of (11) with H = pI, h = 0, and A and b given in (17). Clearly
f is p-strongly convex, and |A|| = La. It is easy to verify that Lemma 4 applies to this instance, and
thus x(® € K,_;. Also, by writing the KKT condition, we can easily verify that the system has a unique
primal-dual solution (x*,y*) with x* given in (35) and y* given by

La (60)

[k —it), 1< <2k,
Yy =
0, Wi > 2k +1.

From the formula of IC; in (26), it follows that for any x € Kj_1,

k
k(E+1D)(2k+1

; . (61)

i=1

Moreover, by (40) and also the formulas

zp:ig _ PP+l zp:i4 _pp+1)(2p+1)(3p* +3p - 1)

i=1 4 i=1 30
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we have from (60) that

* H . .
Iy" 12 = 25 D itk — i+ 1)
A =1

9 2k 2k 2k
— 5_2 ((4k+1)22i2—2(4k+1)2i3+ i4>
A i=1 i=1

i=1

2k(2k + 1)(4k + 1)p? [ (4k + 1)? 12k? + 6k — 1
= —k(2k+ 1)+ o —
L2 6 (2k+1)+ 30
2k(2k + 1)(4k + 1)p?
_ @R DUERT D1 (2 g g,
1512

Since t = k and x(*) € K;_1, it is not difficult to verify the desired result from (61) and the above equation,
and thus we complete the proof. O

3 Lower complexity bounds of general first-order methods for affinely constrained problems

In this section, we drop the linear span assumption (see Assumption 1) and establish lower complexity bounds
of general first-order methods described in (8) on solving (6). The key idea is to utilize certain rotational
invariance of quadratic functions and linear systems, a technique that was introduced in [31,32]. Specifically,
we use the following proposition as a main tool and then derive the lower complexity bounds by the results
obtained in the previous section.

Proposition 1 Let m < n and k < 73 be positive integers, and let Ly and La be nonnegative numbers.
Suppose that we have an instance of (11), called original instance, where ||H| < Ly, and A and b are those
gwen in (17). Moreover, assume that H € S} and satisfies HICos—1 C KCos for any s < % and h € Kqy, where

IC; is defined in (19). Then we have the following results.

1. For any first-order method M that is described in (8), there exists another problem instance, called
rotated instance,

fr= ){IGH]RI}L {f(x), s.t. Ax = b}, (62)

such that V f is Lg-Lipschitz continuous, and ||A| = ||A||. More precisely, we have

f(x) = f(Ux) and A = VT AU, (63)

where U and V are certain orthogonal matrices such that Uh =h and Vb = b.
2. In addition, (x*,y*) is a primal-dual solution to the original instance if and only if (X,¥) := (UTx*, V 'y*)
s a primal-dual solution to the rotated instance.
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3. Furthermore, when M is applied to solve ( 2), for any 1 <t < ﬂ7 we have:

> *

[F&D) = F[ = min [f(x) = £, (64)

f<:‘<“>>—f*z min f(x) - [, (65)

A% — bl > min ||Ax - b, (66)
x€eK

2 _ %12 > i — x*|2

1% =" = én,gglllx X% (67)

where X is the computed approzimate solution by M.

The proof of Proposition 1 is rather technical and deferred after we present the lower complexity bound
results. Here we give a few remarks on this proposition. First, in Proposition 1 there are two problem
instances, which have been distinguished as original and rotated instances, respectively. Second, the results
in (64) through (67) establish an important relation between the original and rotated instances. Specifically,
by this relation, we are able to study the best possible performance of general first-order methods through
the linear subspace Kp_.

3.1 Lower complexity bounds

In this subsection, we apply Proposition 1 together with Lemmas 7 and 10, and Theorem 5 to establish
the lower complexity bounds of general first-order methods on solving (6). The theorem below extends the
results in Theorem 3, and Remarks 1 and 3 also apply here.

Theorem 6 (lower complexity bound I of general first-order methods) Let 8 < m < n be positive
integers, and Ly and L a be positive numbers. For any positive integer t < ¢ —2 and any first-order method

M that is described in (8), there exists an instance of (62) such that Vf is Ly-Lipschitz continuous and
|A|| = La. In addition, the instance has a primal-dual solution (X,¥), and
z z 3Ls|%|1? 6
‘f()—((t)) — > fHXH \/_
32(2t +5) | 32(2t +5)
VBLA|X|
40/2(2t +5)

where X is the approzimate solution output by M.

_|_

Lallx[l - 91l

|A%") — b >

Proof. Set k = 2t +4 < 7 in the definition of A and c given in (12). Consider the problem instance (34) and
let it be the original instance. It is easy to check that the data satisfy the conditions required in Proposition
1. Hence, by items 1 and 3 of Proposition 1, there exists a rotated instance (62) such that (64) and (66) hold.
Applying Lemma 7 together with these two inequalities, we have

. : ol < SLyllx*|? V6
_ > 27
> i |00 =112 3507 s

V3La|x*||
42k +1)

’f()_c(t)) —

Lallx| - ly™[l, (68a)

|AX® —b| > min |Ax—b]| > (68b)
XELK-1
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where (x*,y*) is the unique pair of primal-dual solution to the original instance (34). By item 2 of Proposition
1, the rotated instance (62) also has a unique primal-dual solution (X,¥) given by x = UTx* and y = V Ty*.
Since U and V are orthogonal, it holds that ||x*|| = ||x| and ||y*|| = ||¥||. Therefore, noting that k = 2t +4,
we obtain the desired results from the two inequalities in (68) and complete the proof. O

In Theorem 6, L4 > 0 is required. The following theorem allows L4 = 0 and extends the results in
Theorem 4 to general first-order methods.

Theorem 7 (lower complexity bound IT of general first-order methods) Let 8 < m < n be positive
integers, Ly > 0, and La > 0. Assume Ly > La. For any positive integer t < 7t — 2 and any first-order

method M that is described in (8), there exists an instance of (62) such that V f is Ly-Lipschitz continuous
and ||Al| = La. In addition, the instance has a primal-dual solution (X,¥), and

BLAX|® | VBLalX]| - Iyl

Fs®) _ 7
f&E) 1 = 128(2t +5)? 8(2t+5) (692)
- V3L A%

) _ _V3LallX|[
JAx® ) = YA (69b)

where XM is the approzimate solution output by M.

For strongly convex case, we below generalize Theorem 5 to any first-order method given in (8).

Theorem 8 (lower complexity bound of general first-order methods for strongly convex case)
Let 8 < m < n be positive integers, and j and L 4 be positive numbers. For any positive integer t < ¢ —2 and
any first-order method M that is described in (8), there exists an instance of (62) such that f is p-strongly
conver, and |A|| = La. In addition, the instance has a unique primal-dual solution (X,¥), and

_ 5L 1y*|1?
® _ %2 > —=Aly 1T 70
I XH—2mM@H4P’ (70)

where X1 is the approzimate solution of output by M.

The proofs of Theorems 7 and 8 are similar to that of Theorem 6. To show Theorem 7, one can apply
(65) and (66) together with Lemma 10, and for Theorem 8, one can use (67) together with Theorem 5. We
omit the details.

3.2 Proof of Proposition 1

This subsection is dedicated to the technical details on the proof of Proposition 1. In section 4, a similar
proposition (i.e., Proposition 3) will be shown for the SPPs. Since an affinely constrained problem can
be equivalently formulated as one SPP, we conduct the analysis directly on instances of SPP. For ease of
notation, we define a specific class of SPPs as follows.

Definition 1 Given H € S}, A € R™*", and 6 = (h,b, X,Y,0), P(6;H, A) denotes as one instance of (3)
with f(x) = 3x"Hx —h"x and g = 0.
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If X =R", and Y = R™, then P(0;H, A) is an instance of (11). On an instance P(0;H, A), the first-order
method M described in (8) can be written as

(x(tH),y(tH),i(Hl), y““)) =17 (0; Hx© Ax® ATy©® . Hx® Ax®, ATy(t)) ,Vt>0. (71)

We start our proof with several technical lemmas. The following lemma is an elementary result of linear
subspaces and will be used several times in our analysis.

Lemma 11 Let X C X C RP be two linear subspaces. Then for any X € RP, there exists an orthogonal
matriz V€ RP*P guch that

Vx=x, ¥x€ X, and VX € X. (72)

Proof. If x € X, then we can simply choose V = I. Otherwise, we decompose X =y + z, where 0 #y € X'+
and z € X. Let s = dim(&) and t = dim(X) > s. Assume uy,...,us to be an orthonormal basis of X. We
extend it to uy,...,us, an orthonormal basis of X. The desired result in (72) is then obtained by choosing
V as an orthogonal matrix such that Vu; = u;, Vi =1,...,s, and Vy = ||y||usy1. O

By Lemma 11, we show the results below.

Lemma 12 Given m <n and k <, let A be the matriz in (12). Let s < % be a positive integer, H € ST},

and U, @ € R"™"™ and V,¥ € R™*™ bpe orthogonal matrices. If Hos_1 C Kos, and
Sx =x,Vx € U Ky, and Oy =y, Vy € V' Jas, (73)
then for any x € UTKas_1 and anyy € VI Jos_1, it holds:
U'HUx =U'HUx, VIAUx=VTAUx, and UTA'Vy =UTA Vy.
where U = U® and V = V&,

Proof. Let x € UTKgs_1 and y € VT Jo,_1. Since U and V are orthogonal, it holds that Ux € Ka,_; and
Vy € Jas—1. Hence, from the assumption on H, the properties of J; and K; in (29) and (30), and noting
2s—1<k—1, we have

HUx € Ky, AUx € Ja,, and AT Vy € Kooy C Ko,

which implies
U'HUx € UKy, VIAUx eV T, and UTA'Vy € UTKs,.

From (73), we obtain
dU'HUx = U'HUx, V' AUx = V' AUx, and BU'A'Vy =U" A Vy.
Because ¢ and ¥ are orthogonal matrix, the above equations indicate that
&' U'HUx=U"HUx, ' VI AUx =V AUx, and ' U'A ' Vy=U"A"Vy. (74)

Moreover, since x € UTKy,_; and y € VTJQS_1,~it follows from (30) that x € UKy andy € VT T,
and thus using (73) again and also the definition of U and V, we have

Ux = Udx = Ux, and Vy = V&y = Vy. (75)
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Therefore, we conclude that for any x € UKo, andy € VT Jo,_1,

(75)

UTHUx & (™

& ' U'HUx = U'HUx,
VTAUx @ o TvT AUux @ vT AUk,
U AT Vy=a"UTATvy 2 UuTaTvy.

Hence, we complete the proof. 0

Lemma 13 Givenm <n and k <, let A and c be the matriz and vector in (12), and let h € Ko. Suppose
that A and b are respectively a multiple of A and ¢ and H € S satisfying HKz5_1 C Kag for all s < %
Assume X andY are rotational invariant convez sets. Then for any first-order method M described in (8),
there exist orthogonal matrices U € R™ ™ and V € R™*™ and a problem instance P(6; UTHU, V' AU)
with @ = (h,b, X,Y,0) such that Uh = h, V¢ = ¢, and in addition, for any 0 <t < %, when M is applied
to solve the instance, the iterates {(x,y)}_ satisfy

X(l) S UTK:QtJrl, y(l) S VTj2t+1, Vi=0,...,t,
where Karr1 and Jory1 are the Krylov spaces defined in (19).

Proof. Note Ky € K1 and Jp € J1 from Lemma 3. Hence, by Lemma 11 there exist orthogonal matrices Uy
and Vg such that

Upx = x,Vx € Ky, and Upx? € K,
Voy =y.Vy € Jo, and Voy® € 7.
Therefore, from the condition h € Ky and ¢ € Jy by Lemma 3, we have Ugh = h and Vyc = ¢. Consequently,

the results in the lemma hold for ¢ = 0. Below we prove the results for any ¢ < k%‘l by induction.

Assume that for some 1 < s < ’“2;4, the results hold for ¢ = s — 1, namely, there exist orthogonal matrices
U;_1 e R™™™ and V,_1 € R™*™ such that Us_1h =h, V,_1c = ¢, and when M is applied to the instance
P(6;U/_HU, |, V] AU, ), the iterates {(x(),y()}:Z; satisfy

xW e U] Kosy, and y@ e V] [T 1, Vi=0,...,5—1. (76)

Suppose the next iterate obtained from M is (X(S),y(s)) € X x Y. Since s < £=2 it holds that 2s < k,
and from (30) we have U] | Kgs_1 C U] Kos C U] | Koey1 and V] [ Jos_1 S V] [ Jos C V] | Toss1. By
Lemma 11, there exist orthogonal matrices @ € R™"*™ and ¥ € R™*™ such that

dx =x, Vx € U;[lngs, and &x*) € U;rflICgerl, (77)
Ty =y, ¥y € V] | Jos, and Ty € V] | Joois.

Since ¢ € Jos and V,_jc = ¢, we have ¢ € V] | 7, and thus it follows from (77) that ¥c = c. Let
U, =U,_1® and V, = V,_1¥. Clearly, both U, and V are orthogonal matrices, and because Vs_1c = ¢
and ¥c = ¢, we have Vic = c. By a similar argument we also have Ugh = h. In addition, from (77), Lemma
12, and the assumptions on H and A, it follows that for any x € U] Kas 1 andy € V] | Jos_1,

U/HU.xx =U/ HU, ;x, V/AUx=V/] AU, 1x, and UJA"V,y =U] ATV, y. (78)
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Therefore, from the induction hypothesis (76) and the equations in (78), we conclude that the first s+ 1
iterates obtained from M applied to P(8; U] HU,, V] AU;) are exactly the same as the first s + 1 iterates
obtained from M applied to P(8; U] ;HU, ; V] AU, ), because exactly the same information is used
to generate those iterates (cf. (71)). Consequently, when M is applied to P(8; U] HU,, V] AUy), the first
s+ 1 iterates are (x(V,y() i =0,1,...,s. Hence, from (30), (76) and (77), and also the facts U, = U,_ &
and V, =V, ¥, we have

X(Z) S UZIC25+1; y(Z) € V;rj25+17 Vi = 07 EEEEE
This finishes the induction and completes the proof. O

From Lemma 13, we perform another rotation to the instance and can further show that the generated
approximate solution falls into a rotated Krylov subspace.

Proposition 2 Given m < n and k < %, let A and c be the matriz and vector in (12), and let h € Ko.
Suppose that A and b are respectively a multiple of A and ¢ and H € ST} satisfying HKzs_1 C Kas for all

s < % Assume X and 'Y are rotational invariant convex sets. Then for any first-order method M described in
(8), there exist orthogonal matrices U € R™ "™ and V € R™*™ and a problem instance P(§; UTHU, VT AU)
with @ = (h,b, X,Y,0) such that Uh = h, V¢ = ¢, and in addition, for any 0 <t < %, when M is applied
to this instance, the iterates {(x, yO)}i_, satisfy

X(l) € UTK2t+37 y(l) € VTJ2t+37 Vi= 07 sty
and the output XV € U Kapys.

Proof. From Lemma 13, we see that there are orthogonal matrices U; € R™*™ and V; € R™*™ and a
problem instance P(@; U,/ HU,;, V] AU,), such that Ush = h, V,c = ¢, and when M is applied to this
instance, the iterates {(x(?), y())}!_, satisfy

xV e U Koi1, v € V] g1, Vi=0,...,t. (79)

Since t < k=2 it holds that 2¢t +3 < k — 1, and from (30) we have Katy11 € Koryo S Korys and

2 - -

Jot+1 © Jor+2 © Jort3. Hence, by Lemma 11, there is an orthogonal matrices @ and ¥ such that

Px =x,Vx € U;FICQtJrQ, Spf((t) € U;FICQtJrg,

(80)

Ty =y, Vy € V] Toya, Oy € V] i3
Let U = Uy® and V = V,&. By the same arguments as those in the proof of Lemma 13, we have that
Uh = h, Vc = ¢, and when M is applied to P(§; UTHU, VT AU), the first ¢ + 1 iterates are exactly
(x® y®) i =0,1,...,t. The desired results now follow from (79) and (80). O

Using Proposition 2, we are now ready to prove Proposition 1.

Proof.| of Proposition 1] First note that the original instance in Proposition 1 is P(6;H, A) with 8 =
(h,b,R™ R™ 0). Second, the data H, A;b and h satisfy the conditions in Proposition 2. Hence, we apply
Proposition 2 to obtain an instance P(@; UTHU, VT AU) such that Uh = h and Vb = b, where U and
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V are orthogonal matrices, and we have used the fact that b is a multiple of c. In addition, note that the
instance P(§; UTHU, VT AU) is

min leUTHUx —h'x st. VTAUx=b

81
xER™ 2 ’ ( )

which is exactly the rotated instance (62) by the definition (63) and the relations Uh = h and Vb = b. By
the KKT conditions of the original instance (11) and the rotated instance (62) or (81), it is easy to show
that the pair (x*,y*) is a primal-dual solution to the original instance if and only if (%x,y) = (UTx*, VTy*)
is a primal-dual solution to the rotated instance, and that f =

It remains to prove the inequalities from (64) through (67). By Proposition 2, when M is applied to
the rotated instance, the approximate solution %) ¢ UTICgt+3, which indicates Ux(®) ¢ Katy3 by the
orthogonality of U. Since t < =4 we have 2t + 3 < k — 1, and thus from (30), it follows that Ux® €

2
Kat+3 C Kg—1. Therefore, from (63) and the relations Uh = h and Vb = b we have

[FED) = )= [FUD) = £ = min |f() = f7],
FEO) = 7= fUK) = f7 = min f(x) = [,

|AX® —b| = |A(UX?) = b| > min [Ax—b],
XELK-1

5@ — %) = [Ux® —x*|2 > min [x —x"|2,
XE 1

and we complete the proof. 0

4 Lower complexity bounds on bilinear saddle-point problems

In this section, we derive lower complexity bounds of first-order methods on solving the bilinear saddle-point
problem (1) through considering its associated primal problem (3). As we mentioned in the beginning, the
affinely constrained problem (6) is a special case of (3) if Y = R™ and g = 0. Hence, the results obtained in
previous sections also apply to (3), namely, our designed instances of (6) are also “hard” instances of (3).
However, if we require Y to be a compact set, those instances will not satisfy. On solving (1) with both X
and Y being compact, [34] gives a first-order method that can be described as (8), and it proves

4LyD% | 4||All12Dx Dy

<Y _ (v @)
0 < ¢(x") 1/f(yt)§(t+1)2 P

; (82)

where Dx and Dy are the diameters of X and Y respectively, and

[Afl1,2:= (Ax,y).

max
lIxll=1,llyll=1

It is an open question if the convergence rate in (82) can still be improved. We give instances below to show
a lower complexity bound, which is in the same form as that in (82) and differs only at the constants, and
thus the result in [34] is optimal. The ingredients in the designed “hard” SPP instances are the same as
those used in section 2.
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4.1 A special class of SPP instances and a key proposition

Similar to the previous two sections that focus on quadratic programs, we consider the SPP (1) with f being
a convex quadratic function and g = 0, and we derive the lower complexity bounds through the primal
problem (3). More precisely, let m < n and k < % be positive integers. We build instances of (3) that are in
the form of

xeX yeyYy

" i= mig { 60 = 79 + (b - Ax) }. (83)

where X and Y are compact Euclidean balls, A and b are those in (17) with a certain Ly > 0, and
f(x) =4x"Hx — h'x with H € S7.

On affinely constrained problems, we first derive lower complexity bounds of first-order methods under
linear span assumption in section 2 for ease of the readers’ understanding. The more technical derivation for
general first-order methods is then given in section 3. With those preparations, we now develop the lower
complexity bounds directly on the general first-order methods described in (8). The following proposition is
an extension of Proposition 1 and serves as the main tool for our analysis throughout this section.

Proposition 3 Letm < n and k < 3 be positive integers, and let Ly >0 and La > 0. Suppose that we have
a problem instance of (83), called original instance, where X and Y are compact Euclidean balls, H € S’}

and ||H|| < Ly, A and b are those in (17). Moreover, assume that H satisfies HKo,—1 C Kas for any s < &
and h € Ky, where K; is defined in (19). Then for any first-order method M that is described by (8), there

exists one other problem instance, called rotated instance,

¢* := min { d(x) == f(x)+ I;lél;{(b - Ax,y) } , (84)

xeX
such that |A| = |A]| and f(x) = %XTI:IX —h'x with H e St and ||| = |[H]|. Specifically,
f(x) = f(Ux) and A = VT AU, (85)

where U and V are certain orthogonal matrices such that Uh = h and Vb = b. In addition, (x*,y*) is a
saddle point to the original instance if and only if (%,¥) := (UTx*, VT y*) is a saddle point to the rotated
instance. Furthermore, when M is applied to (84), for any 0 <t < %, its computed approrimate solution
%) satisfies

S(x1) =" > min g(x) - ¢* (86)
xELK-1

% — %> > min [x—x*|*. (87)
XELK-1

Proof. For the given data, we apply Proposition 2 to obtain an instance P(@; UTHU, -V " AU) with 8 =
(h,—b, X,Y,0) and orthogonal matrices U and V satisfying Uh = h and Vb = b. Clearly, this gives the
rotated instance in (84).

Since X and Y are Euclidean balls, they are invariant under orthogonal transformation, and thus UX = X
and VY =Y. By comparing (83) and (84), using (85) and the relations Uh = h and Vb = b, it is not
difficult to show that (x*,y*) is a saddle point to the original instance if and only if (UTx*, V'y*) is a
saddle point to the rotated instance, and that (;3* = ¢*.
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It remains to prove the inequalities in (86) and (87). By Proposition 2, when M is applied to the rotated
instance, the approximate solution X(*) € U Kg43. Since t < ’“2;4, we have 2t + 3 < k — 1, and hence from
(30), it follows that Ux® € Ko;13 C Kp_1. Therefore, we have the desired results from (85) and complete
the proof. O

4.2 Lower complexity bounds

In this subsection, we construct “hard” instances of (83) and establish lower complexity bound results of
first-order methods on solving (1). Let m < n and k < % be positive integers, and let Ly > 0 and L > 0.
Our first instance is (83) with (H,h, A, b) given in (48), f(x) = ix"Hx —h'x and

X ={xeR"||x|?< Rk =k(2k+1)?},Y = {y e R" | [y[2 <R} = £ }. (8)

Clearly the above problem is a special instance of (3). In the following lemma, we give an optimal solution
and the optimal objective value of the instance.

Lemma 14 For (83) with (H,h, A b) given in (48) and (X,Y) specified in (88), it has an optimal solution
x* given in (35) and the optimal objective value

s _(Lr  La
v = (4+2ﬁ>k'

Proof. The optimality condition (e.g., [28]) for x* € X to solve (83) is that there exists y* € Y such that
(Vix")—ATy* x* —x) <0, (Ax* —b,y" —y) <0,Vxe X,y €Y. (89)

Let y* be the vector given in (49). Note from the proof of Lemma 9, it holds that V f(x*) = Hx*~h = A Ty*
and Ax* —b = 0. Hence, (x*,y*) satisfies the above optimality condition. In addition, from (41) and (51),
it follows that x* € X and y* € Y. Therefore, x* is an optimal soluton, and it is straightforward to compute

P* = p(x*) = —(% + QLTAQ)k This completes the proof. O

In the following lemma, we compute the minimum value of ¢(x) over Kj_1.

Lemma 15 Consider (83) with (H,h, A, b) given in (48) and (X,Y") specified in (88). If Ly > L4, then

LR? 242\ L
fRX (\/_—l— ) ARx Ry (90)

. e
min o(x) = 9" 2 e 1y 4 2% + 1

xELk-1
Proof. Since Y is an Euclidean ball, it holds

max(b — Ax,y) = Ry||Ax — b||,
yey

and thus the objective of (83) is

¢(x) = f(x) + Ry[|Ax —b]|. (91)
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From the first inequality in (42), we have

kLY s3) L3 R%
1 A2k +1)2

|Ax —bl* > (92)

In addition, note that f(x) here is exactly the same as that discussed in Lemma 10, and thus by (57) we
have that for any x € Ky_1,

f(x) > —é <Lf +V2L4 + %) k. (93)

Applying (92) and (93) to (91), and noting the value of ¢* in Lemma 14, we have for any x € K_1 that

1 L2 LaRxRy

—¢* >= Ly + V2L — —A ) |4 A

o(x) = ¢ _8( s+ V2Ly 2Lf) HCTCrESY
1 (L LaRx Ry
>o (2L VBLy ) ke ST
_8(2+\/_ A) okt

where the second inequality follows from the fact Ly > L4. Rewriting the terms Lk and Lak as

(88) LfR%g (88) Rx 2L Rx Ry
Lk = ———= d Lak =" Lavk- =Lp-—— 2Ry = ————
! (2k + 1)z’ “MC oA AV V=L g - 2Ry = =5
we conclude the desired result in (90). 0

Using Proposition 3 and Lemma 15, we are able to show a lower complexity bound of first-order methods
on (1) as summarized in the following theorem.

Theorem 9 (lower complexity bound for SPPs) Let 8 <m < n and t < 5 — 2 be positive integers,
Ly >0, and La>0. Assume Ly > Ly. Then for any first-order method M described in (8) on solving (1),
there exists a problem instance of (1) such that V f is Ly-Lipschitz continuous, |A|| = La, and X and Y
are Euclidean balls with radii Rx and Ry respectively. In addition,

LiR3 V2+2\ LaRxR
™Y _ (v > X Alvx y
o) =0 = oy ( 1 ) a+9

(94)

where ¢ and Y are the associated primal and dual objective functions, and (i(t),y(t)) is the approximate
solution output by M.

Proof. Set k = 2t +4 < % and consider the problem instance described above (88). Note that the data
(H,h, A b, X, Y) satisfies the conditions required by Proposition 3. Hence, we can apply the proposition to

obtain a rotated instance (84). From (86) and Lemma 15, it follows that

L¢R% V2+2\ LaRxRy
(4t +9)2 4 4t +9

OxM) =" > min ¢(x) —¢" > (95)

xEKK -1
Let ¢ be the dual objective function of (84). Then since y* € Y, it holds &(y“)) < * < ¢*, where
the second inequality follows from the weak duality. Therefore we have the desired result from (95) and by
dropping the tilde in the notation. 0
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Remark 4 We make two remarks here. First, the lower bound in (94) has exactly the same form as the upper
bound in (82), and they differ only on the constants. Hence, the order of the convergence rate result in (82)
is not improvable, and one can only improve that result by possibly decreasing the constants. Second, in
Theorem 9, Ly > L, is assumed. Without the assumption, the first term on the right hand side of (94)
becomes less important because it will be dominated by the second term for big t if Rx and Ry are regarded
as constants. In fact, assuming L; and L4 both positive but without Ly > L 4, we can consider the following
SPP instance

i b- A
min max f (x) +( X,¥)

with f(x) = Ly (327 4+ 3 > i—o41 27), (A, b) given in (17) and

X:{xeR"\||x||2gR?X=k(2k+1)2},Y={yeR"

4172
f1.3
I¥l* < Ry = -7 .
L
It is easy to see that the associated primal problem is
P = }I(Iélg {¢(z) .= f(x) + Ry|[Ax — b]|}.

Let x* and y* be respectively given in (35) and (36). Then it is easy to verify the optimality conditions in

(89) hold, and in addition x* € X and y* € Y. Hence x* is the optimal primal solution, and the optimal
2
primal objective ¢* = % From the proof of Lemma 7, we have that for any x € Kr_1, f(x) = 0 and

|Ax — b2 > L& Hence,
kLR
min ¢(x) - ¢ > YRLARY

XEL K1

Lik* VkLsRy LaRxRy - L¢R%

2 2 4 42k +1) T 6(2k+1)°

Therefore, using Proposition 3, we can show that for ¢ < 7 — 2, the following lower complexity bound holds:
LyR% LaRxRy S LsR% LsRxRy

6(4t+9)" 4(4t+9) J — 12(4t+9)  8(4t+9) "

We leave the details to the interested readers.

H(xO) — p(5?) > max{ (96)

We finish this section by showing a lower complexity bound for SPPs when the function f(x) in (1) is
strongly convex.

Theorem 10 (lower complexity bound for SPPs with strong convexity) Let 8 < m < n and
t < 7 — 2 be positive integers, and p and La be positive numbers. Then for any first-order method M
described in (8), there exists a problem instance of (1) such that f is p-strongly convez, ||Al| = La, X and
Y are Euclidean balls with radii Rx and Ry respectively, and the associated primal problem (3) has a unique
optimal solution X € X. In addition,

5L% R2
2@ _¢2 > __ZTATY 97
I "= S562 (4 1 o) (97)
and
5L% R?
Y _p(v®y > _TFATY 98
o)~ o) = o A (98)

where ¢ and b are the associated primal and dual objective functions, and (5<<t>,y<t>) is the approximate
solution output by M.
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Proof. Set k = 2t +4 < 2 and consider the problem instance of (83), where f(x) = 4[|x[?, A and b are
those in (17), and

X={xeR"||x|*<R% =k(2k+1)*},

128,u2k
15L%

(99)

Y_{yeR" lyll? < R} =

(k+1)32k +1) } :

From the proof of Theorem 5, it is easy to verify that x* in (35) and y* in (60) satisfy x* € X, y* € Y, and
the optimality condition in (89). Since f is strongly convex, x* must be the unique optimal solution to (83).
From (61) and also the definitions of X and Y in (99), it follows that

5L% R?
min ||x — x*|* > AV

— 1
xELk-1 - 256#2(2]€ + 1)2 ( OO)

Note that the data in the considered instance satisfy all the conditions in Proposition 3. Hence, we can apply
the proposition to obtain the corresponding rotated instance (84), which has a unique optimal solution
% € X. Now use (100) and (87) to obtain (97) by recalling k = 2t + 4. Moreover, by the strong convexity
and the optimality of X, we have

1= T | T 5
BO) - = B0 g,

Let ¢ be the corresponding dual objective function. Together with (97) and the fact 1) (y®)) < ¢* < ¢*, the
above inequality gives (98) by dropping the tilde in the notation. Therefore, we complete the proof. g

5 On the tightness of the established lower complexity bounds

In this section, we compare the established lower complexity bounds to the best known upper complexity
bounds. It turns out that the lower complexity bounds developed in this paper are tight in terms of the
order, and thus they can be used to justify the optimality of first-order methods in the literature.

5.1 Upper complexity bounds of first-order methods on affinely constrained problems

In [41], a first-order primal-dual block coordinate update method is analyzed. As there is one single block, i.e.,
applied to (6), and the initial iterate (x(*), y(©)) = (0, 0), the convergence rate result about the objective [41,
eqn.(20a)] is

Ly + BIAJ oo, max (dlly*]*, 1+ [ly*])?)

S P+ - ,

70 - 5 < 7

where 3 is a Lagrangian penalty parameter used in the algorithm. Let!

max (2]y*[l. 1+ ly*|)
[[A] - fl]]

8=

1 Although it is impractical to set 3 in this way, we argue that we can find such a 3 theoretically and thus the result in (101)
is a valid upper bound.
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The above convergence rate result becomes
Oy _ pol < L[ Lp w2 . . .
[FE) = ] < < | Sl + AL I max 2]y, 1+ [yl | (101)

which coincides with (46a) if ||y*|] > 1 except the difference of a constant multiple.

The work [36] proposes an accelerated linearized alternating direction method of multipliers (AL-ADMM).
Applying to (6), i.e., setting one block to zero, we have from one convergence rate result in [36, eqn.(2.34)]
that

_ 2L;D%  2|A|DxDy

<) _
6T f_t(t—i—l) t+1

, (102)

where Dx and Dy are the diameters of the primal and dual feasible sets. If the size of the optimal primal
and dual solutions is assumed, then the above result coincides with that in (69a) up to the difference of a
constant multiple.

For the strongly convex case, the result in (70) indicates that given any € > 0, to have an iterate within
ve-neighborhood of x*, the iterate number is at least

oL * 5
_ | VBLally 5 7 (103)
32u/F 2
where [a] denotes the smallest integer no less than a € R. In [40, proof of Thm.4], it is shown that
() _ f(sc* . ALt ly*II?
FEEY) = f(x") + (y", Ax™Y = b) < 2 T (104)
0

where (x*,y*) is a pair of primal-dual solution, and x® is the output of Nesterov’s optimal first-order

* 12
method applied to a penalized problem after ¢ iterations. In addition, with py = A" and gg = £ in

1% 4
(104), [40, eqn.(49)] shows that the iteration number ¢ satisfies:

t<2 (\/%-i- %fé”) (O(1) +log é). (105)

From the strong convexity of f, it follows that
FO) = F) + (y7 Ax = b) > FJx) x|

which together with (104) gives ||x(¥) — x*||> < . Hence, the dominant term in the upper bound (105) is the
same as that in (103) except for a log term.
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5.2 Upper complexity bounds of first-order methods on saddle-point problems

For optimization problems in the form of (3), a smoothing technique is proposed in [34]. It first approximates
the nonsmooth objective function by a smooth one and then minimizes the smooth approximation function
by an accelerated gradient method. In [34], it is shown that, if X and Y are compact with diameter Dx and
Dy respectively, and the total number of iterations is pre-specified to ¢, then the convergence rate of this
smoothing scheme applied to (3) is given in (82). Comparing the upper bound in (82) and the lower bound
in (94), we conclude that our lower complexity bound in Theorem 9 is tight in terms of the order, and that
Nesterov’s smooth scheme is an optimal method for computing approximate solutions to bilinear SPPs in
the form of (1).

Note that Theorem 9 also confirms the optimality of several follow-up works of [34]. For example, when
the algorithms in [5, 6] are applied to solve (3), their convergence rates all coincide with the lower bound
in (94) up to a constant multiple, and hence these methods are all optimal first-order methods for solving
problems in the form of (3).

In the literature, there have also been several results on either the saddle point or the variational inequality
formulation of (3) [4,16,26-28]. When applied to solve (3) with f = 0 (and hence Ly < Ly), those results
all imply

¢(x(t)) —¢* =0 (M) ,

t

where Dy and Dy are the diameters of X and Y. The above result indicates the tightness of the lower
bound in (96).

6 Concluding remarks

On finding solutions to bilinear saddle-point problems, we have established lower complexity bounds of first-
order methods that acquire problem information through a first-order oracle and are described by a sequence
of updating rules. Through designing “hard” instances of convex quadratic programming, we first show the
lower complexity bound results under a linear span assumption on solving affinely constrained problems.
Then by a rotation invariance technique, we extend the results to general first-order methods that are still
applied to affinely constrained problems. Finally, we establish the results for general first-order methods on
solving bilinear saddle-point problems with compact primal and dual feasible regions. The established lower
complexity bounds have been compared to several existing upper bound results. The comparison implies the
tightness of our bounds and optimality of a few first-order methods in the literature.

We conclude the paper with a few more remarks. First, note that for affinely constrained problems, the
feasibility residual in none of our results depends on the objective; see (59b) and (69b) for example. This
is reasonable because we can choose not to use the objective gradient though the oracle (7) provides such
information. However, towards finding an optimal solution, the objective information must be used. All
existing works (e.g., [6,23,39]) on primal-dual first-order methods have objective-dependent quantity in their
upper bounds on the feasibility error. One interesting question is how to derive a lower complexity bound of
the feasibility residual that depends on the constraint itself and also the objective. To achieve that, we would
need to enforce a minimum portion of objective information to be used in the solution update. Second, a few
existing works [21,22,24] have shown that if V f is much more expensive than matrix-vector multiplication
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Ax and ATy, it could be beneficial to skip computing V f at the cost of more Ax and/or A Ty. This setting
is different from what we have made. In (7), we assume that one inquiry of the first-order oracle will obtain
gradient and matrix-vector multiplications simultaneously. In the future work, we will allow multiple oracles
that can return separate pieces of information, and we will pursue the lower bound of each oracle inquiry
to reach a solution with desired accuracy and also design optimal oracle-based algorithms. Thirdly, in all
our established results, we do not pre-specify the size of X and Y but allow them to be determined in
the designed instances. That is the key reason why we obtain a lower complexity bound that looks greater
than existing upper bound, e.g., by comparing (82) and (96). It is interesting to design “hard” instances to
establish similar lower complexity bound results, provided that Ly, L4 and the diameters of X,Y are all
given. We leave this to the future work.
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