CONDITIONAL GRADIENT SLIDING FOR CONVEX OPTIMIZATION *
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Abstract. In this paper, we present a new conditional gradient type method for convex optimization by calling a linear
optimization (LO) oracle to minimize a series of linear functions over the feasible set. Different from the classic conditional
gradient method, the conditional gradient sliding (CGS) algorithm developed herein can skip the computation of gradients from
time to time, and as a result, can achieve the optimal complexity bounds in terms of not only the number of calls to the LO oracle,
but also the number of gradient evaluations. More specifically, we show that the CGS method requires O(1/+/€) and O(log(1/¢))
gradient evaluations, respectively, for solving smooth and strongly convex problems, while still maintaining the optimal O(1/¢)
bound on the number of calls to LO oracle. We also develop variants of the CGS method which can achieve the optimal complexity
bounds for solving stochastic optimization problems and an important class of saddle point optimization problems. To the best
of our knowledge, this is the first time that these types of projection-free optimal first-order methods have been developed in the
literature. Some preliminary numerical results have also been provided to demonstrate the advantages of the CGS method.
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1. Introduction. The conditional gradient (CndG) method, which was initially developed by Frank and
Wolfe in 1956 [13] (see also [11, 12]), has been considered one of the earliest first-order methods for solving
general convex programming (CP) problems. Consider the basic CP problem of

f* = min f(x), (1.1)

zeX

where X C R" is a convex compact set and f: X — R is a smooth convex function such that

1" () = f'W)ll+ < Lllz = yll, V2, y € X. (1.2)

The CndG method solves (1.1) iteratively by minimizing a series of linear approximations of f over the feasible
set X. More specifically, given zp_; € X at the k-th iteration, it updates z according to the following steps.
1) Call the first-order (FO) oracle to compute (f(zg—1), f' (xx—1)) and set py = f'(zr—1).
2) Call the linear optimization (LO) oracle to compute

yr € Argmin,c x (pg, z). (1.3)

3) Set xr = (1 — ag)xp—1 + aryx for some oy € [0, 1].

In addition to the computation of first-order information, each iteration of the CndG method requires
only the solution of a linear optimization subproblem (1.3), while most other first-order methods require the
projection over X. Since in some cases it is computationally cheaper to solve (1.3) than to perform projection
over X, the CndG method has gained much interests recently from both the machine learning and optimization
community (see, e.g.,[1, 2, 3, 10, 8, 14, 21, 20, 22, 23, 24, 29, 34, 36]). In particular, much recent research
effort has been devoted to the complexity analysis of the CndG method. For example, it has been shown that
if ay, in step 3) of the CndG method are properly chosen, then this algorithm can find an e-solution of (1.1)
(i.e, apoint T € X s.t. f(Z)— f* <€) in at most O(1/e¢) iterations. In fact, such a complexity result has been
established for the CndG method under a stronger termination criterion based on the first-order optimality
condition of (1.1) and referred to as the Wolfe Gap (see [23, 24, 14, 20]).

Observe that the aforementioned O(1/e) bound on gradient evaluations is significantly worse than the
optimal O(1/1/€) bound for smooth convex optimization [30, 32]. Hence, a natural question is whether one
can further improve the O(1/e) complexity bound associated with the CndG method. The research results
along this direction, however, are mostly pessimistic. For example, by generalizing an interesting observation
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made by Jaggi in [23], Lan [27] considered a general class of linear-optimization-based convex programming
(LCP) methods which consist of the following steps.

1) Define the linear function (pg,-).

2) Call the LO oracle to compute y, € Argmin, ¢ y (i, ).

3) Output zx € Conv{yo,. .., yx}-
The LCP methods cover the CndG algorithm and also a few of its variants in [27] as certain special cases. It
is shown in [23, 27] that total number of iterations for the LCP methods cannot be smaller than O(1/¢), even
if the objective function f is strongly convex. By generalizing the black-box oracle complexity of large-scale
smooth convex optimization in [30], Guzman and Nemirovski [19] showed that the aforementioned O(1/¢)
bound is tight (up to a logarithmic in the design dimension) for some particular classes of problems, e.g., X is
an ls, ball. Improved complexity results can only be obtained under stronger assumptions on the LO oracle
or the feasible set (see, e.g., [15, 27]).

Our main goal in this paper is to show that, although the number of calls to the LO oracle cannot be
improved for the LCP methods in general, we can substantially improve their complexity bounds in terms
of the number of gradient evaluations. To this end, we present a new LCP algorithm, referred to as the
conditional gradient sliding (CGS) method, which can skip the computation for the gradient of f from time to
time while still maintaining the optimal bound on the number of calls to the LO oracle. Our development has
been leveraged on the basic idea of applying the CndG method to the subproblems of Nesterov’s accelerated
gradient method [31, 32|, rather than to the original CP problem in (1.1) itself. As a result, the same first-
order information of f will be used throughout a large number of CndG iterations. Moreover, the accuracy of
the approximate solutions to these subproblems is measured by the aforementioned Wolfe gap, which allows
us to establish the convergence of an inexact version of Nesterov’s accelerated gradient method. It should be
noted that several previous studies (e.g., [35, 38]) had also considered inexact solutions of these subproblems.
These studies focused on the rate of convergence of the inexact accelerated gradient method, rather than the
computation of the solutions to these subproblems. As a consequence, they did not reveal how to achieve the
overall optimal complexity in terms of both the computation of first-order information and the computation
of the solutions to these subproblems. On the other hand, our work has been inspired by the gradient sliding
method recently developed by Lan [28] for solving a class of composite problems whose objective function is
given by the summation of a general smooth and nonsmooth convex function. It is shown in [28] that one
can obtain optimal complexity bounds on the number of gradient evaluations for the smooth component and
subgradient evaluations for the nonsmooth component separately. Note however that this algorithm does not
apply to our problem setting as it requires exact solutions to certain projection-type subproblems.

Our main theoretical contributions are briefly summarized as follows. Firstly, we show that if f is a
smooth function satisfying (1.2), then the number of calls to the FO and LO oracles, respectively, can be
bounded by O(1/+/€) and O(1/¢). Moreover, if f is smooth and strongly convex, then the number of calls to
the FO oracle can be significantly reduced to O(log 1/¢) while the number of calls to the LO oracle remains
the same. It should be noted that these improved complexity bounds were obtained without enforcing any
stronger assumptions on the LO oracle or the feasible set X.

Secondly, we consider the stochastic case where one can only have access to a stochastic first-order oracle
(SFO) of f, which upon requests, return unbiased estimators for the gradient of f. By developing a stochastic
counterpart of the CGS method, i.e., the SCGS algorithm, we show that the number of calls to the SFO and
LO oracles, respectively, can be optimally bounded by O(1/€%) and O(1/¢) when f is smooth. In addition, if
f is smooth and strongly convex, then the former bound can be significantly reduced to O(1/e).

Thirdly, we generalize the CGS and SCGS algorithms to solve an important class of nonsmooth CP
problems that can be closely approximated by a class of smooth functions. By incorporating an adaptive
smoothing technique into the conditional gradient sliding algorithms, we show that the number of gradient
evaluations and calls to the LO oracle can bounded optimally by O(1/¢) and O(1/€?), respectively.

To the best of our knowledge, all these theoretical developments seem to be new in the literature. Some
promising numerical results have also been provided to demonstrate the advantages of the CGS algorithm over
the classic CndG method applied directly to problem (1.1).
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This paper is organized as follows. In Section 2 we present the basic scheme for the CGS method, and
establish its general convergence properties to solve problem (1.1). Moreover, we develop a variant of CGS
to solve strongly convex problems in this section. Section 3 is devoted to the stochastic conditional gradient
sliding algorithm for solving a class of stochastic programming problems and its variant to solve strongly
convex stochastic problems. In Section 4, we generalize the CGS algorithm for solving a special class of
nonsmooth CP problems possessing a saddle point structure. Finally, we present some promising numerical
results for the basic CGS algorithms in Section 5.

1.1. Notation and terminology. Let X C R™ and Y C R™ be given convex compact sets. Also let
I - llx and || - ||y be the norms associated with inner product in R™ and R™, respectively (see Remark 1 for
more discussions). For the sake of simplicity, we often skip the subscripts in the norms || - ||x and || - [|y. We
define the diameter of the sets X and Y, respectively, as

= = — 1.4
Dx = Dx) = max ||z —y] (1.4)

and
Dy = Dy . := -yl 1.5
v = Dy, = max |z —y] (1.5)
For a given norm || - [|, we denote its conjugate by ||s||. = max|<1(s,z). Let A:R™ — R™ be a given linear
operator, we use ||A|| to denote its operator norm given by ||A[l := max,<; [|Az|. Let f: X — R be a

convex function, we denote its linear approximation at x by

Ip(sy) = f2) + (f'(x),y — x). (1.6)

Clearly, if f satisfies (1.2), then

L
) <l@y) + Sy -, VaoyeX. (1.7)

Notice that the constant L in (1.2) and (1.7) depends on || - ||.

2. The conditional gradient sliding method. Our goal in this section is to present a new LCP
method, namely the conditional gradient sliding (CGS) method, which can skip the computation for the
gradient of f from time to time when performing linear optimization over the feasible region X. More
specifically, we introduce the CGS method for smooth convex problems in Subsection 2.1 and generalize it for
smooth and strongly convex problems in Subsection 2.2.

2.1. Smooth convex optimization.

The basic scheme of the CGS method is obtained by applying the classic conditional gradient (CndG)
method to solve the projection subproblems existing in the accelerated gradient (AG) method approximately.
By properly specifying the accuracy for solving these subproblems, we will show that the resulting CGS method
can achieve the optimal bounds on the number of calls to the FO and LO oracles for solving problem (1.1).
The development of the CGS method, in spirit, is similar to the gradient sliding algorithm developed by Lan
in [28] for solving a class of composite optimization problems. It should be noted, however, that the gradient
sliding algorithm in [28] requires to perform projections over X and targets to solve CP problems with a
general nonsmooth term in the objective function.

The CGS method is formally described as follows.
3



Algorithm 1 The conditional gradient sliding (CGS) method
Input: Initial point ¢y € X and iteration limit N.
Let B € Ryq,v: €0,1], and g, € Ry, k=1,2,..., be given and set yo = xo.
for k=1,2,...,N do

2z = (1 — Y&)Yk—1 + V6Zr—1, (2.1)
T = CndG(f/(Zk),l"k—la 5]@777’6)?
Ye = (1 = Y)Yk—1 + Tk

end for
Output: yy.

procedure u™ = CndG(g, u, 3, 1)
1. Set uy =uw and t = 1.
2. Let vy be an optimal solution for the subproblem of

Voou,p(ue) 7= max(g + Blu — u),uy — ). (2.4)

3. If V0 p(us) <m, set ut = u; and terminate the procedure.
4. Set Ut+1 = (]. - at)ut + vy with

o (Blu—w) — g,v0 — )
o mln{l, }

Blloe — ug|?

5 Set t + t+ 1 and go to step 2.
end procedure

Clearly, the most crucial step of the CGS method is to update the search point z; by calling the CndG
procedure in (2.2). Denoting ¢(z) := (g, x) + B||z — u||?/2, the CndG procedure can be viewed as a specialized
version of the classical conditional gradient method applied to min,cx ¢(z). In particular, it can be easily
seen that V., g(us) in (2.4) is equivalent to maxzex (¢’ (ut), us — ), which is often called the Wolfe gap, and
the CndG procedure terminates whenever V, ,, () is smaller than the pre-specified tolerance n. In fact, this
procedure is slightly simpler than the generic conditional gradient method in that the selection of oy in (2.5)
explicitly solves

oy = argming e 1)A((1 — a)ug + awy). (2.6)

It should be pointed out that (2.5) has been initially suggested by Frank and Wolfe to specify the stepsizes
for the CndG method through the minimization of an upper quadratic approximation of f(-) at zj (see (6.6)
in [13], and some more recent developments in [4, 5]). In view of the above discussion, we can easily see that
xy, obtained in (2.2) is an approximate solution for the projection subproblem

mip {01(0) = (7)) + Gl — 2} (2)
such that
(D), xr — o) = (f'(21) + Br(p — 2p1), 26 — ) <y, Vo € X, (2.8)

for some n; > 0.
Clearly, problem (2.7) is equivalent to mingex Bk /2||z — k-1 + f'(2x)/Bk||* after completing the square,
and it admits explicit solutions in some special cases, e.g., when X is a standard Euclidean ball. However,
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this paper focuses on the case where (2.7) is solved iteratively by calling the LO oracle.

We now add a few comments about the main CGS method. Firstly, similarly to the accelerated gradient
method, the above CGS method maintains the updating of three intertwined sequences, namely {zx}, {yr},
and {zx}, in each iteration. The main difference between CGS and the original AG exists in the computation
of zy. More specifically, x in the original AG method is set to the exact solution of (2.7) (i.e., nx = 0 in
(2.8)), while the subproblem in (2.7) is only solved approximately for the CGS method (i.e., n; > 0 in (2.8)).

Secondly, we say that an inner iteration of the CGS method occurs whenever the index ¢ in the CndG
procedure increments by 1. Accordingly, an outer iteration of CGS occurs whenever k increases by 1. While
we need to call the FO oracle to compute the gradient f’(z;) in each outer iteration, the gradient ¢} (p;) used
in the CndG subroutine is given explicitly by f’(zx) + Bk(p — xx—1). Hence, the main cost per each inner
iteration of the CGS method is to call the LO oracle to solve linear optimization problem in (2.4). As a result,
the total number of outer and inner iterations performed by the CGS algorithm are equivalent to the total
number of calls to the FO and LO oracles, respectively.

Thirdly, observe that the above CGS method is conceptual only since we have not specified a few pa-
rameters, including {8}, {7}, and {nr}, used in this algorithm yet. We will come back to this issue after
establishing some important convergence properties for the above generic CGS algorithm.

We first state a simple technical result that will be used in the analysis of the CGS algorithm. This result
slightly generalizes Lemma 3 of [27].
LEMMA 2.1. Let wy € (0,1], t =1,2,..., be given. Also let us denote

Suppose that Wy > 0 for allt > 2 and that the sequence {0, }+>0 satisfies

6 < (1—w)d1+ By, t=1,2,.... (2.10)
Then for any 1 <1 <k, we have
1 — wy Gy
5 < Wi ( 7 Si_1+ ; m—) : (2.11)

Proof. Dividing both sides of (2.10) by W;, we obtain

51 < (1 —wl)d() n B1

Wi W W,
and
d; (1—w)di—1 B di—1 B; )
2t < Rt R —, Vi>2
W — W; W, Wi * W,
The result then immediately follows by summing up the above inequalities for ¢ = [,..., k and rearranging
the terms. .

Theorem 2.2 describes the main convergence properties of the above CGS method. More specifically,
both Theorem 2.2.a) and b) show the convergence of the AG method when the projection subproblem is
approximately solved according to (2.8), while Theorem 2.2.c) states the convergence of the CndG procedure
by using the Wolfe gap as the termination criterion. To the best of our knowledge, the analysis of the AG
method under the inexact projection condition in (2.8) has not been studied before in the literature (see [28]
for the analysis of a different inexact AG method), while the convergence of the CndG method using the Wolfe
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gap as the termination criterion has been well-understood in the literature (see, e.g., [23, 14]). Hence, part
¢) is included here mainly for the sake of completeness. It should be noted, however, that the analysis we
provided in part c) is more specialized to problem (2.7), and seems to be slightly simpler than those given in
[23, 14].

Observe that the following quantity will be used in the convergence analysis of the CGS algorithm:

T} = {1 h=1 (2.12)

THEOREM 2.2. Let Ty, be defined in (2.12). Suppose that {Br} and {vx} in the CGS algorithm satisfy

Y1 = 1 and L"}/k S 6k, k Z 1. (213)
a) If
Bevk o Br—17k—1
> L E>2, 2.14
' = T (2.14)
then for any x € X and k > 1,
Bry iy
" Kk Yk Vi
Fl) - Fa) < BT D3 4 3 I (215)
i=1 °
where x* is an arbitrary optimal solution of (1.1) and Dx is defined in (1.4).
b) If
Bk _ Br—17k—1
< L k>2, 2.16
| R (2.16)
then for any x € X and k > 1,
pal’ = iy
« iy . i Vi
Flw) — Ft) < Py — a2 41, 30 (217)

i=1

¢) Under the assumptions in either part a) or b), the number of inner iterations performed at the k-th
outer iteration can be bounded by

D2
Ty := [G’kaw , Vk>1. (2.18)
Tk
Proof. We first show part a). Note that by (2.1) and (2.3), we have yx — 2 = Yx(zr — zx—1). By using
this observation, (1.7) and (2.3) we have

L
flye) <lp(2;yx) + §||Z/k — z||?

L 2
= (L= 0Ly (ki ) Wil (o ) + =3 ok — e

= (1 = )l (2ri ye—1) + ely (203 20) + ﬂk;k ok — zp—1 ] — % (B — L) lor — 2|
< (U= nr) + by ) + 2 g — P, (219)

where the last inequality follows from the convexity of f(-) and (2.13). Also observe that by (2.8), we have

(f'(zk) + Br(zp — 2p—1), 2 — ) <mpy, Vo € X,
6



which implies that

1 1 1
§||£Ek —zp1|? = S llwe—1 — 2l — (Th1 — Tp, 28 — T) — §||$k —z|?

2
1 2 1. 1 2, Nk

<= - — — ) — =k — ==, .

< Sllzk-1 — 2| + 3 (f'(or), 2 — k) = Sllzw — 2| + 3 (2:20)

Combining (2.19) and (2.20), we obtain
1-— l . L _ 2 12
Flyn) < (L=70)f (1) + el (2 @) + =5 (w1 — 2| = llze = 2l°) + mew
< (1= ) @1) + 2 F @) + P (s — 22 =l — 2]2) + e, Vo € X, (221)

2

where the last inequality follows from the convexity of f(-). Subtracting f(z) from both sides of the above
inequality, we have

) — £@) < (1= ) Whr) — F@]+ P (lzgmy — 2l =l — 2]) + s Vo € X

2
which, in view of Lemma 2.1, then implies that
Ie(1—~
f@m—ﬂms—ﬂﬁfﬁuww—ﬂn

+kz

Our result in part a) then immediately follows from the above inequality, the assumption that v; = 1, and
the fact that

k
B’% (lzimy — 2ll? = |l — |®) + T > 77;7’. (2.22)
i=1 "

= llzs = =]1?)

uMw

ﬂm Bm Bi—1vi-1 ﬁmk
T, oo —ﬂP+§Z iy =l = S o —
i

5171 ﬁz% Bi—17i-1 BV
T, Dx+z T D% = T D%, (2.23)

where the inequality follows from the third assumption in (2.14) and the definition of Dx in (1.4).
Similarly, Part b) follows from (2.22), the assumption that v; = 1, and the fact that

Bk
I = T e~ al* < Bulleo —al?,  (224)

— |z —

HMw

2y _ Bim
T < —|lx
%) < S5 o

due to the assumptions in (2.13) and (2.16).
Now we show that part ¢) holds. Let us denote ¢ = ¢y, and ¢* = min,cx ¢(z). Also let us denote

2 2

At 1= — d A= . 2.2
eEy M T T (2.25)
It then follows from the above definitions that
At+1 = At(l - )\t+1)7 Vt Z 2 (226)
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Let us define ﬂt+1 = (1 - )\t+1)ut + )\t+lvt~ Clearly we have ﬂt+1 — Ut = )\t+1(vt — ut). Observe that
w1 = (1 — a¢)ug + vy and oy is an optimal solution of (2.6), and hence that ¢(ust1) < ¢(tg41). Using this
observation, (1.7) and the fact that ¢ has Lipschitz continuous gradients, we have

A(upy1) < dtpgr) < lg(ug, Upgr) + gHﬂt+1 — uy)?

BA?
< (1= A1) d(ue) + Nl (g, ve) + =2 o — wg || (2.27)

Also observe that by (1.6) and the fact that v; solves (2.4), we have

Ly (ue, ve) = dug) + (' (ue), ve — ue) < dlug) + (' (ue), x — up) < P(x)

for any « € X, where the last inequality follows from the convexity of ¢(:). Combining the above two
inequalities and re-arranging the terms, we obtain

6)‘%+1

5 lve — ut||2, Ve e X,

P(urs1) — o) < (1= Aeya)[@(ue) — o(@)] +

which, in view of Lemma 2.1, then implies that, for any x € X and t > 1,

28D%
t+1"’

Gurs1) — d(x) < Apyr (1= Ao)[p(uy) — +At+1BZ Wit s - u|* < (2.28)

where the last inequality easily follows from (2.25) and the definition of Dx in (1.4). Now, let the gap function
Vgu,p be defined in (2.4). Also let us denote A; = ¢(u;) — ¢*. It then follows from (1.6), (2.4), and (2.27)
that that for any j =1,...,¢,

2

BAT 4
Nit1Vgup(us) < o(uj) — dlujpr) + ; llv; — usll®

=A8j = Ajn

= [loj = uy.

Jj+
2

Dividing both sides of the above inequality by A;;; and summing up the resulting inequalities, we obtain

t t t 2
1 1 1 A5
]+1 j+1 2
E u;) < — A —i—E ( —)A'—I—A—FE v — U
= j+1 guﬂ ]) it t+1 =~ Aj+1 Aj J 1 - 2Aj+1H J J”
: L L : J+1
< g A A Aj+ A+ g DX< E JA; —I—tBDX,
j=2 N J j=1

where the last inequality follows from the definitions of A\; and A; in (2.25). Using the above inequality and
the bound on A; given in (2.28), we conclude that

\; LN
2 <NV, wpluy) < 3tADX,
+1

which, in view of the fact that Z;:1 Aj+1/Aj41 =t(t +1)/2, then clearly implies that

, 68D2
min Vous(ug) < 57— Vi1, (2:29)
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from which part ¢) immediately follows. n

Clearly, there exist various options to specify the parameters {8k}, {7&}, and {ni} so as to guarantee the
convergence of the CGS method. In the following corollaries, we provide two different parameter settings for
{Br}, {7}, and {ng}, which lead to optimal complexity bounds on the total number of calls to the FO and
LO oracles for smooth convex optimization.

COROLLARY 2.3. If {6k}, {7k}, and {nr} in the CGS method are set to

3L 3 LD?
- 2= -2 d np = —2X_ k>1 2.
Bk 1 T Rt 1) Vk > 1, (2.30)
then for any k > 1,
. 15LD?
flyk) = f(a*) < X (2.31)

“2(k+1)(k+2)
As a consequence, the total number of calls to the FO and LO oracles performed by the CGS method for finding
an e-solution of (1.1) can be bounded by O (w/LDE(/e) and O (LDg(/e), respectively.

Proof. We first show Part a). It can be easily seen from (2.30) that (2.13) holds. Also note that by (2.30),
we have

6

and
Beve 9L k(k+1)(k+2) 3Lk
I  (k+1)(k+2) 6 T2

which implies that (2.14) is satisfied. It then follows from Theorem 2.2.a), (2.30), and (2.32) that

flye) — f(a") < —m»

N e R CERED)

9LD% 6 zk: 7Y 15LD%
r;
i=1

which implies that the total number of outer iterations performed by the CGS method for finding an e-solution
can be bounded by N = \/15LD% /(2¢). Moreover, it follows from the bound in (2.18) and (2.30) that the
total number of inner iterations can be bounded by

N N 66D N
N> (’“X+1) =18) k+ N =9N?+ 10N,
k=1 k=1 Nk k=1

which implies that the total number of inner iterations is bounded by O(LD% /e). m

Observe that in the above result, the number of calls to the LO oracle is not improvable in terms of their
dependence on €, L, and Dx for LCP methods [27]. Similarly, the number of calls to the FO oracle is also
optimal in terms of its dependence on € and L [30, 32]. It should be noted, however, that we can potentially
improve the latter bound in terms of its dependence on Dx. Indeed, by using a different parameter setting, we
show in Corollary 2.4 a slightly improved bound on the number of calls to the FO oracle which only depends
on the distance from the initial point to the set of optimal solutions, rather than the diameter Dx. This result
will play an important role for the analysis of the CGS method for solving strongly convex problems. The
disadvantage of using this parameter setting is that we need to fix the number of iterations N in advance.

COROLLARY 2.4. Suppose that there exists an estimate Dy > ||xo — x*|| and that the outer iteration limit
N >1 is given. If

2L 2 _ 2LD;

= — = — 2.
Bk L y Tk k+ 17 Nk Nk ’ ( 33)
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for any k > 1, then

6LD3?

flyn) = f(a7) < NN+ D) (2.34)

As a consequence, the total number of calls to the FO and LO oracles performed by the CGS method for finding
an e-solution of (1.1), respectively, can be bound by

o) .
o (“:gf +D0\/€>. (2.36)

Proof. Tt can be easily seen from the definition of «, in (2.33) and T’y in (2.12) that
M= 2 (2.37)
P k(b 1) '

Using the previous identity and (2.33), we have ;v /T'x = 2L, which implies that (2.16) holds. It then follows
from (2.17), (2.33), and (2.37) that

N al 6LDZ
flyn) — f(a*) <Tn (Lpg +y r) =Ty (LDg + Zm) = N(Tfl)

=1 =1

and

Moreover, it follows from the bound in (2.18) and (2.33) that the total number of inner iterations can be
bounded by

N N

D? N2D?
Sons Y (PR 1) = S
k=1 k=1 "Ik Dy

The complexity bounds in (2.35) and (2.36) then immediately follow from the previous two inequalities. m

In view of the classic complexity theory for convex optimization, the bound on the total number of calls
to FO oracle in (2.35) is optimal for smooth convex optimization. Moreover, in view of the complexity results
established in [27], the total number of calls to the LO oracle in (2.36) is not improvable for a wide class of
LCP methods. To the best of our knowledge, the CGS method is the first algorithm in the literature that can
achieve these two optimal bounds at the same time.

Remark 1. Observe that in this section, we have assumed that the Euclidean distance function ||z — z;_1||?
has been used in the subproblem (2.7). However, one can also replace it with the more general Bregman
distance

V(z,z5-1) == w(x) — w(zg—1) + (W (Tx-1), T — T—1)]

and relax the assumption that the norms are associated with the inner product, where w is a strongly convex
function. We can show similar complexity results as those in Corollaries 2.3 and 2.4 under the following
assumptions: i) w is a smooth convex function with Lipschitz continuous gradients; and ii) in the CndG
subroutine, the objective function in (2.4) and the stepsizes a; in (2.5) are replaced by g + Blw’(u:) — w'(u)]
and 2/(t + 1), respectively. However, if w is nonsmooth (e.g., the entropy function), then we cannot obtain
these results since the CndG subroutine cannot be directly applied to the modified subproblem. One possible
remedy to this issue is to incorporate the randomized smoothing technique into the CndG subroutine (see
[27)).
10



2.2. Strongly convex optimization. In this subsection, we assume that the objective function f is
not only smooth (i.e., (1.7) holds), but also strongly convex, that is, 3u > 0 s.t.

F) = f@) = (f@)y—x) = Syl Va,yeX. (2:38)

Our goal is to show that a linear rate of convergence, in terms of the number of calls to the FO oracle, can
be obtained by only performing linear optimization over the feasible region X. In contrast with the shrinking
conditional gradient method in [27], here we do not need to enforce any additional assumptions on the LO
oracle. We also show that the total number of calls to the LO oracle is bounded by O(LD% /¢), which has
been shown to be optimal for strongly convex optimization (see, e.g., [23, 27]).

We are now ready to formally describe the CGS method for solving strongly convex problems, which is
obtained by properly restarting the CGS method in Algorithm 1.

Algorithm 2 The CGS method for strongly convex problems

Input: Initial point py € X and an estimate dyp > 0 satisfying f(pg) — f(z*) < do.
for s=1,2,...
Call the CGS method in Algorithm 1 with input

6L
o =ps—1 and N = ’72 -‘ , (2.39)
i
and parameters
2L 2 8L6y2~"
— — d =N = —_—, 2.4
Br 0 = and e =Tk N (2.40)

and let p, be its output solution.
end for

In Algorithm 2, we restart the CGS method for smooth optimization (i.e., Algorithm 1) every [24/6L/u]
iterations. We say that a phase of the above CGS algorithm occurs whenever s increases by 1. Observe that
{nx} decrease by a factor of 2 as s increments by 1, while {8} and {7;} remain the same. The following
theorem shows the convergence of the above variant of the CGS method.

THEOREM 2.5. Assume (2.38) holds and let {ps} be generated by Algorithm 2. Then,

fps) — f(z7) <6027, s>0. (2.41)

As a consequence, the total number of calls to the FO and LO oracles performed by this algorithm for finding
an e-solution of problem (1.1) can be bounded by

(@) {1 / L {log2 max (1, 50)—‘ } (2.42)
I €
2
o { LDx , \/Z ’710g2 max (17 ‘SON } : (2.43)
€ I €
respectively.

Proof. 'We prove (2.41) by using induction. This inequality holds obviously when s = 0 due to our
assumption on dg. Now suppose that (2.41) holds before the s-th phase starts, i.e.,

f(ps_1) — fz*) < 6275
11

and




Using the above relation and the strong convexity of f, we have

< 4602~ '

—z* 2 g _ *
Ips—y = 2"|" < 2 1f (poa) = F(=7)] .

Hence, by comparing the parameter settings in (2.40) with those in (2.33), we can easily see that Corollary 2.4
holds with zg = ps—1, ynv = ps, and D% = 46027°/p, which implies that

) 6LD2 24L602~* .
s ) — < = <
flys) = f@) < NN £1) =GNV £ 1) <6027,

where the last inequality follows from the definition of N in (2.39). In order to show the bounds in (2.42) and
(2.43), it suffices to consider the case when dy > € (otherwise, the results are obvious). Let us denote

S = [logQ max (‘10 1)} . (2.44)

By (2.41), an e-solution of (1.1) can be found at the s-th phase for some 1 < s < S. Since the number of calls
to the FO in each phase is bounded by N, the total number of calls to the FO performed by Algorithm 2 is
clearly bounded by NS, which is bounded by (2.42). Now, let T j denote the number of calls to LO required
at the the k-th outer iteration in s-th phase. It follows from Theorem 2.2.c) that

2 2 9s
1, < SBD% | BuDR2N
Mk, s 209

Therefore, the total number of calls to the LO can be bounded by

5 N 5 N s
3uD%2°N 3uD% N?
Toi < ——— +NS=—5— > 2°+ NS
DD Tr<d D Tt 200 +
s=1k=1 s=1k=1 s=1
< DXN os1 | ng
260
< §MD§(N2 + NS, (2.45)
€
which is bounded by (2.43) due to the definitions of N and S in (2.39) and (2.44), respectively. L]

In view of the classic complexity theory for convex optimization, the bound on the total number of calls
to FO oracle in (2.42) is optimal for strongly convex optimization. Moreover, in view of the complexity results
established in [27], the bound on the total number of calls to the LO oracle in (2.43) is also not improvable for
a wide class of linear-optimization based convex programming methods. To the best of our knowledge, this is
the first time that these two bounds were achieved simultaneously by a single optimization algorithm.

3. The stochastic conditional gradient sliding method.

3.1. The algorithm and the main convergence results. In this section, we still consider smooth
convex optimization problems satisfying (1.2). However, here we only have access to the stochastic first-order
information about f. More specifically, we assume that f is represented by a stochastic first-order (SFO)
oracle, which, for a given search point z; € X, outputs a vector G(zx, &) s.t.

E[G(zk, &) = f'(2k), (3.1)
E [||G(zk, &) — f'(z0) 7] < 0™
Our goal in this section is to present a stochastic conditional gradient type algorithm that can achieve the

optimal bounds on the number of calls to SFO and LO oracles, while no such algorithms have been developed
before in the literature.

12



The stochastic CGS (SCGS) method is obtained by simply replacing the exact gradients in Algorithm 1
with an unbiased estimator computed by the SFO oracle. The algorithm is formally described as follows.

Algorithm 3 The stochastic conditional gradient sliding method

This algorithm is the same as Algorithm 1 except that (2.2) is replaced by

x = CndG(gk, Tr—1, Br, M) (3.3)
Here,
1 &k
gk ‘= BikZG(ZM&“ﬂ (3.4)
j=1

and G(zx,&k;), = 1,..., By, are stochastic gradients computed by the SFO at z.

In the above stochastic CGS method, the parameters { By} denote the batch sizes used to compute gi. It
can be easily seen from (3.1), (3.2), and (3.4) that

o2

Elge — f'()] = 0 and Elllgn - f'(z0)l12) < -
k

(3.5)

and hence gy is an unbiased estimator of f’(zx). In fact, letting Sp, = Zf:’el(G(zk,ka) — f(2x)), from (3.1)
and (3.2), we have

E[198.17] =E[I1SB.-1 + G(zk,&k,8,.) — [ (20)12]
=E [ISB, 1117 + 2(SB,-1, G2k, &k, 3.) — [ (2k)) + |G (2k, &k,B,) — [/ (20)112]

By,
=E (IS5, 112 + E [IG (2t &.,) — £/ (z)l12] = . = D _E[IG(zk, ) — £/ (2)|12] < Bro®.

j=1
Note that by (3.4), we have

By, By,

gk — f'(21) = Bik > Glan &ry) — f(2) = B > Gz Eky) — F(20)] = gkssk.

j=1 k j=1

Therefore, the second relationship in (3.5) immediately follows. Since the algorithm is stochastic, we will
establish the complexity for finding a stochastic e-solution, i.e., a point Z € X s.t. E[f(Z) — f(z*)] < ¢, as well
as a stochastic (e, A)-solution, i.e., a point T € X s.t. Prob{f(Z) — f(z*) < e} > 1 — A for some € > 0 and
Ae(0,1).

Observe that the above SCGS method is conceptual only as we have not yet specified the parameters { By},
{Br}, {7k}, and {nx}. We will come back to this issue after establishing the main convergence properties for
this algorithm.

THEOREM 3.1. Let T'y, and Dx be defined in (2.12) and (1.4), respectively. Also assume that {f} and

{v&} satisfy (2.13) and (2.14).
a) Under assumptions (3.1) and (3.2), we have

k
" BrYk 1y2 niYi vio®
E — <C.:= D5 +T E + >1 .
[f(yk) [z )] <Ce D) X k £ T, QFiBi(ﬁi L%) , VE=>1, (3 6)

where x* is an arbitrary optimal solution of (1.1).
13



b) If (2.16) (rather than (2.14)) is satisfied, then the results in part a) still hold by replacing BxyiD%
with B1Tk||xo — x*||? in the first term of C. in (3.6).
¢) Under the assumptions in part a) or b), the number of inner iterations performed at the k-th outer
iterations is bounded by (2.18).
Proof. Let us denote 0y ; = G(2k, &k ;) — f'(2x) and 0, = gx — f'(21) = ZJ‘B:’H 0k,;/ By . Note that by (2.19)
and (2.20) (with f’(zj) replaced by gi), we have

Flye) < (1 =) fyr—1) + el (zr, 2k) + {90, © — 28) + ﬂk;k [lzk—1 — | = |lzx — [|]

Tk
TV — 5 (Be — Lk) o — i1

Bk
2

= (1 =) f(yr—1) + Wl (2, ) + 0k, ¢ — 28) + [llek—1 — [ = lzx — z]%]
+ Yk — % Bk — L) l|lzn — -1

Using the above inequality and the fact that

1
O,z — x1) — 3 (Br — Lyk) lzg — zr—1]?

1
= (0, — xp—1) + (O, The1 — Tp) — 3 (Br — Lve) |z — zp—1]?
[0k ||

<6a - 1)t o
< ke =an) 5 T

we obtain

flye) < (1 =) f(yh—1) + v f(z) + Btk (llzr—1 — zlI* = |z — =[] + meve

2

Vel Ok 12
+ v (0, —xp_1) + —————, Vr e X. 3.7
Vi (O k—1) 3B — Low) (3.7)

Subtracting f(x) from both sides of (3.7) and using Lemma 2.1, we have

Flge) = F(x) < Th(1 =) [F(30) - sz{m ||xk_1x||2||xkx||2]+”;7i}
k
Jrrk; L [(51@ mion) ¥ 2(8i — L)
By =iy =i [ 194112
k'Vk ~2 L) i —1 7 || %
< aia 18,7 — 1 _ 9%l ’

where the last inequality follows from (2.23) and the fact that 77 = 1. Note that by our assumptions on the
SFO, the random variables §; ; are independent of the search point x;_; and hence E[(d; j, 2" — x;—1)] = 0.
In addition, relation (3.5) implies that E[||6;]|2] < 02/B;. Using the previous two observations and taking
expectation on both sides of (3.8) (with z = z*), we obtain (3.6).

Part b) follows similarly from the bound in (2.24) and (3.8), and the proof of part ¢) is exactly the same
as that of Theorem 2.2.c). n

Now we provide a set of parameters {8x}, {7}, {n}, and {Bx} which lead to optimal bounds on the
number of calls to the SFO and LO oracles.

14



COROLLARY 3.2. Suppose that {Br}, {7k}, {m}, and {Bx} in the SCGS method are set to

AL 3 LD%

Bk:ma Wk:ma Uk:m,

2 k 2 3
and By — {0221;)} k> (3.9)
X

Under assumptions (3.1) and (3.2), we have

i 6L D> 9L D2
Ef(ye) — f(z")] < (k+2)§2 = 2(“1)(;‘”), Yk > 1. (3.10)

As a consequence, the total number of calls to the SFO and LO oracles performed by the SCGS method for
finding a stochastic e-solution of (1.1), respectively, can be bounded by

2 212 2
0{\/%#’%} and O{LDX}. (3.11)
€ € €

Proof. Tt can be easily seen from (3.9) that (2.13) holds. Also by (3.9), Iy, is given by (2.32) and hence

I, E+2 7

which implies that (2.14) holds. It can also be easily checked from (2.32) and (3.9) that

2’“: : kLD2 k Vi _ kLD%

T = DiBi(Bi - Lyi) T 207

Using the bound in (3.6), we obtain (3.10), which implies that the total number of outer iterations can be

bounded by
o ( /LD§(>
€

under the assumptions (3.1) and (3.2). The bounds in (3.11) then immediately follow from this observation
and the fact that the number of calls to the SFO and LO oracles are bounded by

2(k+2)3 o?(N +3)*
ZBk<Z L2D2 NS 4L2D2 +N7

N
ST < Z (GBkDX + 1) < 12N% +13N.
k=1 k=1 "Ik
m
Now we give a different set of parameters {Sr}, {vx}, {n}, and {By}, which can slightly improve the
bounds on the number of calls to the SFO in terms of its dependence on Dx.
COROLLARY 3.3. Suppose that there exists an estimate Dy s.t. ||xg — 2*|| < Do < Dx. Also assume that
the outer iteration limit N > 1 is given. If

3L 2 2LD3 o?N(k+1)?
— — = = | —— > 1. .
Br T r o T N and By, { 1202 , k>1 (3.12)
Under assumptions (3.1) and (3.2),
8LD?
E — f(@")] € 2, YN >1. 1

15



As a consequence, the total number of calls to the SFO and LO oracles performed by the SCGS method for
finding a stochastic e-solution of (1.1), respectively, can be bounded by

2 212 2
o{\/LDM“;O} and O{LDX}. (3.14)
€ € €

Proof. Tt can be easily seen from (3.12) that (2.13) holds. Also by (3.12), T’ is given by (2.37) and hence

BrV

=3L
T ’

which implies that (2.16) holds. It can also be easily checked from (2.37) and (3.12) that

N N .. 5

i 2 i(i+1) LD
<2LD —

r, - ;FZB (Bi — L) <35 LB a2

i=1 v

M=

i=1

Using the bound in (3.6) (with Bxy, D% replaced by 51T, D3 in the definition of C.), we obtain (3.13), which
implies that the total number of outer iterations can be bounded by

()

under the assumptions (3.1) and (3.2). The bounds in (3.14) then immediately follow from this observation
and the fact that the total number calls to the SFO and LO are bounded by

N 2 2 2 3
o2(k+1) o2N(N +1)
Br<NY T L i N<Z T 4N
> Bi < 2oz TN ST 3rEpz T

According to the complexity bounds in Corollaries 3.2 and 3.3, the total number of calls to the SFO oracle
can be bounded by O(1/€?), which is optimal in view of the classic complexity theory for stochastic convex
optimization (see [26]). Moreover, the total number of calls to the LO oracle can be bounded by O(1/¢), which
is the same as the CGS method for deterministic smooth convex optimization and hence not improvable for a
wide class of LCP methods.

In view of the results in Corollary 3.3, we can present an optimal algorithm for solving stochastic strongly
convex problems, similarly to the deterministic case.

16



Algorithm 4 The stochastic CGS method for solving strongly convex problems

Input: Initial point py € X and an estimate dy > 0 satisfying f(pg) — f(z*) < do.
for s=1,2,...
Call the stochastic CGS method in Algorithm 3 with input

2L
o =ps—1 and N = ’74 -‘ , (3.15)
i

and parameters

3L 2 8L5p2* puo?N(k+1)?
= — = —_— = s = E—— d B = BS = —_— 5 3.].6
Br Pk Ve Erl Nk = s,k Nk and Dy ke { AL26,2—5 ( )

and let ps be its output solution.
end for
The main convergence properties of Algorithm 4 are described as follows.

THEOREM 3.4. Assume that (2.38) holds and let {ps} be generated by Algorithm 4. Then,

E[f(ps) — f(z")] < 6027°, s >0. (3.17)

As a consequence, the total number of calls to the SFO and LO oracles performed by this algorithm for finding
a stochastic e-solution of problem (1.1) can be bounded by

2 L
O{U—&—” ’710g2max <1,60>-‘} (3.18)
L€ I €
2
O{LDX Lk ’710g2 ax (17 50” } , (3.19)
€ I €
respectively.

Proof. In view of Corollary 3.3, (3.17) can be proved in a way similar to (2.41). It now remains to show
the bounds in (3.18) and (3.19), respectively, for the total number of calls to the SFO and LO oracles. It
suffices to consider the case when dy > €, since otherwise the results are obvious. Let us denote

S —nl y

By (3.17), a stochastic e-solution of (1.1) can be found at the s-th phase for some 1 < s < S. Since the number
of calls to the SFO oracle in each phase is bounded by NN, the total number of calls to the SFO oracle can be
bounded by

and

3 S

S N 2 2 2 2 3
po*N(k+1) uo?N(N +1) uo’N(N +1)
B, < _— el < — 224+ SN<*———" +8N.
Z k= ZZ ( 4L250275 + - 12L250 ; + — 3L2¢ +

Moreover, let T ; denote the number of calls to LO oracle required at the the k-th outer iteration in s-th
phase of the stochastic CGS method. It follows from Theorem 2.2.c) that

2 2 9s
J 08D L uDR2N
Nk,s 460
17

Ts,k + 1.



Therefore, the total number of calls to the LO oracle can be bounded by

S

X 9uD%2°N 9 o,
T6 < NS = —-uDxN*§ 22+ NS
< ) ﬂD§N2 L NS
€
which is bounded by (2.43) due to the definitions of N and S in (3.15) and (3.20), respectively. n

According to Theorem 3.4, the total number of calls to the SFO oracle can be bounded by O(1/€), which
is optimal in view of the classic complexity theory for strongly convex optimization (see [16, 17]). Moreover,
the total number of calls to the LO oracle can be bounded by O(1/¢), which is the same as the deterministic
CGS method for strongly convex optimization and not improvable for a wide class of LCP methods discussed
in [27].

3.2. The large deviation results. For the sake of simplicity, in this subsection we only consider smooth
convex optimization problems rather than strongly convex problems. In order to develop some large deviation
results associated with the aforementioned optimal complexity bounds, we need to make some assumptions
about the objective function values and its estimator, F'(z,£), given by the SFO. More specifically, we assume
that

E[F(2,€)] = f(), and E [exp {(F(2,6) - f(2))* /M?}] < exp{1} (3.21)

for some M > 0.

We now propose a variant of the SCGS method which has some desirable large deviation properties.
Similar to the 2-RSPG algorithm in [18], this method consists of two phases: an optimization phase and a
post-optimization phase. In the optimization phase, we restart the SCGS algorithm for a certain number of
times to generate a list of candidate solutions, and in the post-optimization phase, we choose a solution Z
from this list according to a certain rule.

Algorithm 5 A two phase SCGS (2-SCGS) algorithm
Input: Initial point zg € X, number of restart times S, iteration limit N, and the sample size K in the
post-optimization phase.
Optimizatoin phase:
for s=1,...,5 do
Call the SCGS algorithm with iteration limit IV, and the initial point xs_;, where s = zn,, s =1,...,5,
are the outputs of the s-th run of the SCGS algorithm.
end for
Let {Zs =an,, s=1,...,5}, be the output list of candidate solutions.
Post-optimization phase:
Choose a solution & from the candidate list {Z1,...,Zs} such that

T = argminS:17.,,75{f(:ES)}, (3.22)

where f(z) = + Z]K:1 F(z,&;).

Now we are ready to state the large deviation results obtained for the above 2-SCGS algorithm.
THEOREM 3.5. Assuming that {fr} and {vi} satisfy (2.13) and (2.14), under assumption (3.21), we
have

Prob {f(a%) - f(z*) > — VB + QCe} < Sexp {-A\?/3} +277, (3.23)
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where & is the output of the 2-SCGS algorithm, x* is an arbitrary optimal solution of (1.1), and C. is defined
Proof. Tt follows from the definition of # in (3.22) that

f@) = f@*) = min f@,) = f(z)
= min {J(@) - f#) + [(@) - [(")}
< min {If(@) - @)+ [(@) - 1)}

which implies that
f(@) = f(z") = f(2) = f(2) + f(2) - f(z")

<2 max |f (@) = f ()] + Jmin {f(7s) = f(z")}- (3.24)

Note that by the Markov’s inequality and (3.6), we obtain

Elf(zs) - fla")] _1
2C, 2’

Let E; be the event that f(Zs) — f(z*) > 2C., note that due to the boundedness of X, and the above

observation, we have

Prob {f(zs) — f(z*) > 2C.} < Vs=1,...,5. (3.25)

s—1
1
Prob{E|ﬂE} 3 5=1.8,

Jj=1

which then implies that

prob{ min (@) - 7)) > 2.}

S S s—1
:Prob{ﬂ ES}:HPrOb{ES|ﬂEj} <275, (3.26)
s=1 j=1

s=1

By assumption (3.21) and part b) of Lemma 4 in [18] (see [25] for a general result), it is clear that
K
Prob ¢ | Y [F(2., &) — f(2)]] > V20 + WVEKM? § <exp{-)?/3}, s=1,...,5,
j=1

which implies

Prob {|f(:cs) — f(@s)] > W} <exp{-A?/3}, s=1,...,5.
Therefore, we obtain
201+ A M )
Prob {g_ﬂ;ﬁtﬁ (@) = f(75)] > f(\/})} < Sexp {~\?/3}. (3.27)
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Our result in (3.23) directly follows from (3.24), (3.26) and (3.27). L]

Now we state a set of parameters S, N, and K, and the associated bounds on the number of calls to the
SFO and LO oracles.

COROLLARY 3.6. Suppose that parameters {Bx}, {7k}, {nx}, and {B} in the 2-SCGS method are set as
in (3.9) for each run of SCGS algorithm. Let e >0 and A € (0,1) be given, parameters S, N, and K are set
to

42LD%
€

. (3.28)

S(A) == [logy(2/A)], Ni(e) = [

and K(e,A) = F)Q(HWW

€

where A = /31n(2S/A), then the total number of calls to the SFO and LO oracles performed by the 2-SCGS
method in the optimization phase to compute a stochastic (e, A)-solution of the problem (1.1), respectively, can

be bounded by
| LD% 2  o*D% 2 LD% 2
@) { - log, X + o log, N and O . log, NG (3.29)

Proof. By Corollary 3.2, we have

2
¢, < LD
2(N +1)2

together with the definition of S, N and K in (3.28), (3.23), and A = /31n(25/A), we have
Prob {f(2) - f(a*) > ¢} < A,

i.e. Z is a stochastic (e, A)-solution of problem (1.1). Moreover, we obtain from Corollary 3.2 that the bounds
for the number of calls to the SFO and LO oracles for each run of SCGS algorithm as (3.11), which immediately
implies the bounds in (3.29), as we restart the SCGS algorithm in 2-SCGS method S times. (]

4. Generalization to saddle point problems. In this section, we consider an important class of saddle
point problems with f given in the form of:

f@) = max { (Az,9) - f(3) } (4.1)

yey

where A : R” — R™ denotes a linear operator, Y € R™ is a convex compact set, and f 1Y — R is a simple
convex function. Since the objective function f given in (4.1) is nonsmooth, we cannot directly apply the CGS
method presented in the previous section. However, as shown by Nesterov [33], the function f(-) in (4.1) can
be closely approximated by a class of smooth convex functions. More specifically, let v : Y — R be a given
strongly convex function such that

Oy
v(y) > (@) + (' (@),y = 2) + lly = 2]* Va,y €Y, (4.2)
for some o, > 0, and let us denote ¢, := argmin ¢y v(y), V(y) := v(y) — v(cy) — (Vo(ey),y — ¢) and

D?/,V = rynea})/( V(y). (4.3)

It can be easily seen that
2 _ 2 2 .
ly —col” < =V(y) < —Dyy,Vy ey
o Oy

v
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and hence that

4
||y1 - y2||2 S 7,D%/7V7vy1ay2 € Y
oz

v

In view of these relations, the function f(-) in (4.1) can be closely approximated by

fo(@) = max {{Azy) = fy) ~7[V(y) - D}y]: we V. (4.4)

Indeed, by definition we have 0 < V(y) < D%’V and hence, for any 7 > 0,

f(x) < fr(z) < flz) +7DYy, VazeX. (4.5)

Moreover, Nesterov [33] shows that f,(-) is differentiable and its gradients are Lipschitz continuous with the
Lipschitz constant given by

_ 142

TOy

L (4.6)

In this subsection, we assume that the feasible region Y and the function f are simple enough, so that the
subproblem in (4.4) is easy to solve, and as a result, the major computational cost for computing the gradient
of f, exists in the evaluation of the linear operator A and its adjoint operator A”. Our goal is to present a
variant of the CGS method, which can achieve the optimal bounds on the number of calls to the LO oracle
and the number of evaluations for the linear operator A and A”.

Algorithm 6 The CGS method for solving saddle point problems
This algorithm is the same as Algorithm 1 except that (2.2) is replaces by

T = Cl’ldG(f.ll_k (Zk)vxk—laﬁkank)a (47)

for some 15, > 0.

We now ready to describe the main convergence properties of this modified CGS method to solve the
saddle point problem in (1.1)-(4.1).

THEOREM 4.1. Suppose that 71 > 17 > ... > 0. Also assume that {Br} and {vx} satisfy (2.13) (with L
replaced by L., ) and (2.14). Then,

k

P~ 1@ < 2ED% 4 re S T (gt niDdy ) k2 1, (1)
i=1

K2

where x* is an arbitrary optimal solution of (1.1)-(4.1). Moreover, the number of inner iterations performed
at the k-th outer iteration can be bounded by (2.18).

Proof. First, observe that by the definition of f-(-) in (4.4), and the facts that V(y) — Dy, < 0 and
Tk_1 > Tk, We have

froi (@) = fr(x) Ve e X, VE>1. (4.9)
Applying relation (2.21) to f,, and using (4.9), we obtain
Br vk (

2
< (1= ) froy (1) + v [f(2) + DYy ] + @(‘

Jroe (k) < (1 =) fr (Y1) + S, () + -1 —2)* = lzx — 2]*) + mewe
[2p—1 — 2| = [lzk — ) + meve
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for any x € X, where the second inequality follows from (4.5) and (4.9). Subtracting f(z) from the both sides
of the above inequality, we have

Fro(yr) — F(x) < (1 =) [froy (k1) — Fl2)] + ﬁk;k (lzx—1 — l” = llox — =I1?) + meye + D3y

for any x € X, which, in view of Lemma 2.1 and (2.23), then implies that

k
6172 Vi
fro(yi) — Z H%‘—l —a)* = —IHQ)JFF!@ZF (n: + 7DV v)
i=1""

< MDX + Ty, Z m+¢ﬂ)§7v). (4.10)

Our result in (4.8) then immediately follows from the above relation and the fact that f;, (yx) > f(yx) due to
(4.5). The last part of our claim easily follows from Theorem 2.2.c). L]

We now provide two sets of parameters for {8}, {7}, {nx}, and {7} which can guarantee the optimal
convergence of the above variant of CGS method for saddle point optimization.
COROLLARY 4.2. Assume the outer iteration limit N > 1 is given. If
2||A[lDx

=— = k>1 4.11
T T Dyya, N T ET (4.11)

and {Br}, {1}, and {ni} used in Algorithm 6 are set to

Tk

3L,

Pe=v11

= >, (1.12)
then the number of linear operator evaluations (for A and AT) and the number of calls to the LO oracle

performed by Algorithm 6 for finding an e-solution of problem (1.1)-(4.1), respectively, can be bounded by

Al|2D3 D?
O{”A”DXDY,V} and O { |Al° DX Dy } (4.13)

Op€ oy€2

Proof. Observe that I'y, is given by (2.32) due to the definition of v, in (4.12). By (2.32) and (4.12), we
have

B _Lolb+2) |,
Tk E+1 —

and

Brve _ 3Lk Pr-17k-1

Pk 2 o ]-—‘kfl

The above results indicate that the assumptions in Theorem 4.1 are satisfied. It then follows from Theorem 4.1,
(4.11), and (4.12) that

N

9L, D% 6 £.D%  2|A|DxDyy] i(i+1)
_ *) < )
Tow) =1 < s v T NN T DV D) 2_;[ Jo N 2
_ 9114 DxDyy 15)| Al|Dx Dy, v ZN:N 69|\A||DXDYV
T 4/ou(N+2) o NN +1)(N +2) = Voo (N +2) 7
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where the second inequality follows from the definition of £, in (4.6). Moreover, it follows from (2.18) and
(4.12) that the total number of calls to the LO oracle can be bounded by

N N
180, D% k2 18(N + 1)N
T, < BLnDy K 1) < BWEDN | N gn2 4o,
> 2\ Tk+1 L, D% 5

The bounds in (4.13) then immediately follow from the previous two conclusions. ]

In the above result, we used a static smoothing technique as described in Nesterov [33], in which we need
to fix the number of outer iterations N in advance for obtaining a constant 7, in (4.11). We now state a
dynamic parameter setting for 7 so that the number of outer iterations N need not to be given a priori.

COROLLARY 4.3. Suppose that parameter {1} is now set to

_ 24Dy oy
DY7V\/O’1/k‘

and the parameters {Bi}, {7}, and {ni} used in Algorithm 6 are set as in (4.12). Then, the number of linear
operator evaluations (for A and AT ) and the number of calls to the LO oracle performed by Algorithm 6 for
finding an e-solution of problem (1.1)-(4.1), respectively, can also be bounded by (4.13).

Proof. Note that ~; is defined in (4.12), and hence that T’y is given by (2.32). We have

Be s p,,

Tk

(4.14)

and

Brve _ 3Lnk _ 3||A|| Dy,v k? S Br—17k—1
I 2 4/o,Dx — Tp1

Therefore, the assumptions in Theorem 4.1 are satisfied. It then follows from Theorem 4.1, (4.12), and (4.14)
that

9¢.,, D2 6 Y 1L, D% | 2AIDxDyy ] ii +1)
_ * < Tk X Ti
T =10 = 5o w2 TR DG+ D) ;{ 2 N 2
9|A|DxDy.vk 15| A|| DxDy.v z’“: 39||A||DXDYV

T Ao (k+1)(k+2)  ook(k+1)(k+2) & Ak + 2)\Jo,
where the second inequality follows from the definition of £,, in (4.6). Similarly to the proof in Corollary 4.2,
we can show that the total number of calls to the LO oracle in N outer iterations can be bounded by O(N?).
The bounds in (4.13) then immediately follow. ]

In view of the discussions in [7], the O(1/¢€) bound on the total number of operator evaluations is not
improvable for solving the saddle point problems in (1.1)-(4.1). Moreover, according to [27], the O(1/€?)
bound on the total number of calls to the LO is also optimal for the LCP methods for solving the saddle point
problems in (1.1)-(4.1).

We now turn our attention to stochastic saddle point problems for which only stochastic gradients of f,
are available. In particular, we consider the situation when the original objective function f in (1.1) is given
by

f(@) = E |max(Acz, y) - .91, (4.15)
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where f(-,€) is simple concave function for all £ € Z and Ag¢ is a random linear operator such that
E [ 4ell?] < L% (4.16)

We can solve this stochastic saddle point problem by replacing (4.7) with
zr, = CndG(gk, Tk—1, Bk, M) where gp = — ZF/(Zk7§j) (4.17)

for some 7, > 0 and By, > 1. By properly specifying {Br}, {nx}, {7x}, and { By}, we can show that the number
of linear operator evaluations (for A¢ and AgT) and the number of calls to the LO performed by this variant
of CGS method for finding a stochastic e-solution of problem (1.1)-(4.15) can be bounded by

L% D%D?
0{ ATX Y,V}. (4.18)

This result can be proved by combining the techniques in Section 3 and those in Theorem 4.1. However, we
skip the details of these developments for the sake of simplicity.

5. Numerical experiments. Our goal in this section is to present the results from our preliminary
numerical experiments. In particular, we will demonstrate the potential advantages of the basic CGS method
over the original CG method, and compare CGS to CG with exact line-search (referred to as CG_LS) through
two numerical experiments detailed in Subsection 5.1 and 5.2.

5.1. Quadratic programming problems over standard spectrahedrons. In this experiment, we
consider quadratic programming (QP) problems over a standard spectrahedron. Let A : R**" — R™ and
b € R™ be given, the QP over a standard spectrahedron is defined by

misn | Az —b]|3, where S, :={z€R"™":Tr(z)=1,2>=0}. (5.1)
TESR

TABLE 5.1
Randomly generated instances for QP

Inst. Domain n m d Inst. Domain n m d
SPE11 Sn 100 | 500 | 0.6 || SPE12 Sn 100 | 1,000 | 0.6
SPE21 Sn 200 | 500 | 0.4 SPE22 Sn 200 1,000 | 0.4
SPE31 Sn 400 | 500 | 0.2 || SPE32 Sh 400 | 1,000 | 0.2

In our experiment, we use the same instances as those generated in [27]. More specifically, the linear
operators A : R"*™ — R™ are sparse with entries uniformly distributed over [0, 1], and the total number of
nonzero entries is specified by the density parameter d. Because of the way the instances are generated, the
optimal values of these problems are given by 0. Totally 6 instances have been generated, see Table 5.1 for
more details. All of the CG and CGS algorithms in the experiment are implemented in MATLAB R2014b with
initial point yo randomly generated and remaining the same for different algorithms. In our implementation,
CG and CG_LS use stepsizes ay = 2/(k + 1) and

ay, = argmingefo 1) (f' (2x-1), (1 — @)zk—1 + o),

respectively, and the latter one-dimensional optimization problem w.r.t. « is solved by a simple bisection
method. The parameters {8x}, {7}, and {n;} used in the CGS method are set according to (2.33), where
N =200, D = D% /2, and L is estimated using the power iteration method.

Now for each problem instance, we report in Table 5.2, the target accuracy (f(Z) — f*), the number of
iterations (or gradient evaluations for CG and CGS, or calls to LO oracle for CG_LS algorithm), and the CPU
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TABLE 5.2
Comparisons of CG, CG_LS and CGS for QP minimization over spectrahedrons

CG CG_LS CGS
Inst f(yo) Accuracy | Iterations Time Iterations Time Calls to FO | Iterations Time Total inner
SPE11 | 4.70e+1 le-3 1257 23.22 91 28.47 1911 7 4.99 617
SPE12 | 9.33e+1 le-3 2491 81.67 556 335.23 11676 109 8.94 1024
SPE21 | 1.59e+1 le-3 894 51.26 22 19.79 462 105 11.98 307
SPE22 | 3.29e+1 le-3 1451 141.60 48 84.07 1008 127 23.37 459
SPE31 | 3.26e+0 le-3 621 106.99 10 21.46 210 139 37.95 215
SPE32 | 6.20e+0 le-3 896 232.22 17 67.48 357 200 81.35 309

time (in seconds, Intel Core 2 2.67GHz) required for performing these algorithms. We also record the total
number of calls to the FO oracle for CG_LS, the total number of inner iterations (i.e. the total number of
calls to the LO oracle) for CGS.

Let us make a few observations about the results in Table 5.2. Firstly, it is clear that CGS is more
advantageous over the original CG method in terms of both CPU time and the number of iterations (gradient
evaluations) to obtain the target accuracy. For example, for SPE11, CG requires 1,257 gradient evaluations
while the CGS method only requires 77 gradient evaluations. Secondly, for 4 out of 6 instances, CGS out-
perform CG_LS by saving up to 97% of CPU time (instance SPE 12) , while the latter algorithm is better
than CGS for the last two instances. It should be noted that to obtain the results shown in Table 5.2, we
did not fine tune the estimation of the Lipschitz constant used in the CGS method. Better ways (e.g., certain
line-search procedures) of estimating the Lipschitz constant can further improve the numerical performance
of this algorithm. It has also been observed from our numerical experiments that certain heuristic ideas, e.g.,
adding an lower bound on the total number of inner iterations, say T} > 3, can also improve the practical
performance of the CGS method. Using these ideas together, we were able to show that the CGS algorithm
can outperform CG_LS for all these test instances.

5.2. Matrix completion problems. In this subsection, we consider the following matrix completion
problem to recover a lower rank matrix:

min Y | X;; —ai l® st | X]. <R (5.2)
(i,5)€Q

Here, || - ||+ represents the nuclear norm, that is, |All. = trace(VATA) = Z;’:{I{m’n} o; and o; denote the
singular values of A, €2 is a subset of entries of A, and a; ;, ,j € € are given, and and R is a given constant.
As in [6], we generate the original matrix A, an m x n matrix of rank r, by first generating an m x r factor
Ap and an r x n factor Agr with Gaussian entries and then setting A = Ay x Ag. We normalize the data
by dividing each entry of A by /mn and choose R = [||A||.] in our experiments. We also assume that
|| = s = min(5r(m 4+ n — ), [0.99mn]) and choose these s entries uniformly. Totally 4 instances have been
generated in this manner (see Table 5.3). CG, CG_LS and CGS are implemented in MATLAB R2014b with
the initial point yy randomly generated and remaining the same for different algorithms. Parameter settings
for CG and CG_LS are the same as in Subsection 5.1, and for CGS algorithm, they are set as in (2.30).
Observe that instead of the MATLAB built-in function “svds.m”, we used a faster maximum singular value
decomposition code by Vijayan[37].

Our numerical results are shown in Table 5.4 and Figure 5.1. In Table 5.4, we report the total iteration
counts (or gradient evaluations) for all algorithms in Figure 5.1. We also record the total number of inner
iterations, i.e., the total number of calls to the LO oracles for CGS, and the total number of calls to the FO
oracles for CG_LS. Figure 5.1 shows how the objective function values change w.r.t. the CPU time, where
the z-axis represents the elapsed CPU time (in seconds, Intel Core 2 2.67GHz), and the y-axis represents the
objective function values in logarithmic scale (log1g). We use the blue, light blue, and red lines to represent
CG, CG_LS, and CGS, respectively. As can be seen from Figure 5.1, the CGS method converges much faster
than CG for all the tested instances. In particular, for a given CPU time, the solution accuracy obtained
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TABLE 5.3
Randomly generated instances for matriz completion problems

Inst. m n T R
Instl 3,000 1,000 10 | 11
Inst2 5,000 4,000 10 | 11
Inst3 | 10,000 100 10 | 10
Inst4 100 20,000 | 10 | 11

Fic. 5.1. Convergence results of CGS and CG for matriz completion problems
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by the CGS method can be better than the one by CG by up to 3 orders of magnitude (see, e.g., Inst 3 at
29 seconds). Compared to CG_LS, CGS may fall behind at the beginning, but it can obtain better accuracy
given enough time(see Inst 1 and 2). It should be mentioned that sometimes CG converges so slowly that the
objective function values remain almost the same, which explains why in Figure 5.1 CG remains flat for Inst

2 at the beginning.

6. Concluding remarks. In this paper, we present a new conditional gradient type method, referred to
as the CGS method for convex optimization. We show that this method can achieve the optimal complexity
bounds in terms of not only the number of calls to the LO oracle, but also the number of gradient evaluations.
We generalize the CGS method for solving stochastic optimization problems and show that they also exhibit
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TABLE 5.4
Iteration counts for Figure 5.1

CG CGS CG_LS
Inst Iterations | Iterations Total inner | Iterations Calls to FO
Inst 1 1711 384 1308 323 6783
Inst 2 2188 579 1941 1108 23268
Inst 3 206 e 249 12 252
Inst 4 302 105 290 19 399

the optimal rate of convergence in terms of the number of calls to the stochastic oracle. Generalization to a
special class of saddle point problems have also been presented in this paper. Some promising preliminary
numerical results have also been reported for this algorithm. Extensions to the composite case, where the
objective function of (1.1) contains a relatively simple nonsmooth component, can also be considered in the
CGS algorithm. We leave this as an interesting topic for the future research.

It should be noted that in this paper we focus on the rate of convergence in terms of the objective values
obtained by the CGS methods during a finite number of iterations. Another desirable convergence property
of first-order methods is the convergence of the iterates. While it is known that one cannot establish the rate
of convergence of the iterates generated by first-order methods for general smooth optimization (see Theorem
2.1.7 of [32]) unless strong convexity is assumed, we can show that the iterates generated by the standard
projected-gradient method do converge asymptotically to an optimal solution for general smooth problems
(see [9]). On the other hand, in the Frank-Wolfe or CGS method, we can only establish the rate of convergence
of the iterates under the strong convexity assumption, or show that there exists an asymptotically convergent
subsequence of the iterates to an optimal solution when such a strong convexity assumption is removed.
Therefore, it will be interesting to study whether the iterates of the CGS methods (or its certain variants)
converge to an optimal solution in case the objective function is not strongly convex. One possible approach
would be to enforce the monotonic decreasing of the objective values generated by the CGS methods, and
an alternative approach would be to add a decreasing strongly convex perturbation term to the objective
function. We leave such possible extensions of the Frank-Wolfe type methods, as well as the comparison with
those methods that do guarantee asymptotic iterate convergence for future research.
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