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Abstract

We present new results for the conditional gradient method (also known as the Frank-Wolfe
method). We derive computational guarantees for arbitrary step-size sequences, which are then
applied to various step-size rules, including simple averaging and constant step-sizes. We also
develop step-size rules and computational guarantees that depend naturally on the warm-start
quality of the initial (and subsequent) iterates. Our results include computational guarantees for
both duality /bound gaps and the so-called Wolfe gaps. Lastly, we present complexity bounds in
the presence of approximate computation of gradients and/or linear optimization subproblem
solutions.

1 Introduction

The use and analysis of first-order methods in convex optimization has gained a considerable
amount of attention in recent years. For many applications — such as LASSO regression, boost-
ing/classification, matrix completion, and other machine learning problems — first-order methods
are appealing for a number of reasons. First, these problems are often very high-dimensional and
thus, without any special structural knowledge, interior-point methods or other polynomial-time
methods are unappealing. Second, in many applications the optimization models are dependent on
data that can be noisy or otherwise limited, it is not necessary or even sensible to require a very
high-accuracy solutions. Thus the weaker rates of convergence of first-order methods are typically
satisfactory for such applications. Finally, first-order methods are appealing in many applications
due to the lower computational burden per iteration, and the structural implications thereof. In-
deed, most first-order methods require, at each iteration, the computation of an exact, approximate,
or stochastic (sub)gradient and the computation of a solution to a particular “simple” subproblem.
These computations typically scale well with the dimension of the problem and are often amenable
to parallelization, distributed architectures, efficient management of sparse data-structures, and
the like.

Our interest herein is the conditional gradient method, which is also referred to as the “Frank-
Wolfe method.” The original conditional gradient method, developed for quadratic programming
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over a polytope, dates back to Frank and Wolfe [4], and was generalized to the more general smooth
convex objective function over a bounded convex feasible region thereafter, see Levitin and Polyak
[14], also Polyak [19]. More recently there has been renewed interest in the conditional gradient
method due to some of its properties that we will shortly discuss, see for example Clarkson [1],
Hazan [9], Jaggi [10], Giesen et al. [6], and most recently Harchaoui et al. [§] and Lan [13]. The
conditional gradient method is premised on being able to easily solve (at each iteration) linear
optimization problems over the feasible region of interest. This is in contrast to other first-order
methods, such as the accelerated methods of Nesterov [16,/17], which are premised on being able
to easily solve (at each iteration) certain projection problems defined by a strongly convex prox
function. In many applications, solving a linear optimization subproblem is much simpler than
solving the relevant projection subproblem. Moreover, in many applications the solutions to the
linear optimization subproblem are often highly structured and exhibit particular sparsity and/or
low-rank properties. The conditional gradient method solves one subproblem at each iteration
and produces a sequence of feasible solutions that are each a convex combination of all previous
subproblem solutions, for which one can derive an O(%) rate of convergence for appropriately chosen
step-sizes. Due to the structure of the subproblem solutions and the fact that iterates are convex
combinations of subproblem solutions, the feasible solutions returned by the conditional gradient
method are also typically very highly-structured. For example, when the feasible region is the
unit simplex A, := {A € R® : e\ = 1,\ > 0} and the linear optimization oracle always returns
an extreme point, then the conditional gradient method has the following sparsity property: the
solution that the method produces at iteration k has at most k non-zero entries. (This observation
generalizes to the matrix optimization setting: if the feasible region is a ball induced by the nuclear
norm, then at iteration k the rank of the matrix produced by the method is at most k.) In many
applications, such structural properties are highly desirable, and in such cases the conditional
gradient method may be more attractive than the faster accelerated methods, even though the
conditional gradient method has a slower rate of convergence.

The first set of contributions in this paper concern computational guarantees for arbitrary step-
size sequences. In Section [2 we present a new complexity analysis of the conditional gradient
method wherein we derive an exact functional dependence of the complexity bound at iteration k
as a function of the step-size sequence {ay}. We derive bounds on the deviation from the optimal
objective function value (and on the duality gap in the presence of minmax structure), and on the
so-called Wolfe gaps as first treated by Giesen et al. [6]. In Section we use the technical theorems
developed in Section [2| to derive computational guarantees for a variety of simple step-size rules
including the well-studied step-size rule ay := ﬁ, simple averaging, and constant step-sizes. Our
analysis retains the well-known optimal O(%) rate (optimal for linear optimization oracle-based
methods [13]) when the step-size is either given by the ay, := ,%2 rule or is determined by a line-

search. We also derive an O (%) rate for both the case when the step-size is given by simple

averaging and in the case when the step-size is simply a suitably chosen constant.

The second set of contributions in this paper concern “warm-start” step-size rules and associ-
ated computational guarantees that reflect the the quality of the given initial iterate. The O(%)
computational guarantees associated with the step-size sequence ay := T—ZM are independent of
quality of the initial iterate. This is good if objective function value of the initial iterate is very
far from the optimal value, as the poor quality of the initial iterate does not affect the computa-
tional guarantee. But if the objective function value of the initial iterate is moderately close to



the optimal value, one would want the conditional gradient method, with an appropriate step-size
sequence, to have computational guarantees that reflect the closeness to optimality of the initial
objective function value. In Section 4| we introduce a modification of the @y := ki” step-size
rule that incorporates the quality of the initial iterate. Our new step-size rule maintains the O(%)
complexity bound but now the bound is enhanced by the quality of the initial iterate. We also
introduce a dynamic version of this warm start step-size rule, which dynamically incorporates all
new bound information at each iteration. For the dynamic step-size rule, we also derive a O(%)
complexity bound that depends naturally on all of the bound information obtained throughout the
course of the algorithm.

The third set of contributions concern computational guarantees in the presence of approximate
computation of gradients and linear optimization subproblem solutions. In Section [5 we first con-
sider a variation of the conditional gradient method where the linear optimization subproblem at
iteration k is solved approximately to an absolute accuracy of d;. We show that, independent of the
choice of step-size sequence {ay }, the conditional gradient method does not suffer from an accumu-
lation of errors in the presence of approximate subproblem solutions. We extend the “technical”
complexity theorems of Section [2] which imply, for instance, that when an optimal step-size such
as ay = ,%2 is used and the {J;} accuracy sequence is a constant J, then a solution with accuracy
O(% + §) can be achieved in k iterations. We next examine variations of the conditional gradi-
ent method where exact gradient computations are replaced with inexact gradient computations,
under two different models of inexact gradient computations. We show that all of the complex-
ity results under the previously examined approximate subproblem solution case (including, for
instance, the non-accumulation of errors) directly apply to the case where exact gradient compu-
tations are replaced with the d-oracle approximate gradient model introduced by d’Aspremont [2].
We also examine replacing exact gradient computations with the (6, L)-oracle model introduced by
Devolder et al. [3]. In this case the conditional gradient method suffers from an accumulation of
errors under essentially any step-size sequence {ay}. These results provide some insight into the
inherent tradeoffs faced in choosing among several first-order methods.

1.1 Notation

Let E be a finite-dimensional real vector space with dual vector space E*. For a given s € E*
and a given A € E, let sT\ denote the evaluation of the linear functional s at A\. For a norm || - ||
on E, let B(e,r) = {X € E : ||A —¢|| < r}. The dual norm || - ||« on the space E* is defined by

|s||« := max {sTA} for a given s € E*. The notation “0 + argmax{f(v)}” denotes assigning @
AeB(0,1) veS
to be any optimal solution of the problem magc{ f(v)}.
vE

2 The Conditional Gradient Method

We recall the conditional gradient method for convex optimization, see Levitin and Polyak |14] and
Polyak |19] (also referred to as the “Frank-Wolfe algorithm” from [4]), stated here for maximization
problems:

max h(\)

st. AeQ, M)



where ) C E is convex and compact, and h(-) : @ — R is concave and differentiable on (. Let
h* denote the optimal objective function value of . The basic conditional gradient method is
presented in Method |1} where the main computational requirement at each iteration is to solve
a linear optimization problem over @ in Step (2.) of the method. The step-size ay in Step (4.)
could be chosen by inexact or exact line-search, or by a pre-determined or dynamically determined
step-size sequence {ay}. Also note that the version of the conditional gradient method in Method
does not allow a (full) step-size @y = 1, the reasons for which will become apparent below.

Method 1 Conditional Gradient Method for maximizing h(\)

Initialize at A\; € @, (optional) initial upper bound By, k + 1 .
At iteration k:

1. Compute Vh(\g) .

2. Compute A + arg Iileaé({h(/\k) + V)T =)} -

BY + h(Xe) + VAT (A — ) -

G+ VAW (A — M) -
3. (Optional: compute other upper bound By), update best bound By, <— min{Bj_1, B}, By} .
4. Set Apy1 < A\ + @k(j\k — M), where ai € [0,1) .

As a consequence of solving the linear optimization problem in Step (2.) of the method, one
conveniently obtains the “Wolfe upper bound” on the optimal value h* of :

By = h(A) + VR(Ow)T (A — k) | (2)

and it follows from the fact that the linearization of h(-) at A\; dominates h(-) that B}’ is a valid
upper bound on h*. We are also interested in the “Wolfe gap” G} at each iteration:

Gr = BY — h(\) = VROWT Ok — Me) - (3)

Note that G > h* — h(A\x) > 0. In certain contexts, G is an important quantity by itself, see
Khachiyan [12], Giesen et al. [6], as well as [5]. Jaggi [10] first showed that the conditional gradient
method generates upper bound guarantees on Gy, see also Harchaoui et al. [§], although Khachiyan
implicitly derived such bounds for the conditional gradient method applied to the minimum volume
covering ellipsoid problem in [12]. Both B}’ and G}, are computed directly from the solution of the
linear optimization problem in Step (2.) and are recorded therein for convenience.

In some of our analysis of the conditional gradient method, the computational guarantees will
depend on the quality of upper bounds on h*. In addition to the Wolfe bound B}’, Step (3.) allows
for an “optional other upper bound Bj ” that also might be computed at iteration k. Sometimes
there is structural knowledge of an upper bound as a consequence of a dual problem associated
with (), as when h(-) is conveyed with minmax structure, namely:

h(A) = min ¢(z, A) , (4)
zeP
where P is a closed convex set and ¢(+,-) : P x @ — R is a continuous function that is convex in
the first variable x and concave in the second variable A. In this case define the convex function
f(): P — R given by f(z) := r/{le%c ¢(x,\) and consider the following duality paired problems:
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(Primal): min f(z) and  (Dual): maxh(A), (5)

zeP AEQ
where here it is the dual problem that corresponds to our problem of interest . Weak duality
holds, namely h(A\) < h* < f(z) for all x € P\ € Q. At any iterate A\, € @ of the conditional
gradient method one can construct a “minmax” upper bound on h* by considering the variable x
in that structure:

B = f(xk) == rileaé({(b(xk’)\)} where xj, € arg;neig{d:c,)\k)} , (6)

and it follows from weak duality that B} := B[ is a valid upper bound for all k. Notice that x
defined above is the “optimal response” to A\; in a minmax sense and hence is a natural choice
of duality-paired variable associated with the variable Ag. Under certain regularity conditions, for
instance when h(-) is globally differentiable on E, one can show that B} is at least as tight a bound
as Wolfe’s bound, namely B;* < B}’ for all k (see Proposition , and therefore the Wolfe gap
G, conveniently bounds this minmax duality gap: B}* — h(\;) < B)Y — h(A\) = G

(Indeed, in the minmax setting notice that the optimal response xj in @ is a function of the
current iterate A and hence f(x) — h(\g) = B}* — h()g) is not just any duality gap but rather is
determined completely by the current iterate Ai. This special feature of the duality gap B} —h(Ax)
is exploited in the application of the conditional gradient method to rounding of polytopes [12],
parametric optimization on the spectrahedron [6], and to regularized regression [5] (and perhaps
elsewhere as well), where bounds on the Wolfe gap G, are used to bound B}* — h(\y) directly.)

We also mention that in some applications there might be exact knowledge of the optimal value
h* (as in certain linear regression applications where one knows a priori that the optimal value of
the residuals is zero), whereby one can set By < h*.

It will also be useful to analyze a version of the conditional gradient method wherein there is
a single “pre-start” step. In this case we are given some )y € @ and some upper bound B_; on
h* (one can use B_1 = +o0 if no information is available) and we proceed like any other iteration
except that in Step (4.) we set A\; 5\0, which is equivalent to setting &g := 1. This is shown
formally in the Pre-start Procedure

Procedure 2 Pre-start Step of Conditional Gradient Method given Ao € @ and (optional) upper
bound B_;

1. Compute Vh(Xo) .
2. Compute g « arg I)I\laé({h()\o) + VR(A)T(A =)} .
€

BY < h(X\o) + V(M) (Ao — o) -

Go + Vh(X)" (Ao — Ao) -
3. (Optional: compute other upper bound Bf), update best bound By < min{B_;, By, BJ} .
4. Set )\1 < 5\0 .

Towards stating and proving complexity bounds for the conditional gradient method, resembling
Clarkson [1] we consider the following curvature constant Cj, g, which is defined to be the minimal
value of C satisfying:

h(A+a(X =) > h(\) + VAT (a(X = N)) — %Cag forall \ A€ Q andalla€[0,1]. (7)
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For any choice of norm |[| - || on E, let Diamg denote the diameter of ) measured with the norm
| - ||, namely Diamg := max {||A — A||} and let Lj ¢ be the Lipschitz constant for VA(-) on @Q,
AAEQ

namely Lj ¢ is the smallest constant L for which it holds that:
[VR(A) = VA ||« < LA = A forall A, A€ @ .

It is straightforward to show that C}, ¢ is bounded above by the more classical metrics Diamg and
Ly, ¢, namely
Chq < Lig(Diamg)? , 8)

see Proposition In contrast to other (proximal) first-order methods, the conditional gradient
method does not depend on a choice of norm. The norm invariant definition of Cj, o and the fact
that holds for any norm are therefore particularly appealing properties of C},  as a behavioral
measure for the conditional gradient method.

Towards stating our main technical results, we define the following two auxiliary sequences,
where oy, and B are functions of the first k£ step-size sequence values, aq, ..., @, from the condi-
tional gradient method:

1 ~ Brou

I1(1-a)
j=1
(Here and in what follows we use the conventions: H?Zl =land 30 ,-=0.)

The following two theorems are our main technical constructs that will be used to develop the
results herein. The first theorem concerns optimality gap bounds.

Theorem 2.1. Consider the iterale sequences of the conditional gradient method (Method [1]) {\,}
and {\r} and the sequence of upper bounds { By} on h*, using the step-size sequence {ay}. For the
auzxiliary sequences {ay} and {B} given by (@, and for any k > 0, the following inequality holds:

ko of
Bk - h()\l) T %C}%Q Zi:l ﬁ(j_H

Bi. — h(\ <
b= hw) < Br+1 Br+1

(10)
O

The summation expression in the rightmost term above appears also in the bound given on the
dual averaging method of Nesterov |18|. Indeed, this is no coincidence as the sequences {ay} and
{Bk} given by @ arise precisely by a connection between the conditional gradient method and the
dual averaging method, see [7]. For this reason we will henceforth refer to the sequences @D as
the “dual averages” sequences associated with {ay}. The second theorem concerns the Wolfe gap
values G, from Step (2.) in particular.

Theorem 2.2. Consider the iterale sequences of the conditional gradient method (Method {\k}
and { A}, the sequence of upper bounds {By} on h*, and the sequence of Wolfe gaps {Gy} from



Step (2.), using the step-size sequence {ay}. For the auziliary sequences {ax} and {Bi} given by
(@, and for any £ > 0 and k > £+ 1, the following inequality holds:

1 l a? k _
: 1 By — h(\) 30h@ Xin Bi+1 %Ch,Q Ez’:£+1 O‘z‘2
- min  G; < = — + + = - .
i€{l+1,....k} Zi:E—H (o7} Be+1 Be+1 Zizf-ﬂ (o7

(11)

O]

Theorems [2.1]and 2.2 can be applied to yield specific complexity results for any specific step-size
sequence {ay} (satisfying the mild assumption that aj < 1) through the use of the implied {oy}
and {fi} dual averages sequences. This is shown for several useful step-size sequences in the next
section.

Proof of Theorem We will show the slightly more general result for k& > 0:

2
)

k «
B—h(\) | 30hQ Xim1 5
+
Br+1 Br+1

min{ B, Br} — h(Ag+1) < for any B, (12)

from which follows by substituting B = B} above.

For k£ = 0 the result follows trivially since 81 = 1 and the summation term on the right side
of is zero by the conventions for null products and summations stated earlier. For k > 1, we
begin by observing that the following equalities hold for the dual averages sequences @:

012

Bi+1 — Bi = &;fi+1 = o; and ,Bi+10712 = ¢ fori>1, (13)

Bi+1

and

k
1+ i =pp fork>1. (14)
=1

We then have for ¢ > 1:

- 1
Biv1h(Nit1) = Biv [h()\i) + VAT (N = A)ai — 25%20}1,@]

= Bih(N;) + (Bix1 — Bi)h(Ni) + Bir1a: VRN T (N — i) — %5#15%2@17@

1 a?

= Bih(\i) + aih(\) + @ VRO T (N = X)) — = =Ch.o
2 Bix1
T/3 1 0%2
= Bih(\) + o [h(A¢)+Vh()\i) i —A)| = =2 o
2 Bit1
Bih(\) + a;BY — - e
= Pi i ;D — = Q -
2B @

The inequality in the first line above follows from the definition of C}, ¢ in @ and \jy1 — A\ =
a;(Ai — A;). The second equality above uses the identities , and the fourth equality uses the



definition of the Wolfe upper bound . Rearranging and summing the above over ¢, it follows
that for any scalar B:

k 2

k
1 o
B+ aiB < B+ Brpth(Mear) = Buh(M) + 5

2——Cho - (15)
i=1 o O

Therefore
k
min{B, B} B+1 = min{B, By} (1 + ai)
i=1

k
<B+>» B
=1

k
1 Q;
< B+ Brprh(M) = h(h) + 5 2_; Ch.q -

where the first equality above uses identity , the first inequality uses the fact that B, < B’
for i < k, and the second inequality uses and the fact that §; = 1. The result then follows by
dividing by SBi+1 and rearranging terms. O

Proof of Theorem For i > 1 we have:

h(div1) > h(N) + VRO)T (N — N)as — 16200
(16)
= h()\i) + a; G — %@?Ch,Q s

where the inequality follows from the definition of the curvature constant in , and the equality
follows from the definition of the Wolfe gap in . Summing the above over i € {{+1,...,k} and
rearranging yields:

S i1 @G < h(Nep1) — h(er) + 384 3a2Cho - (17)

Combining with Theorem we obtain:

k 1 ¢ oF k
) Be—h(A)  3Ch@2i-1 3, 1
E ;G < h(Ag+1) — Be + £ 3 (A1) + 3 1= Bt + E 504,20,17@ ,
i=0+1 e+l t+1 i=0+1

and since By > h* > h(\,41) we obtain:

k k 1 ¢ o
G il < iGi < —
(ie{fr—&r-li?..,k} ) (Z a) - ; “ o *

i1 Bet1 Bes1

k
1_
+ Z 5&?0}%@,
i=(+1

and dividing by Zf:e 41 @i yields the result. O



3 Computational Guarantees for Specific Step-size Sequences

Herein we use Theorems[2.1]and to derive computational guarantees for a variety of specific step-
size sequences. We first present a property of the pre-start step (Procedure [2)) that has implications
for such computational guarantees.

Proposition 3.1. Let A\; and By be computed by the pre-start step Procedure . Then By—h(A1) <
1

5Ch.0.

2-h,Q

Proof. We have A\ = Ao and By < By, whereby from the definition of C}, ¢ using o = 1 we have:
< 7% 1 w 1 1
h(>\1) = h()\()) > h(/\o) + Vh()\o) ()\0 — )\0) — ich’Q = BO — iCh,Q > By — §Ch7Q ,
and the result follows by rearranging terms. O

3.1 A Well-studied Step-size Sequence

Suppose we initiate the conditional gradient method with the pre-start step Procedure 2] from a
given value \g € @ (which by definition assigns the step-size @y = 1 as discussed earlier), and then
use the step-size a; = 2/(i + 2) for ¢ > 1. This can be written equivalently as:

2
=y forio0. (18)

Computational guarantees for this sequence appeared in Hazan [9] (with a corrected proof in Giesen
et al. [6]). In unpublished correspondence with the second author in 2007, Nemirovski [15] presented
a short inductive proof of convergence of the conditional gradient method using this step-size rule.

We use the phrase “bound gap” to generically refer to the difference between an upper bound B
on h* and the value h()), namely B —h(\). The following result describes guarantees on the bound
gap By — h(Ag+1) and the Wolfe gap G, using the step-size sequence , that are applications of
Theorems [2.1{and and that are very minor improvements of existing results as discussed below.

Bound 3.1. Under the step-size sequence (@, the following inequalities hold for all k > 1:

QChQ

B — h(\ < 19
k= h(Arg1) < 14 (19)
and 450
min G < 9 (20)
ie{l,...,.k} k

The bound is a very minor improvement over that in Hazan [9] and Giesen et al. [6], see also
Harchaoui et al. [8], as the denominator is additively larger by 1 (after accounting for the pre-start
step and the different indexing conventions). The bound is a modification of the original
bound in Jaggi |10] (which required changing to a constant step-size for iterations k + 1,...,2k),
and is also a slight improvement of the bound in Harchaoui et al. [8] inasmuch as the denominator
is additively larger by 1 and the bound is valid for all k& > 1.



Proof of Bound Using it is easy to show that the dual averages sequences @ satisfy
B = k(k;l) and ap = k + 1 for k > 1. Utilizing Theorem H we have for k > 1:

1 E o a?
By — h(\ 5ChQ Y it 5
Bk- o h()\k+1) S k ( 1) + 2 Q 1 ﬂz+1

Br+1 Br4+1

k :

< By — h(A\1) N %Ch,Q Dict 5?“
— Brn Brt1

1 ko of
< 20nq | 200Q 2in 7o
= Brt1 Br+1

Ch,0
(k+1D)(k+2) +Z z+1 z—|—2]
_ ChQ i 1—1—1
(k)R +2) &2 (i+2)
2Ch,0
_k+47

where the second inequality uses By < By, the third inequality uses Proposition the first equal-
ity substitutes the dual averages sequence values, and the final inequality follows from Proposition

This proves (19).
To prove we proceed as follows. First apply Theorem with £/ =0 and k = 1 to obtain:
1 1 1 3 2 13
< — By — < = - 24z
G < a [Bo — h(A1)] + Ch Qa1 ChQ [ -I-Oél] QCh’Q [2 + 3} 120hQ ,

where the second inequality uses Proposition Since 13 < 4.5 and 13 < 4 5 this proves (20)) for
k =1,2. Assume now that k > 3. Let £ = [71 — 2 so that £ > 0. We have

k+2
k+3 k+3
i =2 =2 > 21 =2In(2) , 21
Yaey o0y (i) () - e

i=0+1 i=0+1 2@3 2

2

where the first inequality uses Proposition and the second inequality uses [%W < g + % We
also have:

k k k+2 %
_ 4(k —0) 4(5+2) 4(k+4)

0412:4 ;=4 < 2 = , 29

z‘:ze:1 1:%:1( @zg;rgZZ £+2<k+2)7§(k+2) k(k+2) (22)

where the first inequality uses Proposition and the second inequality uses [%} > % Applying
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Theorem and using and yields:

¢ o
win o< L[ BemhOw) 30 Yici B 2Ch0(k +4)
ie{l,ky T~ 2In(2) Be+1 Bet1 k(k +2)

1 2Ch,0 QC;LQ(]{? +4)
_21n(2)[5+4 k(k+2) ]

2Ch,0 [ 2 n k+4 :| _ 2Ch,0 [3k2 + 12k + 16] < 2Ch,0 (3) < 4.5Ch,q
~2In(2) |k+4  k(k+2) 2In(2) [(k+4)(k+2)k] — 2In(2) \k) — k ’

where the second inequality uses the chain of inequalities used to prove , the third inequality
uses {+4 > % 42 and the fourth inequality uses k% + 4k + 28 < k2 + 6k +8 = (k+4)(k+2). O

3.2 Simple Averaging

Consider the following step-size sequence:

1 .
di:i—i—l fori >0, (23)

where, as with the step-size sequence , we write ag = 1 to indicate the use of the pre-start step
Procedure |2} It follows from a simple inductive argument that, under the step-size sequence ,
A1 is the simple average of Ao, A1, ..., A, i.e., we have

k
1 -
)\kH:k—Fl;:O/\i forall k >0 .
Bound 3.2. Under the step-size sequence (23)), the following inequality holds for all k > 0:

101+ In(k + 1))

Bg — h(Ag41) < 2 F : (24)
and the following inequality holds for all k > 2:
3
2Cho (2.3 +2In(k
min G; < 2 h (2.3 + 21In(k)) (25)

ie{l,....k} k—1

Proof of Bound Using it is easy to show that the dual averages sequences @ are given
by Br =k and oy, = 1 for k > 1. Utilizing Theorem [2.I] and Proposition [3.1] we have for k£ > 1:

1 ko
3Cho | 2Oha Xic1 5
+
Br+1 Br+1

koo
1

lChQ
< 7@1 [14In(k+1)] ,

By, — h(Ag41) <

1
2Cn0
k+1

11



where the first equality substitutes the dual averages sequence values and the second inequality

uses Proposition This proves . To prove , we proceed as follows. Let £ = ng -1,
whereby ¢ > 0 since k£ > 2. We have:

k k k+1
1 1 k+2 k+2
Zdi:z ' 1_Z'Zln<g+2>zln<k+ )—111(2), (26)

where the first inequality uses Proposition and the second inequality uses ¢ < % — 1. We also
have:

k+1 k

1 1 k—1¢ 5+ 1.5 k+3

_2 = = — < < 2 = 27
,Z &= (i+1)2 i:ZHQz‘? TR+ T E-Dk+1) B-DE+1)] 27

where the first inequality uses Proposition and the second inequality uses £ > % —1.5. Applying

Theorem and using and yields:

1 ¢ a?
— *Ch, i= o lC k 3
min Gz S BZ h()\l) + 2 QZ 161-&-1 + 2 h’?Q( + )
i€{1,....k} In(2) Ber Bt (k—=1)(k+1)
_ 1 SCho(l+In(l+1)  1Cho(k+3)
~ In(2) {41 (k—1)(k+1)
< QC}L’Q 1 —1—111(%) k+3
~ In(2) % — % (k—1)(k+1)
_ 5Chq |24 2In(k) — 21In(2) N 5
~ In(2) k—1 k—1
- 3Ch,q (2.3 + 21n(k))
- k—1 ’
where the second inequality uses the bound that proves , the third inequality uses % —15<
< g — 1 and the fourth inequality uses i—ﬁ < % for k > 2. O

3.3 Constant Step-size
Given a € (0,1), consider using the following constant step-size rule:
a=a fori>1. (28)

This step-size rule arises in the analysis of the Incremental Forward Stagewise Regression algorithm
(FS;), see [5], and perhaps elsewhere as well.

Bound 3.3. Under the step-size sequence (@, the following inequality holds for all k > 1:
By — h(Aes1) < (Be — (M) (1 — @)F + 1Ch o [@ —a(l— @)k} . (29)
If the pre-start step Procedure[3 is used, then:

By, — h(M11) < 5Chq [(1 — a4 54} : (30)
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If we decide a priori to run the conditional gradient method for k iterations after the pre-start step
Procedure |2, then we can optimize the bound with respect to &. The optimized value of & in
the bound is easily derived to be:

1
VE+1 -
With & determined by , we obtain a simplified bound from and also a guarantee for the

Wolfe Gap sequence {Gj} if the method is continued with the same constant step-size for an
additional k£ + 1 iterations.

a=1- (31)

Bound 3.4. If we use the pre-start step Procedure @ and the constant step-size sequence for
all iterations, then after k iterations the following inequality holds:

lChQ (1 + ln(k‘ + 1))

By = h(Ay1) < 2 ’ (32)
Furthermore, after 2k + 1 iterations the following inequality holds:
1
=C 14+2In(k+1
min G; < 2 he (1 +2In(k+ 1)) (33)

ie{l,...2k+1} k
It is curious to note that the bounds and are almost identical, although requires

fixing a priori the number of iterations k.

Proof of Bound Under the step-size rule it is straightforward to show that the dual
averages sequences @D are for ¢ > 1:

whereby
k a2 k 1 1
Z A 072(1 . 07)—1 _ 072 (1_04)7 =a [(1 _ @)—k _ 1]
pur i @
It therefore follows from Theorem 2.1] that:
2
1o Zkf %
Bi—h(\ hQ 2i-1 g,
By, — h(/\k-H) < kﬁk+(1 J + : Br+1 o
= (B~ h(w) (1 —a) + (B2 ) a1 —a)* = 1] (1 - @) (34)

= (Be—h(\) (1= @) + (%42) [a - a(1 - )]

which proves . If the pre-start step Procedure [2|is used, then using Proposition it follows
that By, — h(\1) < By — h(A\1) < 3Cp 0, whereby from we obtain:

lﬁ—thggiawu—aﬁ+<Cyv[a—Ml—@ﬂ

:%%QR1—®HJ+Q,

13



completing the proof. O
Proof of Bound Substituting the step-size into we obtain:

1 1 k+1 1
B M) = 50 <\/m> T
1 /1 Y Ik +1)
<-C — +—
S he <\/m> k
1 1 In(k+1)
< —
S3%e |t ]
1 1 In(k+1)
< = i Tk S A
< 2Ch,Q % + ? ] )

where the second inequality follows from (i) of Proposition This proves . To prove ,
notice that inequality together with the subsequent chain of inequalities in the proofs of ,

(30), and show that:

1 ko of
By — h()q) n §Ch7Q Zi:l Bit1 th(k'-f—l)) . (35)

<10 <
Br+1 Br+1 =g e k

Using and the substitution Z?i};lrl &; = (k+ 1) and Z?ﬁ;ﬁl a? = (k +1)a* in Theorem
yields:

min oL (30U k+1))  3Cuo(k+1)a’
ie{l,.2k+1}  — (k+1)a hila

IN

%ChQ (1 + 2 ln(k + 1))

k 9
where the second inequality uses (i) of Proposition and the third inequality uses (i) of Propo-
sition [AL4l O

<

3.4 Extensions using Line-Searches

The original method of Frank and Wolfe [4] used a line-search to determine the next iterate A1
by assigning &y, < arg m[%ﬁ]{h()\k + a(Ar — Ak))} and A1 < Mg + (A — A\x). When A(-) is
agcl0,

a quadratic and the dimension of the space E of variables A is not huge, an exact line-search is

14



easy to compute analytically, otherwise an inexact line-search can be used. It is a straightforward
extension of Theorem to show that if an exact line-search is utilized at every iteration, then
the bound holds for any choice of step-size sequence {ay}, and not just the sequence {dx}
of line-search step-sizes. In particular, the O(%) computational guarantee holds, as does
and , as well as the bound to be developed in Section

This observation generalizes as follows. At iteration k of the conditional gradient method, let
A € [0,1) be a closed set of potential step-sizes and suppose we select the next iterate Agi1 by
assigning qy, < arg m%‘x{h()\k +a(Ag—Ag))} and A1 <= Ap +&r(Ag — Ag). Then after k iterations

aEAg

of the conditional gradient method, we can apply the bound for any choice of step-size sequence
{@;}¥_, in the cross-product A; x --- x A.

4 Computational Guarantees for a Warm Start

In the framework of this study, the well-studied step-size sequence and associated computa-
tional guarantees (Bound corresponds to running the conditional gradient method initiated
with the pre-start step from the initial point A\g. One feature of the main computational guarantees
as presented in the bounds and is their insensitivity to the quality of the initial point Ag.
This is good if h(Ag) is very far from the optimal value h*, as the poor quality of the initial point
does not affect the computational guarantee. But if h()g) is moderately close to the optimal value,
one would want the conditional gradient method, with an appropriate step-size sequence, to have
computational guarantees that reflect the closeness to optimality of the initial objective function
value h(\g). Let us see how this can be done.

We will consider starting the conditional gradient method without the pre-start step, started at
an initial point A1, and let C7 be a given estimate of the curvature constant Cj g. Consider the
following step-size sequence:

2

A = —55 . fori>1. (36)
Binop TiHT

Comparing to the well-studied step-size rule , one can think of the above step-size rule as

acting “as if” the conditional gradient method had run for &%%)\1) iterations before arriving at

A1. The next result presents a computational guarantee associated with this step-size rule.
Bound 4.1. Under the step-size sequence @, the following inequality holds for all k > 1:

2max{C1,Ch}

B — h(Agy1) < 50 (37)
Biohon Tk
Notice that in the case when C7 = C}, g, the bound in simplifies conveniently to:
2C
B — h(Agy1) < Ten Qh’Q . (38)
Bl—th)

Also, as a function of the estimate C] of the curvature constant, it is easily verified that the bound
in is optimized at C1 = C}, .
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We remark that the bound (or (38)) is small to the extent that the initial bound gap
Bi — h()\1) is small, as one would want. However, to the extent that By — k(A1) is small, the
incremental decrease in the bound due to an additional iteration is less. In other words, while the

bound is nicely sensitive to the initial bound gap, there is no longer rapid decrease in the

bound in the early iterations. It is as if the algorithm had already run for (#@) iterations

to arrive at the initial iterate A\;, with a corresponding dampening in the marginal value of each
iteration after then. This is a structural feature of the conditional gradient method that is different
from first-order methods that use prox functions and/or projections.

— 2C
Proof of Bound Define s = m
to show that the dual averages sequences @ are for ¢ > 1:

, whereby a; = ﬁ for ¢ > 1. It then is straightforward

i—1 i—1

o -1 s+j+1  (s+i—1)(s+1)
/B’L_]l_[l(]. 05]) _]1_[15+]1_ S(S+1) )

and
 Biay 2(s+i)(s+i—1)(s+i+1)  2(s+1)

CTI & s )(stit)sti—1) s(s+1)

Furthermore, we have:

ko o k N2 k .
- 4 1 4 4k
RGN g CRi KO CRRVEN o R R L e
— By s (s+1)2(s+i)(s+i+1) pat s(s+1)(s+i+1) = s(s+1)
Utilizing Theorem and , we have for k£ > 1:

2

ko ol
By, — h(\1) n 30he it 5

By — h(Agy1) <

Br+1 Br+1
s(s+1) Ch.o Ak
= (s+k)(s+k+1) <Bl_h(A1)+2 ' s(s+1))

B s(s+1) 2C1  2kChg
_(s+k)(s+k‘+1)< s 8(8—1—1))

Qmax{Cl,Cth}
T (s+k)(s+k+1)

(s+1+k)

_ 2max{C1,Chq}
B s+ k

Y

which completes the proof. O
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4.1 A Dynamic Version of the Warm-Start Step-size Strategy

The step-size sequence determines all step-sizes for the conditional gradient method based on
two pieces of information at the initial point A;: (i) the initial bound gap By — h(A1), and (i)
the given estimate C of the curvature constant. The step-size sequence is a static warm-
start strategy in that all step-sizes are determined by information that is available or computed
at the first iterate. Let us see how we can improve the computational guarantee by treating every
iterate as if it were the initial iterate, and hence dynamically determine the steps-size sequence as
a function of accumulated information about the bound gap and the curvature constant.

At the start of a given iteration k of the conditional gradient method, we have the iterate value
Ak € @@ and an upper bound Bi_; on hA* from the previous iteration. We also will now assume
that we have an estimate C_1 of the curvature constant from the previous iteration as well. Steps
(2.) and (3.) of the conditional gradient method then perform the computation of A, By and Gy.
Instead of using a pre-set formula for the step-size ay, we will determine the value of &; based on
the current bound gap By, — h(\;) as well as on a new estimate C}, of the curvature constant. (We
will shortly discuss how Cj is computed.) Assuming Cj has been computed, and mimicking the
structure of the static warm-start step-size rule , we compute the current step-size as follows:

Gy, = # (40)

h()\k) +2

where we note that aj depends explicitly on the value of Cf. Comparing & in with ,
we interpret #() to be “as if” the current iteration k& was preceded by BL}L(A) iterations of

the conditional gradient method using the standard step-size ([18). This interpretation is also in
concert with that of the static warm-start step-size rule .

We now discuss how we propose to compute the new estimate C} of the curvature constant
Ch,q at iteration k. Because C} will be only an estimate of C}, ¢, we will need to require that Cj,
(and the step-size ay that depends explicitly on Cy) satisfy:

h(e + ax(Ae = Ak)) = h(Ak) + ax(Br — h(Ar)) — %Ckai : (41)

In order to find a value C} > C}_1 for which is satisfied, we first test if C), := Cj_1 satisfies
, and if so we set Cy < Ci_1. If not, one can perform a standard doubling strategy, testing
values Cj, + 2C}_1,4C)_1,8Ck_1,..., until is satisfied. Since will be satisfied whenever
Cr > Chpg from the definition of Cj ¢ in @ and the inequality By — h(\y) < BY — h(\) =
Vh(A)T (A — M), it follows that the doubling strategy will guarantee Cy < max{Co, 2Cq}. Of
course, if an upper bound C' > Ch,q is known, then Cj < C is a valid assignment for all k& > 1.
Moreover, the structure of h(-) may be sufficiently simple so that a value of C, > Cy_; satisfying
can be determined analytically via closed-form calculation, as is the case if h(-) is a quadratic
function for example. The formal description of the conditional gradient method with dynamic
step-size strategy is presented in Method

We have the following computational guarantees for the conditional gradient method with dynamic
step-sizes (Method [3):
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Method 3 Conditional Gradient Method with Dynamic Step-sizes for maximizing h(\)

Initialize at A; € @Q, initial estimate Cy of C}, g, (optional) initial upper bound By, k < 1 .
At iteration k:

1. Compute Vh(Ag) .

2. Compute A + arg r)r\leac}gc{h()\k) + VEO)TN = M)}

By« h(Ax) + VAT (e — M) -

Gr +— VhO)T A — M)
3. (Optional: compute other upper bound By), update best bound By, - min{By_1, B}, By} .
4. Compute C}, for which the following conditions hold:

(i) Cx > Cg—1 , and

(Z"é) h()\k + O_ék()\k - )\k)) > h()\k) + @k(Bk — h()\k)) — %Ckc_vz , Where oy, := %

Br—h(\g) +2

5. Set A1 < Ap + O_ék(j\k — )\k) .

Bound 4.2. The iterates of the conditional gradient method with dynamic step-sizes (Method@)
satisfy the following for any k > 1:

B —h(M\) € min { e 20 } . (42)
Le{l,....k} Br—h(N) + k-7

Furthermore, if the doubling strategy is used to update the estimates {Ci} of Ch g, it holds that
Ck < rnax{Cg, QC}L,Q}.

Notice that naturally generalizes the static warm-start bound (or ) to this more
general dynamic case. Consider, for simplicity, the case where C = Cj, ¢ is the known curvature
constant. In this case, says that we may apply the bound with any ¢ € {1,...,k} as the
starting iteration. That is, the computational guarantee for the dynamic case is at least as good
as the computational guarantee for the static warm-start step-size initialized at any iteration

ted{l,... .k}

Proof of Bound Let ¢ > 1. For convenience define A; = B-Egé ) and in this notation
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is a; = ﬁ. Applying (ii) in Step (4.) of Method [3| we have:

Biy1 — h(Xis1) < Biy1 — h(N) — @&i(B; — h(\)) + 3a2C;
< B; — h(\i) — ai(Bi — h(N)) + 36;

= (Bi — h(X)(1 — @) + 3a; Ci

2 (AN, 2
Ai+3
- ((Ai + 2)2>

2C;
A +17

<

where the last inequality follows from the fact that (a +2)? > a®> +4a+3 = (a+1)(a+3) for a > 0.

Therefore
s — 2Ci11 ~ Cin ( 2C; ) - Cit1
T B — h(hin) Ci \Biy1 —h(Xiy1) C;

We now show by reverse induction that for any ¢ € {1,...,k} the following inequality is true:

> i k- (44)
Cy

(4;+1) . (43)

Clearly holds for £ = k, so let us suppose holds for some £+ 1 € {2,...,k}. Then

> - A k-1
Cr1

C (CE—H

> A+1>+k—€—1
Cer1 \ Cp (Ae+1)

where the first inequality is the induction hypothesis, the second inequality uses , and the third
inequality uses the monotonicity of the {C}} sequence. This proves . Now forany ¢ € {1,...,k}
we have from that:

2C} < 2C, 2Cy

=7 - T aoC J
Ay ??Ag—l-k—f Béfh’gM)Jrk—E

By — h(A) =

proving the result. O
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5 Analysis of the Conditional Gradient Method with Inexact Gra-
dient Computations and/or Subproblem Solutions

In this section we present and analyze extensions of the conditional gradient method in the presence
of inexact computation of gradients and/or subproblem solutions. We first consider the case when
the linear optimization subproblem is solved approximately.

5.1 Conditional Gradient Method with Inexact Linear Optimization Subprob-
lem Solutions

Here we consider the case when the linear optimization subproblem is solved approximately, which
arises especially in optimization over matrix variables. For example, consider instances of
where @ is the spectrahedron of symmetric matrices, namely Q@ = {A € S"*" : A =0, Te A =1},
where S"*" is the space of symmetric matrices of order n, “>” is the Lowner ordering thereon,
and “ e .” denotes the trace inner product. For these instances solving the linear optimization
subproblem corresponds to computing the leading eigenvector of a symmetric matrix, whose solution
when n > 0 is typically computed inexactly using iterative methods. For § > 0 an (absolute) o-
approximate solution to the linear optimization subproblem r/{leaéc {CT)\} is a vector \ € Q satisfying:

T T
A > max AL —90 45
¢ ToeQ {c } ’ ( )

and we use the notation \ < approx(0) e {cT)\} to denote assigning to A any such d-approximate
solution. In Method [4] we present a version of the conditional gradient algorithm that uses approx-
imate linear optimization subproblem solutions. Note that Method [4] allows for the approximation
quality 0 = d; to be a function of the iteration index k. Note also that the definition of the Wolfe
upper bound B}’ and the Wolfe gap G}, in Step (2.) are amended from the original conditional
gradient algorithm (Method [1)) by an additional term dy. It follows from that:

B = h(\w) + VAT Ok = k) + 8 = mas {h(\) + VAT (A = M)} = b

which shows that B}’ is a valid upper bound on h*, with similar properties for G;.. The following two
theorems extend Theorem and Theorem to the case of approximate subproblem solutions.
Analogous to the the case of exact subproblem solutions, these two theorems can easily be used to
derive suitable bounds for specific step-sizes rules such as those in Sections [3| and

Method 4 Conditional Gradient Method with Approximate Subproblem Solutions

Initialize at A\; € @, (optional) initial upper bound By, k < 1 .
At iteration k:
1. Compute Vh(Ag) .
2. Compute \j, approx(Ox ) ac@{h(A) + VA(AR)T (A — M)} -
B;;” — h(Ag) + VNh()\k)T(/\k — i) + 0k -
G Vh()\k)T()\k — i) + O -
3. (Optional: compute other upper bound By), update best bound By, < min{By_, B}, By} .
4. Set M\gy1 < Ak + ax(A\g — Ak), where ai € [0,1) .
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Theorem 5.1. Consider the iterate sequences of the conditional gradient method with approzimate
subproblem solutions (Method {\e} and {\} and the sequence of upper bounds {By} on h*,
using the step-size sequence {ay}. For the auziliary sequences {oy.} and {By} given by (9), and for
any k > 0, the following inequality holds:

1 ko a?
Bk — h()\l) icf%Q Zz’:l Bit+1 Z?:l aiéi
+ + .
Br+1 Bre+1 Brot1

By — h(Ak41) < (46)

O

Theorem 5.2. Consider the iterate sequences of the conditional gradient method with approzrimate
subproblem solutions (Method {\e} and {\}, the sequence of upper bounds {Bj} on h*, and the
sequence of Wolfe gaps {Gy} from Step (2.), using the step-size sequence {ay}. For the auziliary
sequences {a} and {8} given by (@, and for any £ > 0 and k > { + 1, the following inequality
holds:

1 l o? ¢
1 By— k(A1) 3Ch@2ic1 5, 0
_min Gis e hO) | BB | Ry
i€{041,... k) S @ Be B Bet
k _ k _
+ %Ch,Q Ez’:zﬂ O‘z‘Q 4 Zi:Z-H @0
k _ k -

Zz’:f—&-l Qg Zi:€+1 Qg

]

Remark 5.1. The pre-start step (Procedure @ can also be generalized to the case of approrimate
solution of the linear optimization subproblem. Let \1 and By be computed by the pre-start step
with a § = dp-approzimate subproblem solution. Then Proposition [3.1] generalizes to:

1
BO - h()\l) S §Ch7Q + (5[) 5

and hence if the pre-start step is used implies that:

1o E’f ag k
2-h,Q 2i=0 B +Zi:0ai5i

Br — h(\ <
b= hk) Br+1 Br+1

(48)
where o := 1.

Let us now discuss implications of Theorems and and Remark Observe that the
bounds on the right-hand sides of and are composed of the exact terms which appear
on the right-hand sides of and , plus additional terms involving the solution accuracy
sequence 01, ..., 0. It follows from that these latter terms are particular convex combinations
of the ¢; values and zero, and in the last term is a convex combination of the §; values, whereby
they are trivially bounded above by max{di,...,dr}. When §; := § is a constant, then this bound
is simply &, and we see that the errors due to the approximate computation of linear optimization
subproblem solutions do not accumulate, independent of the choice of step-size sequence {ay}. In
other words, Theorem implies that if we are able to solve the linear optimization subproblems
to an accuracy of §, then the conditional gradient method can solve to an accuracy of § plus
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a function of the step-size sequence {ay}, the latter of which can be made to go to zero at an
appropriate rate depending on the choice of step-sizes. Similar observations hold for the terms
depending on d1, ..., d; that appear on the right-hand side of .

Note that Jaggi |11] considers the case where ¢; := %diC’h@ and @; := ZJ%Z for i > 0 (or a; is
determined by a line-search), and shows that in this case Method [4| achieves O (%) convergence in

terms of both the optimality gap and the Wolfe gaps. These results can be recovered as a particular
instantiation of Theorems [5.1] and [5.2] using similar logic as in the proof of Bound

Proof of Theorem First recall the identities and for the dual averages sequences
@. Following the proof of Theorem [2.1] we then have for i > 1:

~ 1
Biv1h(Nit1) = Bit1 [h(Ai) + Vh(A) (N = N)a — QQ?Ch,Q]

= Bih(Ni) + (Biv1 — Bi)h(N:) + Bir1a: VR(N)T (N — \i) — %/BiJrl@zzCh,Q

. 1 o?
= Bih(\) + oy [h()\i) + Vh()\i)T()\i — )\z)} % Ch,o
2 Bit1
w 1 o?
= Bih(Ni) + i B}’ — aidi — 5 ———Chq ,
2 Biv1
where the third equality above uses the definition of the Wolfe upper bound in Method |4, The
rest of the proof follows exactly as in the proof of Theorem O

Proof of Theorem For i > 1 we have:
h(Niy1) > h()\i) + Vh()\i)T(S\i — \Ni)a; — %O_‘zchhQ
= h()\i) + a;G; — a;0; — %&?ChyQ ,

where the equality above follows from the definition of the Wolfe gap in Method [4l Summing the

above over i € {¢{+ 1,...,k} and rearranging yields:

S i1 @G < h(s) — h(he1) + S8 41 362Ch o + 308 @idi - (49)
The rest of the proof follows by combining with Theorem and proceeding as in the proof
of Theorem 2.2, O

5.2 Conditional Gradient Method with Inexact Gradient Computations

We now consider a version of the conditional gradient method where the exact gradient computation
is replaced with the computation of an approximate gradient. We analyze two different models of
approximate gradients and derive computational guarantees for each model. We first consider the
d-oracle model of d’Aspremont [2], which was developed in the context of accelerated first-order
methods. For 6 > 0, a §-oracle is a (possibly non-unique) mapping gs(-) : @ — E* that satisfies:

[(VR(A) = gs(A)T(A=N)| <6 forall A\ Ae@Q. (50)

Note that the definition of the §-oracle does not consider inexact computation of function values.
Depending on the choice of step-size sequence {ay}, this assumption is acceptable as the conditional
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gradient method may or may not need to compute function values. (The warm-start step-size rule
requires computing function values, as does the computation of the Wolfe bounds {B}"}, in
which case a definition analogous to for function values can be utilized.)

The next proposition states the following: suppose one solves for the exact solution of the
linear optimization subproblem using the d-oracle instead of the exact gradient. Then the absolute
suboptimality of the computed solution in terms of the exact gradient is at most 20.

Proposition 5.1. For any A\ € Q and any § > 0, if A € arglilaéc {gg(X)T)\}, then X is a 26-
€

approximate solution to the linear optimization subproblem I/{’laé( {Vh(S\)T)\}.
€

Proof. Let \ € arg max {Vh(A)TA}. Then, we have:
€

where the first and third inequalities use , the second inequality follows since Ae arg r}r\1a5< { gg(S\)T)\},
€

and the fourth inequality follows since e arg glaéi {Vh(S\)T)\}. Rearranging terms then yields the
€
result. O

Now consider a version of the conditional gradient method where the computation of VA(\x)
at Step (1.) is replaced with the computation of gs, (). Then Proposition implies that such
a version can be viewed simply as a special case of the version of the conditional gradient method
with approximate subproblem solutions (Method [4)) of Section with &5 replaced by 20;. Thus,
we may readily apply Theorems and [5.2] and Proposition [5.1] to this case. In particular, similar
to the results in [2] regarding error non-accumulation for an accelerated first-order method, the
results herein imply that there is no accumulation of errors for a version of the conditional gradient
method that computes approximate gradients with a d-oracle at each iteration. Furthermore, it is
a simple extension to consider a version of the conditional gradient method that computes both
(i) approximate gradients with a d-oracle, and (ii) approximate linear optimization subproblem
solutions.

5.2.1 Inexact Gradient Computation Model via the (J, L)-oracle

The premise underlying the d-oracle is quite strong and can be restrictive in many cases. For
this reason among others, Devolder et al. [3] introduce the less restrictive (4, L)-oracle model. For
scalars 9, L > 0, the (0, L)-oracle is defined as a (possibly non-unique) mapping @ — R x E* that
maps \ — (h((;,L)(j\),g((;’L)(;\)) which satisfy:

h(X) < his,)(A) + 9(5,L)(5\)T(/\ —\), and (51)
_ _ _ L _ _
W) = by V) + 960N A=A = FIA= AP =6 forall A, AeQ, (52)
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where || - || is a choice of norm on E. Note that in contrast to the d-oracle model, the (4, L)-oracle
model does assume that the function h(-) is smooth or even concave — it simply assumes that there

is an oracle returning the pair (s, L)(j\), g, L)(j\)) satisfying and .

In Method [5| we present a version of the conditional gradient method that utilizes the (0, L)-
oracle. Note that we allow the parameters § and L of the (6, L)-oracle to be a function of the iteration
index k. Inequality in the definition of the (0, L)-oracle immediately implies that B}’ > h*. We
now state the main technical complexity bound for Method [5], in terms of the sequence of bound
gaps {Br — h(Ag+1)}. Recall from Section 2 the definition Diamg := /\H}\a}é{ﬂ)\ — All}, where the

AE

norm || - || is the norm used in the definition of the (4, L)-oracle (52)).

Method 5 Conditional Gradient Method With (6, L)-Oracle
Initialize at A\; € @, (optional) initial upper bound By, k < 1 .
At iteration k:

1. Compute hy <= h(s,.1,)(Ak): Gk < 9(5,,00) (Mk) -
2. Compute \j < arg I}I\laé({hk +gF(A =)}
€

BY « hip+ gF (A — M) -
3. (Optional: compute other upper bound By), update best bound By, < min{By_1, B}, By} .
4. Set Apy1 < A\p + @k()\k — )\k), where &y, € [0, 1) .

Theorem 5.3. Consider the iterate sequences of the conditional gradient method with the (9, L)-
oracle (Method@ {\e} and {\,} and the sequence of upper bounds {By,} on h*, using the step-size
sequence {ay}. For the auziliary sequences {ay} and {Bi} given by (9), and for any k > 0, the
following inequality holds:

12 Sk a?
By, — h(\1) n sDiamg > 5 Ligrs n K Biv10i

B — h(\ <
b= hwn) < Br+1 Br+1 Br+1

(53)
O

As with Theorem observe that the terms on the right-hand side of are composed of the
exact terms which appear on the right-hand side of , plus an additional term that is a function
of §1,...,0,. Unfortunately, Theorem [5.3] implies an accumulation of errors for Method [5| under
essentially any choice of step-size sequence {ay}. Indeed, suppose that 5; = O(i7) for some vy > 0,

K g s,
then Zle Bir1 = O(kY*1), and in the constant case where §; := &, we have %ﬁ?l& = O(k9).

Therefore in order to achieve an O (%) rate of convergence (for example with the step-size sequence
(118)) we need § = O (k%) This negative result nevertheless contributes to the understanding of the
merits and demerits of different first-order methods as follows. Note that in [3] it is shown that the
“classical” gradient methods (both primal and dual), which require solving a proximal projection
problem at each iteration, achieve an O (% + 5) accuracy under the (9, L)-oracle model for constant
(0, L). On the other hand, it is also shown in [3] that all accelerated first-order methods (which also
solve proximal projection problems at each iteration) generically achieve an O (k% + k‘5) accuracy
and thus suffer from an accumulation of errors under the (9, L)-oracle model. As discussed in
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Method/ Type of Accuracy with Accuracy with Special Structure
Class Subproblem Exact Gradients (6, L)-oracle of Iterates
Conditional Gradient | Linear Optimization O (1/k) O (1/k) + O(dk) Yes
Classical Gradient Prox Projection O (1/k) O(1/k) + O(9) No
Accelerated Gradient Prox Projection O (1/k?) O (1/k*) + O(6k) No

Figure 1: Properties of three (classes of) first-order methods after k iterations.

the Introduction herein, the conditional gradient method offers two possible advantages over these
proximal methods: (i) the possibility that solving the linear optimization subproblem is easier than
the projection-type problem in an iteration of a proximal method, (ii) the possibility of greater
structure (sparsity, low rank) of the iterates. In Figure |If we summarize the cogent properties of
these three methods (or classes of methods) under exact gradient computation as well as with the
(6, L)-oracle model. As can be seen from the table in Figure |1} no single method dominates in the
three categories of properties shown in the table; thus there are inherent tradeoffs among these
methods/classes.

Proof of Theorem Note that and with A = )\ imply that:
h(A) < hry(A) < h(A) +0 forall A €@ . (54)

Recall properties and of the dual averages sequences @ Following the proof of Theorem
[2.1] we then have for i > 1:

- 1
Biv1h(Ait1) = Bit1 [hi +gi (N = Aai - 5@?L¢Diamé —0i

N 1 .
= Bihi + (Biv1 — Bi)hi + Biy1duig] (hi — X)) — §5i+15‘?LiDlamZQ — Bit16i

- 1 az .
= Bihi + o [hi +gl (i —X)| - 5&11 LiDiam3) — B;116;
1 o?

> Bih(Ni) + i B’ — 5
Pih(A:) 2 Bin1

where the first inequality uses , and the second inequality uses and the definition of the
Wolfe upper bound in Method [5l The rest of the proof follows as in the proof of Theorem O

LiDiam2Q = Bit16i ,
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A Appendix

Proposition A.1. Let B} and B} be as defined in Section @ Suppose that there exists an open
set Q C E containing Q such thatAgzb(x, -) is differentiable on Q for each fized x € P, and that h(-)
has the minmazx structure (4) on @ and is differentiable on Q. Then it holds that:

By > B* > h* .
Furthermore, it holds that B}’ = B} in the case when ¢(x,-) is linear in the variable X.

Proof. 1t is simple to show that B;* > h*. At the current iterate \;, € @, define zj, € arg mi}r)l o(x, \g).
xe
Then from the definition of h(\) and the concavity of ¢(xg,-) we have:

h(A) < (@, A) < (s Ak) + Vad (e, )T (A = M) = (M) + Vad(@r, ) (A= Ap) , (55)

whereby V¢(xk, A\;) is a subgradient of A(-) at Ag. It then follows from the differentiability of h(-)
that Vh(A\g) = Vao(zg, M), and this implies from that:

Bz, N) < h(A) + VAOR)TA = X\p) . (56)
Therefore we have:

By = f(ax) = Tifleag{ﬂxk, A} < Iileac}gc{h()\k) + Vh(A)" (A = M)} = By

If ¢(z, A) is linear in A, then the second inequality in is an equality, as is . O

Proposition A.2. Let Cj g, Diamg, and Ly g be as defined in Section @ Then it holds that
Ch,q < Lnq(Diamg)?.

Proof. Since (@ is convex, we have A+ a(;\ — ) € Q for all A, A€ Qand for all o € [0,1]. Since the
gradient of h(-) is Lipschitz, from the fundamental theorem of calculus we have:

RO +a(X = X)) =h(\) + VR T (X = XN) 4+ [ [VR(A 4+ ta(X = A)) = VAT (X = \))dt

o _

1
> h(\) 4+ VAW T (a(A = \)) — / VR + ta(X = X)) — VAN ||«(@) | A — Al|dt
0

> h(A) + VRN (@A = A) = [ Lpgli(ta)(A = M)[(a) X = Alldt

—

0
2
~ a ~
= h(N) + VA (@A = X)) = S Lngl (A= V)]
B 2
> h(\) + VA (a(X — \)) — %Lh,Q(DiamQﬁ ,
whereby it follows that Cp g < Ly o(Diamg)?. O
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Proposition A.3. For k > 0 the following inequality holds:

§3i+1<(k+1xk+m
“i+2- k+d

=

Proof. The inequality above holds at equality for £ = 0. By induction, suppose the inequality is
true for some given k > 0, then

Z’Fvliil :Zk itl 4 k42

i=0 7+2 i=0 i+2 T k+3
(k1) (k4+2) | k42
< STt (57)

_ k2 45k+7
=(k+2) [k2+7k+12] :

Now notice that

(K> 4+ 5k +7)(k +5) = k3 + 10k® + 32k + 35 < k> + 10k* 4 33k + 36 = (k* + 7k + 12)(k + 3) ,

which combined with completes the induction. ]
Proposition A.4. Fork>1leta:=1-— {c/;? Then the following inequalities holds:
In(k+1
(i) n(;—) >a, and

(ii) (k+1)a>1.

Proof. To prove (i), define f(t) :=1—e™t, and noting that f(-) is a concave function, the gradient
inequality for f(-) at t =0 is

t>1—et.
Substituting t = % yields
M:t21—6_t:1—6_w21—k1 =a.
k Vk+1
Note that (i) holds for k& = 1, so assume now that k& > 2. To prove (ii) for k > 2, substitute

t = —w into the gradient inequality above to obtain —w >1—(k+ 1)% which can be

rearranged to:

1 In(k+1) In(e) 1 k+1
R+ DE2 1+ S > B 1y = E (58)
Inverting yields:
(TS SN P (59)
kE+1 kE+1
Finally, rearranging and multiplying by k + 1 yields (7). O
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Proposition A.5. For any integers £,k with 2 < { < k, the following inequalities hold:

m("“f) SZ;g <€_kl> , (60)

7

and i
k—f0+1 1 k—f0+1
Zs

<
e+ 1)l = K(—1)

[ /\

(61)

Proof. and are specific instances of the following more general fact: if f(-) : [1,00) = R
is a monotonically decreasing continuous function, then
k

k+1 k
/ ride < fay< [ re (62)
¢ Py -1

It is easy to verify that the integral expressions in . ) match the bounds in and for the
specific choices of f(t) = + and ft) = t2, respectively. O
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