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Abstract

The convergence behavior of gradient methods for minimizing convex differentiable functions is one
of the core questions in convex optimization. This paper shows that their well-known complexities can
be achieved under conditions weaker than the commonly accepted ones. We relax the common gradient
Lipschitz-continuity condition and strong convexity condition to ones that hold only over certain line
segments. Specifically, we establish complexities O(%) and O(\/g) for the ordinary and accelerate
gradient methods, respectively, assuming that V f is Lipschitz continuous with constant R over the
line segment joining @ and x — £V f for each € domf. Then we improve them to O(£log(1)) and
O(\/glog(%)) for function f that also satisfies the secant inequality (V f(z),z — *) > v|lz — 2*||? for
each z € domjf and its projection z* to the minimizer set of f. The secant condition is also shown
to be necessary for the geometric decay of solution error. Not only are the relaxed conditions met by
more functions, the restrictions give smaller R and larger v than they are without the restrictions and
thus lead to better complexity bounds. We apply these results to sparse optimization and demonstrate

a faster algorithm.

Keywords: sublinear convergence, linear convergence, restricted Lipschitz continuity, restricted strong

convexity, Nesterov acceleration, restart technique, skipping technique, sparse optimization.

1 Introduction

Owing much to the fast development in signal /image processing, compressive sensing, statistical and machine
learning, and parallel computing, we have witnessed the (revived) popularity of gradient methods, which are
easy to program, have relatively low per-iteration complexities, and are often among the best options for
obtaining moderately accurate solutions for large-scale optimization problems.

This paper considers the convex unconstrained optimization problem:

f* = min f(2) (1)

z€R™

where f : R — R is a differentiable convex function. We assume throughout the paper that the set of
optimal solutions X™* is nonempty and closed and thus f* € R is attainable. For simplicity, we assume
domf = R"™. Most of the discussions in this paper hold if we impose z € domf rather than z € R".
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The gradient descent iteration is
2D = 20 _ 77 £ (), (2)

Its convergence rates have been established for two major classes of functions [6, 7, 8]: The first class, denoted
by Fr(R™), consists of the convex functions with Lipschitz continuous gradients, namely,

f € FL(R™) <= f is differentiable and
IVi(z) =Vl < Ll —yl, Vo,yeR, (3)

where L > 0 is the Lipschitz constant of V f; the second class, denoted by Sy, ,(R™), is a subclass of Fr,(R™)
in which the functions are also strongly convex, namely,

fESLLRY) <= fe FL(R") and
(Vi) =Vf(y),z—y) > plle—yl? Ve,yeR", (4)

where p > 0 is the convex modulus of f. Geometrically, if f € F, Vf cannot change too quickly; the
curvature of f (assuming f € C?) is upper bounded by L. If f € S, 1, Vf cannot change too slowly either;
the curvature of f (assuming f € C?) is lower bounded by u. One might be more familiar certain equivalent
conditions of (3) and (4).

function | 1st-order oracle | ordinary gradient | accelerated gradient
class lower bound method method

AE) | o(/E) 0(%) o(y%)

Sua®) | 0(/Elogt) | O(Llogt) 0 (/F1og?)

Table 1: Complexities of minimizing a convex differentiable function to e-accuracy

For any f € Fy, iteration (2) reduces f* = f(z(*)) at the rate of O(£); hence, it takes O(£) iterations
to guarantee f* < f* +e. For any f € Sy L, the rate is improved to O(f—jrﬁ)%. Therefore, it only takes
L 1) : .
O(3: log()) iterations.
In the seminal paper [6], Nesterov presents an accelerated gradient descent iteration. For functions in F,,

its complexity is O(\/g ). In papers [7, 9], he generalizes the method to more function classes. In particular,

if f € S, 1, the complexity is O(\/% log(1)). He gives examples of functions on which no gradient-based
methods can perform fundamentally better. So, his method has the optimal worst-case complexities; for

more detail, see book [8]. The complexities discussed above are summarized in Table 1.

1.1 Contributions

We show that global Lipschitz continuity of V f is not necessary for deriving the sublinear bounds in Table
1. If Vf is Lipschitz continuous with constant R > 0 restricted to the line segments joining z and x —
(1/R)\V f(z), for z = 2(® 2 . or simply 2 € R, then the ordinary and accelerated gradient descent
methods have complexities O(R/€) and O(\/Ri/e)7 respectively. We believe that some researchers, especially
those who study line search methods, might be aware of this result though we do not find it in the literature.



Our analysis in fact hints a backtracking line search method that achieves the same complexities without
the knowledge of R. It is worth noting that the recent paper [11] presents a skillful line search method that
improves the Nesterov’s accelerated gradient method.

On the other hand, the Lipschitz continuity of V f alone gives at best the rather weak O(1/¢) and O(1/+/e)
complexities. It is commonly know that the strong convexity of f enables the much better complexity of
O(log(1/€)). However, most convex functions are not strongly convex. Hence, it is interesting to relax
the conditions and still establish a linear convergence rate. We show that an inequality resembling (4) but
concerning just the secant between x and its projection to X'* is ultimately responsible for linear convergence.
The inequality imposes a positive lower bound on the average curvature between x and the solution set and

is shown to be both sufficient and necessary for the geometric decay of solution error.

1.2 Outline of the paper

The rest of the paper is organized as follows. Section 2 defines new properties of functions along with
examples and discussions. Section 3 describes the convergence and complexity results. Section 4 applies
these results to the augmented ¢; model and presents numerical results of sparse signal recovery. Finally,

Section 5 concludes this paper.

2 Weakened conditions

For any two vector u,v € R", we let the set of points on the line segment between u and v be denoted by
lu,v], ie.,
lu,v] ={w eR" :w=Au+(1—-A)v,0 <A< 1},

Definition 1 (Restricted Lipschitz-continuous gradient — RLG(R)). A function f(z) : R® — R has a
restricted Lipschitz-continuous gradient (RLG) with constant R > 0 if it is differentiable and obeys

IVF(z) = VIl < Bllz =yl V(w,y) €, (5)

where

Q= [J{@y) :zyelzz- 1/RVI(2)]} (6)

ZGR”
This definition requires Vf not to change too quickly over the specified downhill line segments (6).
Constant R can generally be smaller than the global Lipschitz constant L.

Definition 2 (Restricted secant inequality — RSI(v)). A function f(x) : R" — R satisfies the restricted
secant inequality (RSI) with constant v > 0 if it is differentiable and obeys

(Vf(2) = VI(@pi), = @prg) = vl — 2o, (7)
where Tprj = Proj . (x) is the projection of x onto the solution set X*. Such f is called an RSI function.

Note that V f(2pj) = 0 by definition. Constant v can be viewed as a lower bound of the average curvature
of f between = and xy,j. Since the goal of minimization is to reach the solution set X*, in order to have linear
convergence, it turns out only the “average minimum curvature” between the current x and its projection

Zprj matters. Using RSI, we introduce restricted strongly convex (RSC) functions.

Definition 3 (Restricted strong convexity — RSC(v)). A function f(z) : R™ — R is restricted strongly

convex with constant v > 0 if it is convex, has a finite minimizer, and satisfies RSI(v).



RSC is weaker than strong convexity as (7) is a relaxation to inequality (4). Some of our convergence

results will be given for the following new classes of functions.

Definition 4 (New function classes). Let R,v > 0. Define function classes

LrR™):={f:R" = R| f is convex and RLG(R)},
Rr (R") :={f € LgR") | f is RSC(v)},
R, (R™) := {f € FL(R") | f is RSC(v)}.

By definition, if 4 > v and L = R, then we have

C RR’V(RH) C

Sy (R™ .
Lu(®7) R, (R) C FL(R?) C

Lr(R™).

Definition 3 is different from another recent definition of restricted strong convexity from [5].

Definition 5 (Restricted strong convexity of [5]). A function f(x) : R™ — R satisfies the restricted strong

convexity at o with constants k1, ke > 0 and tolerance function r(x) if it is differentiable and

f(wo +8) = f(zo) = (f'(x0),0) > m[|8]|* — ra(r(20))?, (8)
for all § € C, where C is a certain point set.

Definition 5 is a local and weakened version of strong convexity. With r(z) = 0 and C = R", it reduces
to the standard strong convexity.

Many of the recent algorithms for sparse optimization are observed to converge quickly, at least on prob-
lems that are not severely “ill-conditioned”; however, their underlying objective functions are not strongly
convex — a property commonly used to ensure global linear convergence. When A has more columns than
rows, a function in the form of g(Axz — b), even with a strongly convex function g, is “flat” along many
directions. Gradients along these directions are small, so minimization can progress very slowly. However, in
problems with certain types of A and an additional regularization function r(x) such as the ¢;-norm, moving
along these directions will significantly change r(z). We believe this has the definition of restricted strong
convexity in [1], which extends the ordinary definition by including the relaxation term involving r(x). That
paper argues that, with high probability for problems with A that is random or satisfies certain restricted
eigenvalue properties, Definition 5 is satisfied by f(x) = g(Ax —b) + r(x), and as a result, the prox-linear or
gradient-projection iteration has a (nearly-)linear convergence behavior, specifically,

2+ = a7 2 < H2® = a2 + offla” - 2],

where ¢ < 1, z* and x° are the minimizer and underlying true signal, respectively, and z(*) stands for the
kth iterate. Our paper focuses on the minimization of convex differentiable functions in the general setting

and establishes unmodified sublinear and linear convergence without a probabilistic argument.

2.1 Properties

This subsection gives the core lemmas for establishing the main convergence results.

Lemma 1. Let X* be the nonempty solution set of (1). If f € Lr(R™) with R > 0, then we have
1) For any (z,y) € Q given in (6), it holds

F) = F@) = (VI @)y~ 2) < S e = )



2) For any y € X*, it holds
1
ﬁllvf(fv)l\2 <(Vf(z),z —y) (10)

Proof. For any (z,y) € 2, (9) follows from
1
f@>:fur+/<Vﬂx+r@—x»y—me
0
=furHVﬂw4wﬂ»+A<VNx+ﬁy—m>—Vﬂmw—me
1
Sf@rHVﬂmw—xwyAHVﬂx+ﬂy—m>—Vﬂ@mw—wa

< F(@) + (Vf()y - a) + S~y

where the first inequality follows from the Cauchy-Schwartz inequality and the second one follows from the
definition of RLG. For part 2), for any y € X* we have

fr=1fy) < fle - RT'Vf(2))
< f(2) +(Vf(2), (x = 7'V () — z) + §||(3; ~ RV f(x)) - z|?
= f(z) = @R) TV f ()|,

where the second inequality follows from part 1). Therefore, we have

1
ﬁllvf(fv)\\2 < fl@) = fly) < (Vf(x),z —y),
where the second inequality utilizes the convexity of f. O

Note that for general y, the inequality (10) does not hold. For example, setting y = x — nV f(x) with
0 <17 < g5 and assuming Vf(z) # 0 give (Vf(z),x —y) = - [[Vf(2)[]* < 55| VF(2)]>.

Lemma 2. Let X* be the nonempty solution set of (1). If f € Rg,,(R™) with R > 0 and v > 0, then for
every 6 € [0,1] the following holds:

0
(Vf(@) = VI(@pg), = @py) 2 55V () = Vi @p)I? + (1 = 0|z — zps]1%, (11)

where Tpyj is the projection of x onto the solution set X'*.
Proof. Obviously, zpj € X* and V f(2pj) = 0. Thus, from part 2) of Lemma 1, we have
1

(VI(@) = Vf(@p), @ = ape) = SR IVF(@) = V)] (12)

On the other hand, from the definition of RSC(v), we obtain
(V@) = VI (@pri), @ = 2pnj) 2 vl — ap[|* (13)
Inequality (11) follows from (12) and (13). O

Parameter 6 in (11) will be optimized to obtain a convergence bound.

Lemma 3. Let f(x) satisfy RSI(v), v > 0, and X* be the nonempty solution set. For Vx € R™ we have

J(@) = f@on) 2 5 llz = wpu | (14)

where xpy 45 the projection of x onto the solution set X'™.



Proof. Since for any 7 € [0,1] point ¥, = xprj + T(& — Tprj) € |, Tprj| Projects to X* at xp,j, we have

@) = S + | (9 g+ 70— ) — ) (152)
=f@bd41433Vf®my+ﬂx—xmﬁ%—vﬂxm%T@—ﬂ@ﬂWT (15b)

s e (150

= F(pm) + 5 lle = 2 (15d)

where (15b) follows from V f(z,;) = 0 and (15¢) from RSI(v). O

It is worth noting that since xp,; is restricted, inequality (14) does not mean that f grows everywhere

quicker than the quadratic function q(z) = %o — x|

2.2 Examples of RSI and RSC functions

fa(z)

Figure 1: Non-convex functions satisfying RSI

Examples 1 and 2 below are non-convex and probably of no practical use. However, they illustrate that
RSI inequality (7) imposes a “minimum average curvature” of f between x and ., and unlike (4), it alone
does not guarantee convexity. Hence, the RSC definition must explicitly include convexity.

Example 1 (Figure 1(a), RSI and non-convex).

0, xz <0,
(@) 1—V1—22, 0<z<1, (16)
xTr) =
! 1++/1-(z— 207, l<e<2-2
%(x71+§)2+1+2‘/§, x> 2 72

f1 is non-convex, and its minimizer set is (—o0,0]. Since fi(x) — +oo as x — 1, fi is not Lipschitz

continuous. f1 satisfies RSI(v) with v = 4_2\/5 = ming>g fi(x)/x.




Example 2 (Figure 1(b), RSI and non-convex).

0, <0,
1—V1—22, 0<a< Y2
= 1

Mo —14+4/ 212 42224 532 4>

f2 is non-convex, and its minimizer set is (—o0,0]. Unlike fi, maxy,>o Vfi(w) is finite and thus fo has a

Lipschitz continuous gradient. fo satisfies RSI(v) with v = 4/ @ = ming>o f3(z)/x.

—_

Examples 3 and 4 below explain that RSC and strict convexity do not contain each other, and strong

convexity is strictly included in their intersection. Recall that a function f is strictly convex if f(az 4+ (1 —
a)y) < af(z)+ (1 —a)f(y) for any x # y and a € (0,1).

Figure 2: RSC but not strictly convex

Example 3 (Figure 2, RSC but not strictly convex). Let x € R, > 0 and define
shrinkg(z) = sign(z) max{|z| — 5,0}, (18)
1 .
fo(a) = 5 shrinks )

f is not strictly convex since f3(x) =0 for x € X* = [=f, f], which is its minimizer set. On the other hand,
f3(x) = (1/2)||x — B||* for x > B and f3(x) = (1/2)||x + B||? for x < B, so f3 is RSC(v) with v = 1.

Example 4 (Strictly convex, but not RSC). Functions f(x) = 2* and f(x) = e are strictly convex but not
RSC. In particular, f(x) = €® does not have a minimizer though it is lower bounded by 0.

Motivated by the above examples, we can divide convex differentiable functions into subclasses of RSC,
strictly convex, and strongly convex functions depicted in Figure 3. Strictly and strongly convex functions
do not need to be differentiable. Although our definition of RSC can be generalized for non-differentiable
functions through their subdifferentials, we keep it simple as is.

Example 5 (Dual objective of augmented ¢; model). Let A € R™*™. The Lagrange dual problem to

. 1
— : Ax = 1
win { ol + g P 4o =} (19)



convex, ('t

restricted

strictly convex
strongly convex

strongly convex

Figure 3: Classes of convex differentiable functions
18
max f(y) = by — %H shrink; (ATy)]|?, (20)
Y

where shrink; (z) is given in (18). Provided that Az = b is consistent, [4] shows that —f is RSC(v) with
v > 0. (See Lemma 7 of [4] for an explicit lower bound of v).

Admittedly, establishing RSC and deriving a bound for v are not straightforward as they typically involve
projection to the minimizer set A'*, which may not be easy to analytically derive. On the other hand, we
have to live with RSC as we will show later that it is both sufficient and necessary. Next we present a useful

result for certain composite functions.

Theorem 1 (Linear composition). Let g € ﬁL)y(R’”). If g has a unique minimizer y* and matriz A € R™m*"
(m <n) has full row-rank, then function f(x) = g(Ax) is RSC. Specifically,

f(z) € Ry 5(R™), (21)
where L = L||A||? and 7 = vAmin(AAT).

Applying this theorem, any strongly convex function g with Lipschitz continuous gradient satisfies the
condition of Theorem 1 and thus f(x) = g(Axz) is RSC if A has full row-rank though f is generally not
strongly convex. (f will be strongly convex if A has full column-rank, following a standard argument).
f(x) = g(Ax) arises in various applications including examples in convex quadratic minimization, statistical

regression, routing problems in data networks, and many others.

Proof of Theorem 1. For any x,y € R™, we have
IV (@) = Vi)l = A7 Vg(Az) — ATVg(Ay)| < LIA| Az — )| < (L]AI)]z -yl
which means f € F;. By definition, the minimizer set of f is
X*={z eR": Az =y"},
which is nonempty since A has full row-rank. The projection of any = € R™ to X'™* is

Tprj =« + AT(AAT) 71 (y* — Ax).



Since Vf(z) = ATVg(Azx), we
(V@) = 2prg) = (Vg(Az) — Vg(Anp), Az — Avp) > V]| Az — 2pe) [* = (v Amin(AAT)) |2 — zpe]|*.

where the first inequality follows from g € Ry, and the second one from x — xp,; € Range(A”). O

2.3 Convex conjugacy

The conjugate of convex function f is
[ (y) = sup{(y, ) — f(2)}. (22)
x

A duality relation can be obtained between RLG and RSC, in analogy to the well-known results that a convex
function f is differentiable and V f is Lipschitz-continuous with constant L if and only if f* is strongly convex
with constant 1/L. In this subsection, we consider non-differentiable functions to present our result (while

we restrict ourselves to differentiable functions in other sections).

Definition 6. Let [ be a convex function. We say that f has restricted Lipschitz subgradients if there exists
L > 0 such that for any x # 0,

Lip—q.x) > |p—dqll>, Vpedf(z), ¢="Projys)(p).

Definition 6 applies to non-differentiable functions while the usual Lipschitz continuity of gradient of
course requires differentiability. In Example 5, the primal objective (19) is non-differentiable but satisfies
Definition 6 with L = o~
Theorem 2. Let f be a strictly convex function and 0 € domf. f has restricted Lipschitz subgradients with

constant L > 0 if and only if f* is RSC with constant L= > 0.

Proof. Due to the strict convexity of f, the sup-problem in (22) has a unique solution, denoted by z(y),
which satisfies

0€y—0f(z(y)).

Also, f* is differentiable since f is strictly convex, and V f*(y) = z(y).

Consider problem min f*(y), which has solution set Y* = {y : Vf*(y) = 0} = {y : 2(y) = 0} = 9f(0).

“==" Pick y ¢ Y* and let yp,j = Projy. (y) = Projys(y) € Y*. From y € 9f(x(y)),

<Vf*(y) - vf*(yprj>7y - yprj> = (:c(y), Yy— yprj> > L_llly - yprj||27

where the last inequality follows from Definition 6.

“=" Pick any z # 0 and p € 9f(x). Let y = p and y,,j = ¢ = Projgs()(p). Then, Vf*(y) = = and
V f*(yprj) = 0. Then,

L<p - Q>x> = L<y — Ypri> Vf*(y) - vf*(yprj)> > Hy - yprj||2 - ||p - ‘J||2,

where the inequality follows from the definition of RSC. O

3 Main results

This section derives the complexity bounds for the ordinary and accelerated gradient methods under RLG
and/or RSC conditions; the derived complexities are summarized in Table 2. The bounds are presented for

the following error quantities:
1. Objective error: Ay, := f(z®)) — f*, where f* = mingepn f(2);

. k : * * *
2. Solution error: 7y, := ||z*) — xl(DrJ)H = min{||2®) —z*| : 2* € A*}.



function | 1st-order oracle ordinary gradient accelerated gradient

class lower bound method method

Lr(R") @ ( E) Theorem 3: O (£) Theorem 6: O (\/g)

€

Rr,(R™) | O (\/glog %) Theorem 4: O (% log %) Theorem 7: O (\/glog %)

Table 2: Complexities of the new classes of functions

3.1 Ordinary gradient descent

Algorithm 1 Ordinary gradient descent method

Input: Initialize (°) € R™ and select stepsize h > 0.
1: for k=0,1,---, do

2: gD = gk _ v f(xR);

3: end for

Theorem 3 (Sublinear convergence for Lr(R™)). Assume that in problem (1), f € Lr(R™) with R > 0.
Then Algorithm 1 with stepsize h € (0,1/R] converges sublinearly with

R 2

B = 05,

where rg = ||z(©) — xgm\ It reaches e-accuracy (i.e., Ay <€) in O(£) iterations.

Proof. Firstly, we prove that r is non-increasing and thus uniformly bounded by r¢. From part 2) of Lemma
1 and h = a/ R, where a € (0, 1], we have

prj prj

1
RV F )P = 20h - o V@ 9)]? < 200V f(@®), 2™ —af) < 2n(Vf "), 2 — ),
so in turn we get from z(*+t1) = z(¥) — A f(2(*)) that

k+1 k
12y = et — 0D 2 < ) )2 (23a)

- k (k) )N\ 1(2
= [a® — 2 — hV f(2 )] (23b)
= [[&® — 2|12 —2n(V f(a®),2®) — 2N 4 B2V R <2 (23¢)

prj prj
and rp < rg, Vk.
Next, by the convexity of f, (Vf(z®),z(®) —2*) > f(2*) — f* > 0. Since r < ry, we have the bound

(VFE8).x®) — )] Ay
To “ro

V£ ®)] = VL)) >
By part 1) of Lemma 1, we have

R
Biit < Ap+ (V0,20 —a) 4 Taen 502

hR
=Ap —h(1 - T)HVf(ﬁU(k))HQ
h hR
< AR — —(1— —)A2.

10



For h = a/R where 0 < o < 1, ( — Ay = 0‘8%3) = O( Tor? > ). Dividing the both sides of Agy; <
Ay — O( )A2 by ArAgi1, we get (1/Ak+1) (1/A) + O( ) Therefore, A, = O(Rr3/k), following

from Whlch A < e is guaranteed in O(Rrg/e) = O(R/¢) 1terat10ns O

(Restricted) Lipschitz continuity of V f alone cannot provide a decay rate for r. In fact, r, can decay
arbitrarily slowly as function f becomes arbitrarily close to being flat near its minimizer. With the addtional

RSC assumptions, the theorems below give geometrically-decaying bounds for both r, and Ag.

Theorem 4 (linear convergence for Rg ). Assume that in problem (1), f € R, (R™) with some R,v > 0.
Then Algorithm 1 with stepsize h = ﬁ converges linearly with

v

Tyl < (1 - ﬁ)lﬂ * Tk,
R v
A —r2(1 — —)k.
ks 5ol = 9p)

It reaches e-accuracy in O (% log %) iterations.

Conversely, assuming that f has the unique solution =* and Algorithm starts from arbitrary z(©) has a
finite stepsize h, linear convergence in the form of ||x*+1) — 2*(|2 < (1 — 8)||z™®) — 2*||? for some 0 < 6 < 1
requires f to be RSC(v) for some v > 0.

Proof. Recall that a:g;) is the projection of z(*) onto the solution set X* and rj, = ||z*) — acgiJ)H Thus,
Vfx prJ) = 0. For every 0 € [0,1] we have
o ®D — 202 < 2 ® = 282 — 2n(V £ (@®),2®) — 20y + B2 V(@) = ViEED1? (24a)
< Ja® — 202 - 2h<i||w<x<’“)> = V@SN + (1= 0)w)a® —all?)  (24b)
+ R3[|V (2®)) — T f i)
= (1= 21— ) [ — 2+ (02— B — I (24c)

where inequality (24a) follows from (23) and inequality (24b) utilizes (11). We minimize (24c) over 6 and h

and obtain 0 = % and h = the details can be found in Appendix. Then from (24c) we get

2R’

k+1 v
Ja®+D — 2tV < (1= gl — P, (25)

pr1
ie., rpp1 < (1— 25)% .

By part 1) of Lemma 1, Vf( =0, and 1y < (1 —v/L)Y? -1}, we derive that

prj )

R R R v
_ )y _ < ) _ o2 2t 2 ot 2 P Nk
A= F@®) - f7 < Sla® —al)2 = Sk < TR - o), (26)
which shows Ay, < £r3(1 — #5)*, following from which Ay < € is guaranteed in O (Zlog 1) iterations.
Now, we show the converse result. Since f has the unique solution z*, we have xgi;' ) = xg’;) = x*.
Noticing 2++1) = (k) — AV f(2(F))| we get
2+ —2*|? = (]2 — 2¥||* = 2h(V f(2®)), 2 — 2%) + B[V f(aV) — V(7).

From [|z*+D) — 2*|2 < (1 — §)||2®) — 2*||? for some 0 < § < 1, we have

RV f(z®) = Vf@")|P = 20(V f(aV), 2™ —2%) < =4[z —2*|%,
and consequently (Vf(z®),z® —2*) > 2|z — 2*|2 after dropping h?||Vf(z®)) — Vf(z*)||*> > 0. As
2 is arbitrary, f is RSC(v) with v = - > 0. O

11



If RLG is strengthened to global Lipschitz continuity, we can take a possibly larger stepsize 1/L instead
of 1/(2R) and have possibly better constants in the bound as follows.

Theorem 5 (Linear convergence for Ry, ). Assume that in problem (1), V f is L-Lipschitz continuous and
f is RSC(v) with L,v > 0. Then Algorithm 1 with stepsize h = 1/L converges linearly with

IN

Fea1 < (1 —v/D)Y? oy,

Ay

IN

L
57‘8(1 —v/L)*.
It reaches e-accuracy in O (% log %) iterations.

Proof. By replacing Lemma 1 with the following two Lemmas and repeating the arguments in Theorem 4,

the desired linear convergence rates can be derived. O

Lemma 4 ([7] Theorem 2.1.5). If f(z) € FL(R™), it obeys
F(&) < ) + (Vi )a — )+ 5 o ylP, Yo,y € R (27)

(Vf(x) =Vfy),z—y) = %va(x) = VII?, VayeR™ (28)

Lemma 5. Let X* be the nonempty solution set of (1). If Vf is L-Lipschitz continuous and f is RSC(v)
with L,v > 0, then for every 0 € [0, 1] the following holds:

0
(VI(@) = V@), w = apei) = TNV (@) = VI @p) [I” + (1= O)v e — 2o, (29)
where xpyy denotes the projection of x onto the solution set X'*.

Proof. Inequality (29) follows from inequalities (7) and (28). O

3.2 Accelerated gradient descent

Algorithm 2 Nesterov’s accelerated gradient method

Input: Initialization y(®©) € R” 6y =1, and h > 0.

1: for k=0,1,---, do

2: 2D = ) T f(y*));  (negative gradient step)

30 Brp1=(1—0k)(\/07 +4—0,)/2; (extrapolation weight)

4: kD = 4D g (D) — (R, (extrapolation)

5 Opt1=0k(1/07 +4—0;)/2; (dampening of acceleration parameter)
6: end for

Algorithm 2 is equivalent to Constant Step Scheme II on Page 80 of [7] (their oy = 6, their ¢ = 0) and
FISTA on Page 193 of [2] without the nonsmooth regularization function g (their ¢ = 1/6;).

Theorem 6. Assume that in problem (1), f € Lr(R™) with R > 0. Then Algorithm 2 with h = 1/R
converges sublinearly with
1 )2
(k+1)2

k< (30)

It reaches e-accuracy in O(\/g) iterations.

1Step 5 of Algorithm 2 satisfies 9%_‘_1 =(1 —0k+1)9i; plugging 0 = 1/t;, and 641 = 1/t)41, we obtain t72 (1—t;i1)t,;2,

k+1 =
which gives step (4.2) in [2]. Also, Br+1 equals i’;;l in (4.3).

12



The proof below is self-contained and inspired by [12]. Its O(\/g) is better than O(£) of Theorem 3.

Proof. Sequences {0y} and {8} obey the following recursive relationships:

1 -0 1
= and Ber = 01— 00)/(0F + Oks) = (- —
k

1).
k+1 O

Defining () = 0 and v*+1) = z(*) +i(x(k“) — 2] we can rewrite y* 1) = g 0 FHD) 4 (1 -0, 1)k,

From part 1) of Lemma 1 and the convexity of f, for any z € R™ we have
FatHD) < F0) + (TFH), ) —y®) 4 Tptan 02
R
< (F() + (VAN = 2)) + (VW) 2®D — y®) 4 Tzbed) 02
R
< f(2) + (V™) D — z) + gllﬂc(k“) —yM|?

< F(2) + RiathD — 0,5 — g40) 4 Dt 02
Setting z = fpz* + (1 — 0;)x®), where 2* € X'*, and using the convexity of f, we get
f(x(k+1)) <O f (-0 f(a (k))+R< (k+1) _ g (k) @, 2 +(1- gk) x(k+1)>+§||x(k+1) _y(/c)||2, (32)
Since Orz* + (1 — O)z®) — 2+ = g; (2* — v*FFD) and 2D — () = g (v*+1) — () we have

R<I(k+1) o y(k)7 ka* + (1 . ak)x(k) o x(k+1)> :R92< (k+1) _ 'U(k),l’* o ’U(k+1)>
—R92< (k+1) a:*,v(k) _ Z‘*> _ R9i||v(k+1) _ 33*H2

and
07
et —y @ = DR+ g2 4 ) -2 -2 gt o gty (3)
Substituting these equations into the last two terms of (32), we get
. RO? N RO? N
JHD) < 0" + (1= 04) f(aD) = TE oD — g |2 4 TR o) — g7, (34)

Reordering the terms and dividing by 67 and then recursively deducing, we have

1 «~ R . 1-96 ~ R »
Z(F@®DY = oy oD — a2 < 2B (pa®) — ) 4 So® — a2 (35a)
0? 2 0? 2
1 . R N
= 7 (F@™) = )+ S ® —a7|? (35b)
k—1
(1) * R (1) %2
< f@D) = £+ S -2 (35¢)

where the last inequality follows from 6y = 1. Since v = 2 and f(z™M) — f* < £z — 2*||? from part
1) of Lemma 1, we finally obtain

f@®D) = < REFJlaM) — 2| < RO — 2|7, (36)

prJ
Finally, we derive 0, < ,%2 for k = 0,1,2,... from which the sublinear convergence rate (30) and its
corresponding complexity will follow. From 6y = 1 and Step 5 of Algorithm 2, we have 0, > 0. From
V07 +4 > 2 and Step 5 again, Wehavee’“% > %andthusﬁflz 0’;%1 >0Lk,%:(0ik,1)+l

Hence, for all £ > 0, we have e—k—1> §or O, < ,%2 O

13



Algorithm 3 Algorithm 2 with restarts

Input: Initialization y(©9 € R", §y = 1, restart interval K.
1: for j=0,1,--- , do

2:  obtain %) by running Algorithm 2 for K iterations;
3: set gUTL0) = 20K 9 (G+1.0) — 30 K) and 0y = 1;

4: end for

Theorem 7. Assume that in problem (1), f € Rg,,(R™) with some R > 0,v > 0. Then Algorithm 3 with
h=1/R and K = \/8eR/v reaches e-accuracy in O(\/glog 1) iterations.

Proof. At iteration j of Algorithm 3, we have

00 ..(7:0)2
< 4R||x(j ) ‘rprj ||2 < 8R

— < S (f@?) - f) (37)

faUTE0) = = fal10) - f*

where the first inequality follows from the convergence guarantee (30) of Algorithm 2 and the second from
Lemma 3. After jK iterations, by the setting of K = y/8eR/v we have

S i (7 (99) — 1) = ()i (70 - ) (38)

a0y~ < (o .

Thus, to obtain an e-solution, we only need to take j = O(log(1/€)) and hence the total number of iterations
JK =0(y/ g log %), which completes the proof. O

The above result and proof were motivated by [9]. Compared to [9] and [10], we use weaker conditions.

4 Application to augmented ¢; minimization

4.1 An improved convergence rate

The augmented ¢; model (19) returns an exact solution to
min{||z||; : Az = b} (39)

provided that « in (19) is large enough. For most problems where a sparse solution z* is expected from
(39), such as those arising in compressive sensing, paper [4] argues that o = 10||2*|| is sufficient. The
Lagrange dual of (19), which is problem (20), has an unconstrained and differentiable objective function.
By Example 5, the negative of the dual objective function, —f(y), satisfies RSC. In addition, f has an
L-Lipschitz continuous gradient Vf with L = «||A||?>. Therefore, we can apply Theorems 5 and 7 to the
ordinary and accelerated gradient iterations for (20).

The gradient ascent iteration for (20) is known as the linearized Bregman algorithm (LBreg):

25 o shrink(ATy ™)), (40a)
y ) = y® 4+ n(b — AxD), (40b)

where 2(*) and y*) are the primal and dual variables at iteration k and h > 0 is the step size. One can
verify that (b — Az(*T1)) is the gradient to the objective of (20). The solution set is given by

V*={y € R™:b— aAshrink(ATy) = 0} = {y € R™ : ashrink(A”y) = z*} (41)
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where z* is assumed to be the unique solution to (19); the derivation can be found in [4].

2% . k-1
Iy =yl < 1= (3) Iy* D =yl

Applying Theorem 5, we obtain a tighter convergence bound:

Paper [4] shows

Theorem 8. In problem (20), assume that A € R™*™ and b € R™ are nonzero and Ax = b are consistent.
Let f* be the optimal objective value of (20). The linearized Bregman iteration (40) starting from any

y(©) e R™ with step size hj, = % generates a Q-linearly converging sequence {y(k)}

v _
ly™® =yl < /1= Zly* 0 =yl vk =1, (42)

The objective value converges R-linearly as

N L v
;= 1™ < SOy P - ), VE > 1 (43)
Furthermore, ¥ converges R-linearly as
e+ — o < Lily® -y (1 = D2 k21, (44)

where x* is the solution to (19). The results are in the global sense.

Proof. Due to (40a), (41), the expression Vf(y) = b — ashrink(Ay), and the Lipschitz property (3) of
Vf(y), we have

lz*+Y — 2*|| = ashrink(ATy®)) — a shrink(ATy ()], (45a)
k
= V™) = VI, (45b)
< Lly™® =y ). (45¢)
which gives (44). The remained results follow from Theorem 5 applied to —f. O

4.2 Numerical simulation
To demonstrate the convergence results, we compared the following algorithms for problem (20):
1. fixed-step gradient ascent (Algorithm 1);
2. gradient ascent with Nesterov’s acceleration (Algorithm 2, [3]);
3. Nesterov’s acceleration with restart (Algorithm 4 with restart);
4. Nesterov’s acceleration with skip (Algorithm 4 with skip).

Although for (20) we can compute K = /8eL /v using the lower bound of v given in Example 5 and thus
run Algorithm 3 with restart every K iterations, such K was found too large. Instead, we ran Algorithm 4,
which uses the following scheme to trigger restart as suggested in [10] (the inequality is given in the opposite

directions for concave maximization):
Gradient scheme: V f(y*=T (y*) — =1y < 0.

We also introduce the skip heuristic: set Sr4+1 = 0 (and make no change to 6y).
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Algorithm 4 Nesterov’s accelerated gradient method with reset

Input: Initialization y(®©) € R” 6y =1, and h > 0.
1: for k=0,1,---, do
2: D = y(B) _pUf(y*);  (negative gradient step)

3:  If restart then

4: 0, =1 and Bry1 = 0;

5:  elseif skip then

6: Br+1 = 0;

7:  else

8: Brt1 = (1 —0k)(\/07 +4—0;)/2; (extrapolation weight)
9:  End if

10: y(kH) =g+ 4 5k+1($(k+1) — a?(k)); (extrapolation)

11: Opy1 = 0k(\/0; +4—0;)/2; (dampening of acceleration parameter)
6: end for

The comparisons use two examples. Each had sparse signals x® with 512 entries, out of which 25 were
nonzero entries sampled independently from the standard Gaussian distribution (Test 1, Figure 4(a)) or
set to £1 uniformly randomly (Test 2, Figure 4(b)). Both examples have the same sensing matrix A
with 256 rows and entries sampled independently from the standard Gaussian distribution. We used the

following parameters: b = Az°, o = 10[|2°[|oc, and h = 1 = W. All iterations were stopped upon

(k) _ g0 . .
Az —b|| < 10~14|b||. Figure 4 depicts the relative error % versus iteration k.

Primal solution relative error Primal solution relative error

10 10
- = fixed step
o — Nesterov
10° i - 1 107 g~ ‘ Nesterov + restart | |
i N ———— ‘ = = = Nesterov + skip

&
Y
77
¢
1
1
1

- = fixed step
— Nesterov
Nesterov + restart
= = = Nesterov + skip

relative error
=
o
relative error
=
o

|
i
o

10 \ ] 107} ]
1
A
10’15 I ' I I I 10_15 I I I I I
0 200 400 600 800 1000 0 100 200 300 400 500 600
iteration iteration
(a) Test 1: Gaussian sparse vector recovery (b) Test 2: Bernoulli sparse vector recovery

Figure 4: Relative error of primal variable z(*)

The fixed-step gradient iteration converged very slowly in Test 1, much slower than in Test 2; this can
be explained by a smaller v in Test 1 (see Lemma 7 of [4] for an explicit lower bound of v). The fixed-step
iteration exhibited a linear-convergence behavior in Test 2 though we cannot tell the same from Test 1,.

The accelerated gradient method performed similarly in both tests. Its performance was significantly
improved in the second phase by restart and skip. In Test 1, skip was more effective. The two schemes did
not appear to make much difference in these tests. It is interesting to note that in Test 2, both restart and

skip had faster rates of convergence than the fixed-step gradient iteration; this deserves further tests and
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perhaps theoretical investigation.
As the focus of this paper is not numerical simulation, we do not present more numerical results. For the

interested reader, the source code can be found on the second author’s homepage.

5 Conclusions

The convergence behavior of gradient methods on convex differentiable functions is one of the core questions
in convex optimization. It is known to many researchers that global Lipschitz continuity of V f is more than
sufficient for sublinear convergence and asking f to be strongly convex is also too much for linear convergence.
For the ordinary and accelerated gradient methods, this paper shows using rather straightforward steps that
these conditions restricted to certain line segments are sufficient for the existing convergence results to hold.
In addition, it shows that strong convexity restricted to between current point x and its projection to the
solution set is also necessary for the geometric decay of solution error.

For the accelerated gradient method to achieve the best worst-case bound O <\/§ log %) on (restricted)
strongly convex functions, the modulus v of the objective function must be given. This is not practical. It
is an open question to design a method with this bound but not requiring the knowledge of v. On the other

hand, the restart and skip heuristics appear to improve the performance of the accelerated method.
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Appendix

We select the parameter 6 and step size h in (24c) to minimize the upper bound. Let r = 3%, h > 0. As we
need to deal with the second term in (24c), two cases are studied below depending on the sign of h? — %:

Case A: h? — % <0,ie., he (0, %], 6 € [0,1]. Applying the Cauchy-Schwartz inequality to RSI, we get

k k
IV £ (@) = VWP > o2 )a® — 282, (46)

prj

From h? — % < 0 and (24c), we derive that

2+ — a2 < (1= 201 — ) [ — 2+ 2 (02 — T)lla®) 2l (47a)

- <u2h2 -2 ((1 — Q)+ Zﬁ) h+1) lz® — 2812, (47b)

£ f1(0.h) ) — a1 (47c)

Let hg = % + (1;0), which is the minimum point of the quadratic function f;(6,h) over variable h for each
fixed 6. To determine whether such hg is included in the interval (0, %], we consider hg = % + (1;9) = %
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and get 6 = Now, we split the interval [0, 1] into [+, 1] and [0, 1i ). If 0 € [

1+r 1], we have % > hg

which means the point kg € (0, E]' Thus,

1472 1+7r?

min f1(6,h) = min  f1(0,hg) = min 1—(1—(1+7)0)?=1-1r%
<6<1

h<f 17 <0<1 e 7 <<1
where the minimum value 1 — 72 is obtained at § = 1 and h = hg = 55. If § € [0, 1+T,), we have % < hg
which means the point hg ¢ (0, %]. By monotone decreasing of fi(6, h) on the interval h < % for each fixed
0, we have
0
min fi(@,h) = min  f1(f, =)= min 1—-40(1—-0)r=1—1r
h<£,0<0< 1 0<0< 1 "R 0<f<

where the minimum value 1 — r is obtained at § = % and h = % = 2R; note that 1 5 € [0, - i ) since 7 < 1.
Therefore, on the intervals h € (0, R] and 0 € [0, 1], the minimum value 1 —r of f1(0,h) is obtained at

(0,h) = (3 35)-
Case B: h? — %h >0,ie., he [%, +00),0 € [0,1]. Applying the Cauchy-Schwartz inequality to part 2)
of Lemma 1, we get
IVf(@®)) — VfEbD? < 4R 2™ — ()12, (48)

prj pI'_]
From h? — 2 >0 and (24c), we derive that

(k Oh
Je® — 2l VP < (1 =20 = Q) [V — 2 I + 4R (B — ) Y — a1, (49a)
= (4R*h% = 2(20R + (1 — O)v)h + 1) 2™ — 2{F||2, (49b)
2 fo(0,h)]z" — 2812, (49¢)

Let hy = 20RZ}(21270)V

fixed 6. Similarly, we split the interval [0, 1] into (51—

which is the minimum point of the quadratic function f2(8, h) over variable h for each

1] and [0, 5. Ifoe(l_; ,1], we have 4 > hy which

means hy ¢ [E’ +00). By monotone increasing of f2(6, h) on the interval h > % for each fixed 6, we have

hz%e,r?lanf 2(0, 1) %négglfz(& 7 08 (1= 0)r r
where the minimum value 1 — r is obtained at § =1/2 and h = % = 2R7 note that € (15> 1] since r < 1.
If 0 € [0, {17], we have % < hy which means hy € [, +00). Thus,
: , . 20R+(1—-0)v 4 U o
g SO0 = i B0 = apin 1= (FE R =1 ()
where the minimum value is obtained at 6 = 1ir and h = hy. After simple calculations, it holds r = 57 >
(213111)2 and hence 1 —7 < 1— (21311/)2 Therefore, on the intervals h € [%, +00) and 6 € [0, 1], the minimum

value 1 — r of f2(6,h) is obtained at (6,h) = (%, 55) as well.
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