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Abstract The standard assumption for proving linear convergence of first order meth-
ods for smooth convex optimization is the strong convexity of the objective function,
an assumption which does not hold for many practical applications. In this paper,
we derive linear convergence rates of several first order methods for solving smooth
non-strongly convex constrained optimization problems, i.e. involving an objective
function with a Lipschitz continuous gradient that satisfies some relaxed strong con-
vexity condition. In particular, in the case of smooth constrained convex optimization,
we provide several relaxations of the strong convexity conditions and prove that they
are sufficient for getting linear convergence for several first order methods such as pro-
jected gradient, fast gradient and feasible descent methods. We also provide examples
of functional classes that satisfy our proposed relaxations of strong convexity condi-
tions. Finally, we show that the proposed relaxed strong convexity conditions cover
important applications ranging from solving linear systems, Linear Programming, and
dual formulations of linearly constrained convex problems.
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1 Introduction

Recently, there emerges a surge of interests in accelerating first order methods for
difficult optimization problems, for example the ones without strongly convex objec-
tive function, arising in different applications such as data analysis [1] or machine
learning [2]. Algorithms based on gradient information have proved to be effective in
these settings, such as projected gradient and its fast variants [3], stochastic gradient
descent [4] or coordinate gradient descent [5].

For smooth convex programming, i.e. optimization problems with convex objective
function having a Lipschitz continuous gradient with constant L > 0, first order
methods are converging sublinearly. In order to get an e-optimal solution, we need to

perform O (Lé—f> oreven O <‘ / Le—f> calls to the oracle [3]. Typically, for proving linear

convergence of the first order methods we also need to require strong convexity for the
objective function. Unfortunately, many practical applications do not have strongly
convex objective functions. A new line of analysis, that circumvents these difficulties,
was developed using several notions. For example, sharp minima type condition for
non-strongly convex optimization problems, i.e. the epigraph of the objective function
is a polyhedron, has been proposed in [6—8]. An error bound property, that estimates
the distance to the solution set from any feasible point by the norm of the proximal
residual, has been analyzed in [9—11]. Finally, a restricted (also called essential) strong
convexity inequality, which basically imposes a quadratic lower bound on the objective
function, has been derived in [2,12]. For all these conditions (sharp minima, error
bound or restricted strong convexity) several gradient-type methods are shown to
converge linearly, see e.g. [2,9-12]. Several other papers on the linear convergence
of first order methods for non-strongly convex optimization have appeared recently
(after this paper was finalized) [8,13—15]. The main goal of this paper is to develop
a framework for finding general functional conditions for smooth convex constrained
optimization problems that allow us to prove linear convergence for a broad class of
first order methods.

1.1 Contributions

For smooth constrained optimization, we show in this paper that some relaxations of the
strong convexity conditions of the objective function are sufficient for obtaining linear
convergence for several first order methods. The most general relaxation we introduce
is a quadratic functional growth condition, which states that the objective function
grows faster than the squared distance between any feasible point and the optimal set.
We also propose other non-strongly convex conditions, which are more conservative
than the quadratic functional growth condition, and establish relations between them.
Further, we provide examples of functional classes that satisfy our proposed relaxations
of strong convexity conditions. For all these smooth non-strongly convex constrained
optimization problems, we prove that the corresponding relaxations are sufficient for
getting linear convergence for several first order methods, such as projected gradient,
fast gradient and feasible descent methods. We also show that the corresponding
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linear rates are improved in some cases compared to the existing results. We also
establish necessary and sufficient conditions for linear convergence of the gradient
method. Finally, we show that the proposed relaxed strong convexity conditions cover
important applications ranging from solving linear systems, Linear Programming, and
dual formulations of linearly constrained convex problems.

1.2 Notations

We work in the space R" composed of column vectors and R’} denotes the non-
negative orthant. For u, v € R" we denote by (1, v) = u’v the Euclidean inner
product, |lu|| = +/{u, u) the Euclidean norm and [u]y = argmin,cy [|x — u|| the

projection of u onto convex set X. For matrix A € R™*", we denote by omin(A) the
smallest nonzero singular value and || A|| spectral norm.

2 Problem formulation

In this paper we consider the class of convex constrained optimization problems:
(P): f*=min f(x),
xeX

where X C R” is a simple closed convex set, that is the projection onto this set is
easy, and f : X — R is a closed convex function. We further denote by X* =
argmin,cy f(x) the set of optimal solutions of problem (P). We assume throughout
the paper that the optimal set X™* is nonempty and closed and the optimal value f™* is
finite. Moreover, in this paper we assume that the objective function is smooth, that is
S has Lipschitz continuous gradient with constant L y > 0 on the set X:

IVFf) =VIiWI < Lyllx =yl Vx,yeX. ey

An immediate consequence of (1) is the following inequality [3]:

L
f(y)Sf(x)-i-Wf(JC),y—x>+TfIIX—yII2 Vx,y € X, (2)
while, under convexity of f, we also have:
0<(Vf(x)=VfO).x—y) < Lsllx —y|* Vx,yeX. 3)

It is well known that first order methods are converging sublinearly on the class of
convex problems whose objective function f has Lipschitz continuous gradient with
constant L ¢ on the set X, e.g. convergence rates in terms of function values of order

[3]:
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Lyllx® — x*||?

NG = % for projected gradient,
4)
k o 2Ls[x% — x*|? .
fG5) = fF < ST T for fast gradient,

where x* is the kth iterate generated by the method. Typically, in order to show linear
convergence of first order methods applied for solving smooth convex problems, we
need to require strong convexity of the objective function. We recall that f is strongly
convex function on the convex set X with constant oy > 0 if the following inequality
holds [3]:

1—
WD ey

flax+ (1 —a)y) <af@)+ (1 —a)f(y) — L —lx )

forall x,y € X and a € [0, 1]. Note that if 6y = 0, then f is simply a convex
function. We denote by S Lyoy (X) the class of o ¢-strongly convex functions with an
L ¢-Lipschitz continuous gradient on X . First order methods are converging linearly on
the class of problems (P) whose objective function fisinS, _ (X),e.g. convergence
rates of order [3]:

1of

0 _ %2
_ Lyllx® =¥
- 2

k
fah—fr<2 (f(xo) - f*) (1 - /U—f> for fast gradient.
Ly

In the case of a differentiable function f with L y-Lipschitz continuous gradient,
each of the following conditions below is equivalent to inclusion f € S; r.0p (X) [3]:

k * of k . .
f&H) = f 1— I for projected gradient,

(6)

f(y)Zf(X)Jr(Vf(X),y—X)Jr%fllx—yll2 Vx,y € X, (N

ofllx = yI? < (V) =V (), x—y) Vx,yeX ®)

Let us give some properties of smooth strongly convex functions from the class

S Lioy (X). Recall that the gradient mapping of a continuous differentiable function

f with Lipschitz continuous gradient in a point x € R" is defined as [3]:
g) =Ly (x =[x =1/LyVf)x),

Then, we obtain a first relation valid for any f € S (X) [11] [Lemma 22]:

Ly,of
af
Tllx =y <llglx)—gIl  Vx,yeX. 9
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Further, using the optimality conditions for (P), that is (V f(x*), y — x*) > 0 for all
y € X and x* € X*, in (7) we get a second relation:

fe) = f*> %fnx —x*? VxeX. (10)

However, in many applications the strong convexity condition (5) or equivalently
one of the conditions (7)—(8) cannot be assumed to hold. Therefore, in the next sections
we introduce some non-strongly convex conditions for the objective function f that
are less conservative than strong convexity. These are based on relaxations of strong
convexity relations (7)-(9).

3 Non-strongly convex conditions for a function

In this section we introduce several functional classes that are relaxing the strong
convexity properties (7)—(9) of a function and derive relations between these classes.
More precisely, we observe that strong convexity relations (7)—(9) are valid for all
x,y € X. We propose in this paper functional classes satisfying conditions of the
form (7)—(9) that hold for some particular choices of x and y, or satisfying simply the
condition (10).

3.1 Quasi-strong convexity

The first non-strongly convex relaxation we introduce is based on choosing a particular
value for y in the strong convexity inequality (7), that is y = X = [x]x+ (recall that
[x]x+ denotes the projection of x onto the optimal set X* of convex problem (P)):

Definition 1 Continuously differentiable function f is called quasi-strongly convex
on set X if there exists a constant « y > 0 such that for any x € X and x = [x]x+ we
have:

f*zf(x)—i—(Vf(x),)E—x)+%f||x—i||2 Vx € X. (11)

Note that inequality (11) alone does not even imply convexity of function f. Moreover,
our definition of quasi-strongly convex functions does not ensure uniqueness of the
optimal solution of problem (P) and does not require f to have Lipschitz continuous
gradient. We denote the class of convex functions with Lipschitz continuous gradient
with constant L ¢ in (1) and satisfying the quasi-strong convexity property with con-
stant k ¢ in (11) by ¢S Lyics (X). Clearly, for strongly convex functions with constant
k r, from the strong convexity condition (7) with y = x* € X*, we observe that the
following inclusion holds:

SLrucyX) SqSp, (X)) (12)
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Moreover, combining the inequalities (2) and (11), we obtain that the condition number
of objective function f € qSLf’Kf (X), defined as pu y = k /Ly, satisfies:

O<puyr=1 (13)

We will derive below other functional classes that are related to our newly introduced

class of quasi-strongly convex functions ¢S Lyws (X).

3.2 Quadratic under-approximation

Let us define the class of functions satisfying a quadratic under-approximation on the
set X, obtained from relaxing the strong convex inequality (7) by choosing y = x and
X =X = [x]x*:

Definition 2 Continuously differentiable function f has a quadratic under-
approximation on X if there exists a constant ky > 0 such that for any x € X
and x = [x]x* we have:

f(X)Zf*+(Vf(??),x—)?)+%fllx—fll2 Vx € X. (14)

We denote the class of convex functions with Lipschitz continuous gradient and
satisfying the quadratic under-approximation property (14) on X by i/, "y (X). Then,
we have the following inclusion: .

Theorem 1 Inequality (11) implies inequality (14). Therefore, the following inclusion
holds:

4SL ;0 (X) S ULpicp (X). (15)

Proof Let f € qSLf <
with some constant .Kf 0)>0,1ie.:

(X). Since f is convex function, it satisfies the inequality (14)

0
Jfx) Zf*+<Vf(i),x—i>+KfT()llx—3?||2~ (16)

Using first order Taylor approximation in the integral form and the identity [x + 7 (x —
X)]x* = x for T € [0, 1], we have:

1
fx) = fx) +/ (VFGE 4+ t(x — %)), x — X)dt
0
1
= f(X) +/ %(Vf(i +1(x — X)), t(x — X))dt
0

(11) in x4+7(x—%)

1 1 .
> f®+/ ~(fEre =) - @ + Lre - DIP) dr
07 2
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a6y | . _
= f(x)+/0 ;(<Vf(x),r(x—x)>+

0 1
“fz( e (x — f>||2>+f”—f||r(x — ®)|Pdt
T 2

1
= f® +/ (VF@E), x — %) + ”J;(O) e — %)% + %nx — %|2dr
0
_ _ _ 0)+«xr 1 _
= @+ (VF@E),x — %)+ Kf()% 5l = FIP.

If we denote « (1) = w, then we get that inequality (16) also holds for « ¢ (1).

Repeating the same argument as above for f € ¢S Lyucs (X) and satisfying (16) for

k(1) we get that inequality (16) also holds for k;(2) = KOy

Iterating this procedure we obtain that after ¢ steps:

kr(D+kr
2

kp(t—1) +«y _ Kk (0) + 2" — Dy
2 B 2!

Kkp(t) = — Kf as t— oo.
Since after any ¢ steps the inequality (16) holds with « ¢ (¢), using continuity of « 7 (¢)
in (16) we obtain (14). This proves our statement. O

Moreover, combining the inequalities (2) and (14), we obtain that the condition number
of objective function f* € U, «,(X), defined as oy = k¢ /L ¢, satisfies:

0<py<l. (17)

3.3 Quadratic gradient growth

Let us define the class of functions satisfying a bound on the variation of gradients
over the set X. It is obtained by relaxing the strong convex inequality (8) by choosing
y=Xx=[x]x:

Definition 3 Continuously differentiable function f has a quadratic gradient growth
on set X if there exists a constant « s > 0 such that for any x € X and x = [x]x+ we
have:

(Vf(x)—Vf()E),x—)E)2Kf||x—)_c||2 Vx € X. (18)

Now, let us denote the class of convex differentiable functions with Lipschitz gra-
dient and satisfying the quadratic gradient growth (18) by gL‘,,Kf (X). In [12] the
authors analyzed a similar class of objective functions, but for unconstrained opti-
mization problems, that is X = R", which was called restricted strong convexity and
was defined as: there exists a constant k y > O such that (V f(x), x —x) > ks|lx —x Ik
for all x € R". An immediate consequence of Theorem 1 is the following inclusion:

Theorem 2 Inequality (11) implies inequality (18). Therefore, the following inclusion
holds:

451, ¢, (X) € GL ey (). (19)
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Proof If f € ¢S Lyws (X), then f satisfies the inequality (11). From Theorem 1 we
also have that f satisfies inequality (14). By adding the two inequalities (11) and (14)
in x we get:

(VFx) = Vf(@E).x = %) = ksllx — 5| Vx € X, (20)

which proves that inequality (18) holds. O

We prove below that (11) or (14) alone and convexity of f implies (18) with constant
Kk r/2. Indeed, let us assume for example that (14) holds, then we have:

)= fFH(VEE. x —F) + %fux — 7|2
> f() + (V@) & —x) + (VF(E). x — %) + %fnx — 5|

= F() + (VFE) — VI().x — %) + %fnx — 7|2

which leads to (18) with constant « y /2. Combining the inequalities (3) and (18), we
obtain that the condition number of objective function f € gLf,K ; (X), satisfies:

O<pyp =<1l 21

Theorem 3 Inequality (18) implies inequality (14). Therefore, the following inclusion
holds:

Grp ey (X) UL, (X). (22)

Proof Let f € G Loy (X), then from first order Taylor approximation in the integral
form we get: '

1
FG) = f(@) +/ (VFG +1(x — ). x — D)t
0
1
=f(i)+<Vf(£),x—i>+/ (VIE+t(x —X) — V), x —X)dt
0
'
=f(X) +(Vf(E),x —X) +/0 ;(Vf(i +1(x — X)) — Vf(X), t(x — X))dt

a8y _ i | s
N f(x)+(Vf(x),x—x)+fO Sl — ) P

=fX)+H{VfQR), x —x) + %fllx - x|,

where we used that [x +7(x —X)]x+ = x forany ¢ € [0, 1]. This chain of inequalities
proves that f satisfies inequality (14) with the same constant « y. O
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3.4 Quadratic functional growth

We further define the class of functions satisfying a quadratic functional growth
property on the set X. It shows that the objective function grows faster than the
squared distance between any feasible point and the optimal set. More precisely,
since (Vf(x*),y —x*) > 0forall y € X and x* € X*, then using this relation and
choosing y = x and x = X = [x]x» in the strong convex inequality (7), we get a
relaxation of this condition similar to inequality (10):

Definition 4 Continuously differentiable function f has a quadratic functional
growth on X if there exists a constant « ; > 0 such that for any x € X and x = [x]x~
we have:

fa)— f* > %nx —%|? VxeX. 23)

Since the above quadratic functional growth inequality is given in X, this does not
mean that f grows everywhere faster than the quadratic function « /2|x — X 2. We
denote the class of convex differentiable functions with Lipschitz continuous gradient
and satisfying the quadratic functional growth (23) by Fp ; i, (X).

Note thateach inequality (11), (14), (18) or (23) alone does not even imply convexity
of function f. This observation open the possibility to extend our framework to the
non-convex settings. We now derive inclusion relations between the functional classes
we have introduced so far (see also Fig. 1):

Theorem 4 The following chain of implications are valid:
(7)y= (11) = (18) = (14) = (23).
Therefore, the following inclusions hold:
1 X)) €4Sy, (X)) Gy, (X) CUL(X) S Fy, (X, (4)

Proof From the optimality conditions for problem (P) we have (V f(x),x —x) >0
for all x € X. Then, for any objective function f satisfying (14), i.e. f € L{Lf’Kf (X),
we also have (23). In conclusion, from previous derivations, (12) and Theorems 2 and
3 we obtain our chain of inclusions. m]

Let us define the condition number of objective function f € F Ly (X)asuy =

Z—f. If the feasible set X is unbounded, then combining (2) with (23) and considering
lx — X|| = oo, we conclude that:

O<pyp =<1l (25)

However, if the feasible set X is bounded, we may have ks > L, provided that
IV f(x)] is large, and thus the condition number might be greater than 1:

TESY (26)
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quadratic quadratic

quadratic ! ongh
functional| under o gradient srong
growth approximation

Fig.1 Chain of inclusions between the functional classes: convex, strictly convex, strongly convex, quasi-
strong convex, quadratic gradient growth, quadratic under-approximation, quadratic functional growth

Moreover, from the inclusions given by Theorem 4 we conclude that:

pnrS) = up@S = up@ = pyrUh) < pp(F).
Let us denote the projected gradient step from x with:
X =[x = 1/LyVf0)lx,
and its projection onto the optimal set X* with ¥ = [x*]x+. Then, we can prove that
if xT is closer to X* than x, then the objective function f must satisfy the quadratic
functional growth (23). This result will be used later (see Theorem 13 below) to derive

necessary and sufficient conditions for linear convergence of the gradient scheme.

Theorem 5 Let f be a convex function with Lipschitz continuous gradient with con-
stant L ¢. If there exists some positive constant B < 1 such that the following inequality
holds:

Il =3I < Bllx =X Vx € X,

then f satisfies the quadratic functional growth (23) on X with the constant ky =
Ly(1-p)

Proof On the one hand, from triangle inequality for the projection we have:

lx =X < llx =270 < llx = xF ) 4 IxF = 7).
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Combining this relation with the condition from the theorem, that is ||xT — X 7| <
Bllx — x|, we get:

(1= Bllx =x| < llx — x| 27)

On the other hand, we note that x is the optimal solution of the problem:
. . Ly 2
x" =argmin | f(x) +(Vf(x),z—x)+ —-llz—x[I7]. (28)
zeX 2
From (2) we have:
L
SO < FO V@)t —x) + St = x)?

and combining with the optimality conditions of (28) in x, thatis (V f(x) + L s (xt —
x), x — xT) <0, we get the following decrease in terms of the objective function:

L.
f||x+—

fah < fo) - = x|1%. (29)

Finally, combining (27) with (29), and using f(x™) > f*, we get our statement. O

3.5 Error bound property

Let us recall the gradient mapping of a continuous differentiable function f with
Lipschitz continuous gradient in a point x € R": g(x) = L(x — x1), where x™ =
[x —1/L ¢V f(x)]x is the projected gradient step from x. Note that g(x*) = 0 for all
x* € X*. Moreover, if X = R", then g(x) = V f(x). Recall that the main property
of the gradient mapping for convex objective functions with Lipschitz continuous
gradient of constant L s is given by the following inequality [3] [Theorem 2.2.7]:

1
FO = FOH) + (g, y —x) + mllg()ﬂll2 VyeX and xeR".  (30)
Taking y = & in (30) and using that f(x™) > f*, we get the simpler inequality:
= 1 2 n
(8(x), x —x) = —llg@)|I” Vx € R". &1V
f

In [9] Tseng introduced an error bound condition that estimates the distance to the
solution set from any feasible point by the norm of the proximal residual: there exists
a constant x > 0 such that [|[x — x| < «|lx — [x — Vf(x)]x|| for all x € X. This
notion was further extended and analyzed in [10,11]. Next, we define an error bound
type condition, obtained from the relaxation of the strong convex inequality (9) for
the particular choice y = x = [x]x+ and from the relation g(x) = 0:
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Definition 5 The continuously differentiable function f has a global error bound on
X if there exists a constant x y > 0 such that for any x € X and x = [x]x+ we have:

gl = krllx — x| Vx € X. (32)

We denote the class of convex functions with Lipschitz continuous gradient and
satisfying the error bound (32) by £ Liws Let us define the condition number of the

objective function f € £ Ly (X )as i f = =L Combining inequality (31) and (32)
we conclude that the COIldlthIl number satlsﬁes the inequality:

O0<pyp=<2. (33)
However, for the unconstrained case, i.e. X = R" and V f(x) = 0, from (1) and (32)
we get 0 < s < 1. We now determine relations between the quadratic functional

growth condition and the error bound condition.

Theorem 6 Inequality (32) implies inequality (23) with constant ¢ - k r. Therefore,
the following inclusion holds for the functional class £ Liwcs (X):

SL./»K/ (X) < ]:L/"M./-K./ (X). (34
Proof Combining (29) and (32) we obtain:

kFllx = X7 < gG)I® < 2Lp(f(x) — f(xh) 2Ls(f(x) — f*) Vx € X.

In conclusion, inequality (23) holds with the constant f - ks, where we recall

=W
CF (X). O

=
N /\\I\J

g =k y/Ly. This also proves the inclusion: £,

(

ks Lywpxy

Theorem 7 Inequality (23) implies inequality (32) with constant T o Kf

Therefore, the following inclusion holds for the functional class F Liwy (X):

Frog®cE, o (0 (35)
’ f’1+uf+ [y /

Proof From the gradient mapping property (30) evaluated at the point y = X =
[xt]x*, we get:

1
5= fam) 4+ (gx), ¥ —x) + fng(x)u2
f

_ p(et by L 2
=f(x7) +(gk), x" —x7) 2Lfllg(x)ll-
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Further, combining the previous inequality and (23), we obtain:

(g(x), xt — %) + ingu)uz > fxh) - > %fux* — T

Using Cauchy—Schwarz inequality for the scalar product and then rearranging the

terms we obtain:
1 _ +L -
o (sl + Lyt = 51)* = Z = =57
or equivalently

g+ Lyllx™ =xF) = \JLpley + Lp)lx™ =T

We conclude that:

lgCo)] = (\/m - Lf) et — ).

Since
= —+ + + =+ 1 + =+
lx =X < flx =2 < flx —xT |+ lx" —x"|| = L—fllg(X)II +xT =X,
then we obtain:

1
lgl = (Lrs+Lp) ~Ly) (nx —F| - L—fng(x)u) .

After simple manipulations and using that y = k¢ /L y, we arrive at:

gl = I x|l

Kf
llx —
+ur+1+puy

which shows that inequality (32) is valid for the constant

1
—_— . K .
I+p /1ty f

]

Note that the functional classes we have introduced previously were obtained by relax-
ing the strong convexity inequalities (7)—(9) for some particular choices of x and y. The
reader can find other favorable examples of relaxations of strong convexity inequalities
and we believe that this paper opens a window of opportunity for algorithmic research
in non-strongly convex optimization settings. In the next section we provide concrete
examples of objective functions that can be found in the functional classes introduced

above.
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4 Functional classes in qSL (X), gLMf (X) and F, (X)

VALY Fokf

We now provide examples of structured convex optimization problems whose objective
function satisfies one of our relaxations of strong convexity conditions that we have
introduced in the previous sections. We start first recalling some error bounds for
the solutions of a system of linear equalities and inequalities. Let A € R?*", C €
R™>" and the arbitrary norms |-||o and ||-||g in R”*7 and R". Given the nonempty
polyhedron:

P={xeR': Ax =b, Cx <d},

then there exists a constant (A, C) > 0 such that Hoffman inequality holds (for a
proof of the Hoffman inequality see e.g. [11,16]):

Vx e R",

o

_ Ax —b
I — llp < 6(A,C) ”[Cx “a

where x = [x]p = argmin cp|lz—x|g. The constant& (A, C) is the Hoffman constant
for the polyhedron P with respect to the pair of norms (|||« ||-[lg). We denote |||
the dual norm of [|-||o, i.e. [|x[le+ = max{x”y : |yl = 1}. In [17], the authors
provide several estimates for the Hoffman constant. Assume that A has full row rank
and define the following quantity:

L . . T T Y- u
lap(A,C) = 11‘1;1?1}{1’151{||A u+C g Hv

=10 >0,vppng = 0} .

o*

where 7 = {I € 2™ . card I = r—p, rank[AT, C,T] = r}andr = rank[AT, CT].
An alternative formulation of the above quantity is:

IATu + CTvllg« = 1, rows of C
: corresponding to nonzero components of vy . (36)
and rows of A are linearly independent

Caﬁ(A o)~ H

o*

In [17] it was proved that ¢y g(A, C)~ !, where la,p(A, C) is defined in (36), is the
Hoffman constant for the polyhedral set P w.r.t. the norms (||-[|«, ||-]g). Note that
0(A,C) =t p(A,C )~! can be arbitrarily large. For example, let us consider ¢ =
B = 2 and the polyhedral set P = {x e R" : Ax = b, x > 0}, where A is a general
matrix having two rows highly correlated, e.g. for the rows ith and jth there exists
¢ > 0 sufficiently small such that a; = a; + ey, where e; denotes the vector with
first entry 1 and the rest of entries are zero. Then, the pairu = [1/¢ — 1/ 0---0]7
and v = 0 is feasible for (36) and hence we obtain a lower bound on the Hoffman
constant H(A, C) > /2/e. Considering the Euclidean setting (¢« = 8 = 2) and the
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above assumptions, then from previous discussion we have:

1
6(A, C) = max .
( ) 1eJ omin([AT, C?]T)

Under some regularity condition we can state a simpler form for ¢, 2(A, C). Assume
that A has full row rank and that the set {h € R" : Ah =0, Ch < 0} # @, then, we
have [17]:

a2 (A, €) := min {nATu Tl HZ

=1,v20}. (37)

a*

Thus, for the special case m = 0, i.e. there are no inequalities, we have £ 2(A, 0) =
omin(A), where omin(A) denotes the smallest nonzero singular value of A, and the

Hoffman constant is:! 1

(38)

We observe again that for this special case the Hoffman constant can be very
large, since we can easily construct matrices having o, arbitrarily small: e.g. for
a given ¢ > 0 sufficiently small take U and V orthogonal matrices of appropriate
dimensions and ¥ a diagonal matrix having the smallest diagonal entry ¢; then the
matrix A = USVT has opin(A) = € and 6(A,0) = 1/¢. Based on the Hoffman
bound we derive below several functional classes that satisfy our proposed relaxations
of strong convexity conditions. Similar results have appeared independently around the
time this paper was finalized, e.g in [8, 12, 14,15]. Older papers that derive functional
classes satisfying a local/generalized error bound type condition using the Hoffman
bound are e.g. [9-11].

4.1 Composition of strongly convex function with linear map is in ¢S (X)

Lyky

Let us consider the class of optimization problems (P) having the following structured
form:

f*=mxinf(x) = g(Ax)
st.: xeX={xeR": Cx <d}, (39)

! This result can be also proved using simple algebraic arguments. More precisely, from Courant-Fischer
theorem we know that ||Ax| > opin(A)|lx]| for all x € Im(AT). Since we assume that our polyhedron
P = {x : Ax = b} is non-empty, then x — [x]p € Im(AT) for all x € R" (from KKT conditions of
ming. poz—p [|x — z||? we have that there exists 4 such that x — [x]p + ATy = 0). In conclusion, we get:

[Ax = bll = | Ax = Alx]p |l 2 omin(Alx = [x]p || = omin(A)distz (x, P)  Vx € R".
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i.e. the objective function is in the form f(x) = g(Ax), where g is a smooth and
strongly convex function and A € R™*" is a nonzero general matrix. Problems of this
form arise in various applications including dual formulations of linearly constrained
convex problems, convex quadratic problems, routing problems in data networks,
statistical regression and many others. Note that if A has full column rank, then g(Ax)
is strongly convex function. However, if A is rank deficient, then g(Ax) is not strongly
convex. We prove in the next theorem that the objective function of problem (39)
belongs to the class ¢S Ly
Theorem 8 Let X = {x € R" : Cx < d} be a polyhedral set, function g : R — R
be og4-strongly convex with Lg-Lipschitz continuous gradient on X, and A € R™*"
be a nonzero matrix. Then, the convex function f(x) = g(Ax) belongs to the class
qSLN(/(X), with constants Ly = Lg||A||2 and k§y = where 0(A, C) is the
Hoffman constant for the polyhedral optimal set X*.

Og
62(A,C)’
Proof The fact that f has Lipschitz continuous gradient follows immediately from

the definition (1). Indeed,

IVf(x) = VDIl = IIAT Vg (Ax) — ATVg(AY)|| < IAllIIVE(Ax) — Ve(Ay)|
< IAlILgIAx — Ayl < |AIPLglx — ylI.

Thus, Ly = Lg||A|l 2 Further, under assumptions of the theorem, there exists a unique
pair (t*, T*) € R™ x R" such that the following relations hold:

Ax* =rt*, Vfx*)=T* vx* e X*. (40)
For completeness, we give a short proof of this well known fact (see also [9]): let

x{, x5 be two optimal points for the optimization problem (39). Then, from convexity
of f and definition of optimal points, it follows that:

; (x’f +x;) _JOD+ 105
2 2

Since f(x) = g(Ax) we get from previous relation that:

Ax] + Axj g(Ax]) + g(Ax3)
& 2 - 2 '

On the other hand using the definition of strong convexity (5) for g we have:

(Axik +AX;> < g(A.Xik) +g(A.X;() Ug ”Ax* Ax*||2
Y 1 — Ax

2 - 2 8
Combining the previous two relations, we obtain that Ax; = Axj. Moreover,

Vf(x*) = ATVg(Ax*). In conclusion, Ax and the gradient of f are constant over
the set of optimal solutions X* for (39), i.e. the relations (40) hold. Moreover, we have
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that f* = f(x*) = g(Ax*) = g(t*) for all x* € X*. In conclusion, the set of optimal
solutions X* is described by the following polyhedral set:

X*={x": Ax* =1r*, Cx* <d).

Since we assume that our optimization problem (P) has at least one solution, i.e. the
optimal polyhedral set X* is non-empty, then from Hoffman inequality we have that
there exists some positive constant depending on the matrices A and C describing the
polyhedral set X*,i.e. (A, C) > 0, such that:

|lx — Xl <6(A, C) ”[[é‘x -! } Vx € R",

x —d]+

where ¥ = [x]x+ (the projection of the vector x onto the optimal set X*). Then, for
any feasible x, i.e. x satisfying Cx < d, we have:

lx — %] < 0(A, C)|Ax — AX| Vx € X.

On the other hand, since g is strongly convex, it follows that:

D - Og -2
g(Ax) > g(Ax) + (Vg(Ax), Ax — Ax) + 7||Ax — Ax|~.

Combining the previous two relations and keeping in mind that f(x) = g(Ax) and
V f(x) = ATVg(Ax), we obtain:

lx — %> Vx € X,

(of
* S \vJ , Y — _ '8
e R we)
which proves that the quasi-strong convex inequality (11) holds for the constant « y =
04/0%(A, C). o

Note that we can relax the requirements for g in Theorem 8. For example, we can
replace the strong convexity assumption on g with the conditions that g has unique
minimizer * and it satisfies the quasi-strong convex condition (11) with constant
kg > 0. Then, using the same arguments as in the proof of Theorem 8, we can
show that for objective functions f(x) = g(Ax) of problem (P), the optimal set is
X*={x*: Ax* =r* Cx* <d}and f satisfies (11) with constant x y =
provided that the corresponding optimal set X* is nonempty.

Moreover, in the unconstrained case, that is X = R", and for objective function
f(x) = g(Ax), we get from (38) the following expression for the quasi-strong con-
vexity constant:

Ke
62(A,C)°

K =0y0min(A). (41)

Below we prove two extensions that belong to other functional classes we have
introduced in this paper.
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4.2 Composition of strongly convex function with linear map plus a linear term
for X = R"isin Q'Lf Kf(X)

Let us now consider the class of unconstrained optimization problems (P),i.e. X = R",
having the form:
[r=min f(x) =g(Ax) +c'x, (42)
xeR"?

i.e. the objective function is in the form f(x) = g(Ax) + ¢ x, where g is a smooth
and strongly convex function, A € R™*" is a nonzero general matrix and ¢ € R". We
prove in the next theorem that this type of objective function for problem (42) belongs
to the class G, fcrt

Theorem 9 Under the same assumptions as in Theorem 8 with X = R”, the objective
function of the form f(x) = g(Ax) + ¢ x belongs to the class (]Lf’,(f (X), with

constants Ly = Lg||A % and Kf = where 6(A, 0) is the Hoffman constant

O
02(A,0)’
for the optimal set X*.

Proof Since g is o,-strongly convex and with Lg-Lipschitz continuous gradient, then
by the same reasoning as in the proof of Theorem 8 we get that there exists unique
vector t* such that Ax* = #* for all x* € X*. Similarly, there exists unique scalar s*
such that ¢ x* = s* for all x* € X*. Indeed, for x}, x5 € X* we have:

f*=g" +c'xf=gt*) +c'x3,

which implies that chi" = ché‘. On the other hand, since problem (P) is uncon-
strained, for any x* € X* we have:

0=V/f@*=ATvVg(*) +ec.

which implies that ¢Tx* = —(Vg(t*))T Ax* = —(Vg(t*))Tt*. Therefore, the set of
optimal solutions X* is described in this case by the following polyhedron:

X*={x*: Ax* =1"}.
Then, there exists (A, 0) > 0 such that the Hoffman inequality holds:
lx — X[l <6(A,0)||Ax — Ax| Vx € R".

From the previous inequality and strong convexity of g, we have:

og _2 _2® _ -
mllx — X[ < ogllAx — AX||” < (Vg(Ax) — Vg(AX), Ax — AX)
= (ATVg(Ax)+ ¢ — ATVg(AX) — ¢, x — &)
= (Vf(x) = Vf(x),x —X).
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Finally, we conclude that the inequality on the variation of gradients (18) holds with

constant « = #50)‘ O

4.3 Composition of strongly convex function with linear map plus a linear term

isin fo,xf(XM)

Finally, let us now consider the class of optimization problems (P) of the form:

f* =min f(x) =g(Ax) +cTx
st.: xeX={xeR": Cx <d}, (43)

i.e. the objective function is in the form f(x) = g(Ax) + ¢! x, where g is a smooth
and strongly convex function, A € R™*" is a nonzero matrix and ¢ € R". We now
prove that the objective function of problem (43) belongs to class F Lywcs provided
that some boundedness assumption is imposed on f.

Theorem 10 Under the same assumptions as in Theorem 8, the objective function
f(x) = g(Ax) + cTx belongs to the class }—Lf»"f (Xwm) for any constant M > 0
such that Xy = {x : x € X, f(x) — f* < M}, with constants Ly = Lg||A||2

and k¢ = % , where 6(A, ¢, C) is the Hoffman constant for the
/ 62(4.¢.0)(1+Mog+2c2) ( ) fim f

polyhedral optimal set X* and ¢y = ||Vg(Ax™)||, with x* € X*.

Proof From the proof of Theorem 9 it follows that there exist unique ¢* and s* such
that the optimal set of (43) is given as follows:

X5 ={x*: Ax* =1, Tx* =5*, Cx* <d).

From Hoffman inequality we have that there exists some positive constant depending
on the matrices A, C and ¢ describing the polyhedral set X*,i.e. (A, C, ¢) > 0, such
that:

Ax —t*
lx =% <0, c,C) || ¢Tx—s* Vx e R",
[Cx —d]+

where recall that x = [x]x+. Then, for any feasible x, i.e. satisfying Cx < d, we have:
x — x| < 6%*(A, ¢, C) <||Ax — AP+ (Tx = cT)z)z) Vx € X. (44)
Since f(x) = g(Ax) + ¢! x and g is strongly convex, it follows from (7) that:
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8(Ax) — g(Ax) = (Vg(AX), Ax — AX) + %IIAX — Ax|?
T - - -, 9 =12
=(A"Vg(Ax)+c,x —Xx) —{c,x —Xx) + 7||Ax — Ax||
- - -, % -2
=(Vf(x),x —x)—(c,x —x>+7||Ax—Ax|| .
Using that (V f(x), x — x) > 0 for all x € X, and definition of f, we obtain:

fx)— f*> %HAx — Ax|® VxeX. (45)

It remains to bound (¢” x — T %)%, It is easy to notice that 9 (A, ¢, C) > 1/||c||. We
also observe that:

cIx —cTx = (Vf(E), x —X) — (Vg(AX), Ax — AX).
Since f(x) — f* > (Vf(X),x —x) > 0 for all x € X, then we obtain:
lc"x — x| < f(x) — f*+ |Vg(AD)| | Ax — Ax],

and then using inequality (o + )% < 2« + 282 and considering f(x) — f* < M,
cg = [IVg(#™)| and (45), we get:

(cx =2 <2(f () — [*)” + 2c; ]l Ax — A%

8

42
< <2M+§) (f&x) = f%) VxeX, fx)— f* <M.

Finally, we conclude that:

20%(A,c,C
e < 2R (o 122 (£ - 1) Vxe X, f@) - fr <.
O
This proves the statement of the theorem. O

Typically, for feasible descent methods we take M = f(x%) — f* in the previous
theorem, where x° is the starting point of the method. Moreover, if X is bounded,
then there exists always M such that f(x) — f* < M for all x € X. Note that the
requirement f(x) — f* < M for having a second order growth inequality (23) for f
is necessary, as shown in the following example:

Example I Let us consider problem (P) in the form (43) given by:

1,
min —xjy + x2,
x€R? 2
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which has X* = {0} and f* = 0. Clearly, there is no constant x y < oo such that the
following inequality to be valid:

K
)= 7’"||x||2 Vx > 0,

for example we can take x; = 0 and x — 400. However, for any M > 0 there
exists k (M) < oo satisfying the above inequality for all x > 0 with f(x) < M. For
example, we can take:

1 1
k(M) = min <1, M) = urM) = i for M > 1, otherwise uyr(M) = 1.

Note that for this example the Hoffman constant is 6 (A, ¢, C) = ﬁ =1.
O
In the sequel we analyze the convergence rate of several first order methods for
solving convex constrained optimization problem (P) having the objective function in
one of the functional classes introduced in this paper.

5 Linear convergence of first order methods

We show in the next sections that a broad class of first order methods, covering impor-
tant particular algorithms, such as projected gradient, fast gradient, random/cyclic
coordinate descent, extragradient descent and matrix splitting, have linear conver-
gence rates on optimization problems (P), whose objective function satisfies one of
the non-strongly convex conditions given above.

5.1 Projected gradient method (GM)

In this section we consider the projected gradient algorithm with variable step size:

Algorithm (GM)

Given x° € X for k > 1 do:

1. Compute x**! = [xk - oszf(xk)]X

where o is a step size such that o € [I:fl, L;l], with I:f >Ly.

5.1.1 Linear convergence of (GM) for qSLf,Kf

Let us show that the projected gradient method converges linearly on optimization

problems (P) whose objective functions belong to the class ¢S Lo,
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Theorem 11 Let the optimization problem (P) have the objective function belonging
totheclassqS, e Then, the sequence x* generated by the projected gradient method

(GM) with constant step size oy = 1/L y on (P) converges linearly to some optimal
point in X* with the rate:

1_ k
e — & < (i> IO = 2017, where pp=~L. (46)
1+Mf ’ Lf

Proof From Lipschitz continuity of the gradient of f given in (2) we have:

L .
FOMY < £O8 + (VR T —xK) + T‘fllx"“ —xf2 @
The optimality conditions for x**! are:
K R g V), x — XKy >0 vx e X, (48)

Taking x = x¥ in (48) and replacing the corresponding expression in (47), we get:

ar<L .

-1
Ly 1 f L
FORY < FR) + <7f - a—k)llxk“ —xk2 < ek - 7f||x’<+1 — k)2,

Further, we have:

= Ik = T2 2R T T ) —

48) B _
< IxF = 72 4 200 (VF(F), 75— xRy kT R

= ek — T2 420 (V F (65, 75— xh) 4204 (V £ (F), 1k — XA

adn _ K _

= e = #0211 - r6 - St - #)
_”xk—H . xk”2)

20

= (1 — agrc ) Ik — T2 + 20y £

— 20 ((V f ). A4 =2k +

= 2o (£ 4 V£, 6 =) )
Ly<l/ay
< O —akp)llx' = 297 + 204 f*
L 3
— 204 (&) + (VF ) =) L —2)

47
L1 = ek — T2 = 20 (F Y — ).
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Since (11) holds for the function f, then from Theorem 4 we also have that (23) holds
and therefore f (x**1) — f* > &L |x*+1 — k1|12, Combining the last inequality with
the previous one and taking into account that [|x*T1 — xk+1|| < ||xk*1 — 3K, we get:

k+1 —k+1,2 k+1 —k+12
kT — Sl )

< (1 —arp)|lx* — 37 — e |1x
or equivalently

1 — ok
ek — ghH 2 < IRk kg2, (49)
I + ok y

However, the best decrease is obtained for the constant step size ay = 1/Ly and
using the definition of the condition number =« ¢/L y, we get:
- - -
kT — k2 < Hf Ik — 242,

T ltnuy

This proves our statement. O

Based on Theorem 11 we can easily derive linear convergence for the projected
gradient algorithm (GM) in terms of the function values:

@7 Lr
Fakth < f(x">+<Vf<x"),x"+‘—x’<>+7f||x’<“—x"n2

Ly=<l/ay ) 1
< min f(x*) + (VFEE), x —xF) + — [k = x)?
xeX 20

) 1 _ 1 _
< min f(x) + =—lx* —x|? < FGE) + —IxF = 5592
xeX 20 20k
46) Ly (11— k )
<+t (—’”) I® = 51
2 \1+uy

Finally, the best convergence rate is obtained for constant step size ax = 1/L :

52 Llx® — 2012 /1 — pup\!
Faby— pr 2 Ll Z X0 ( “f) V> 1. (50)
2 I+pr

However, this rate of convergence vanishes as u ¢ — 0. For simplicity, let us assume
constant step size o = 1/L f» and then, using that (GM) is a descent method, i.e.
F(xX) — f* < f(x*=7) — f*forall j < k and iterating the main inequality from the
proof of Theorem 11, we obtain:

2
Ix* — K17 < (= =22 - (R - £
f Ly ( )

k
2 ) .
< (= pp)a® — )% - I, D= (FE*) = %)
J i=0
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k
2 .
<A —pupM® =502 — = (65 = )Y =g
) 2 P

Finally, we get linear convergence in terms of the function values:

Lyllx® — % Iy
2 (I—pup)*—1

0”2

fef - < (51)

Since (1 + a@)f — 1 + ak as o — 0, then we see that:

_m
(= pp)F=1

< as uy— 0.

1
k
Thus, from (51), as i £ — 0, we recover the classical sublinear rate of convergence
for (GM) when the objective function is only L s-smooth:

Lo lx® — 5012
_ Lyl [

GO o as s — 0.

5.1.2 Linear convergence of (GM) for ]:Lf,”
We now show that the projected gradient method converges linearly on optimization
problems (P) whose objective functions belong to the class F Loy

Theorem 12 Let optimization problem (P) have objective function belonging to the
class F Ly Then, the sequence x* generated by the projected gradient method (GM)
with constant step size ay = 1/L y on (P) converges linearly to some optimal point in
X* with the rate:

k
e — &4)% < ( > 1x° — 012, where ;==L (52)

I+ py Ly

Proof Using similar arguments as in the previous Theorem 11, we have:

”xk+1 —x||2 — ||xk —x||2 + 2(xk _x’karl _ xk) + ||xk+l _ xk||2
= [l =P 20— )
& ok 2 k k1 k+1 _ ky2
< IF =l 4 20 (V£ R e = o) — a1

L
< Ik =2 = 200 (V£ (), 24 — ) Lt — 2

1 Ly o k41 k 2)
+(20lk > )lx x|

= xF — x| + (L pay — DxFH — XK
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— 2 (<Vf(xk), X —x)+(V f(xF), K —xk>+% [l —x"nz)

@7
< IxF = X2 4 (L pag — DT — XK)2

+ 200 (f (%) — fOR)) + 2 (F (5 = FkTLY)

Olkflfl

<" I = = 2 (SR — F()) Vx e X,

Taking now in the previous relations x = x¥, using [[x*T! — X¥+1|| < ||xk+1 — %%
and the quadratic functional growth of f (23), we get:

23
k+1 k412 Kk =ky2
[ — T < I =

k+1 —k+12
— i poy|lxM T — FEHY

or equivalently

I — R < ——— ek - 2 (53)
I +kpog
However, the best decrease is obtained for the constant step size ax = 1/Ly and

using the definition of the condition number =« /Ly, we get:

k1 _ k12
[l = 2 <

< It =3
I+

llx

Thus, we have obtained the linear convergence rate for (GM) with constant step size
ay = 1/L y from the theorem. |

Using similar arguments as for (50) and combining with (53) we can also derive
linear convergence of (GM) in terms of the function values:

53
R e N i (%) Ikt — 12,
o (075 Kfog

and the best convergence rate is obtained for constant step size oy = 1/L y:

(52) L¢||x° — x0)2 1 \M!
ky - pr 0 2 Vk > 1. 54
fGH) —f7 < 2 <1+Mf> > (54)

However, this rate of convergence vanishes as ;ty — 0. We can interpolate between
the right hand side terms in (4) and (54) to obtain convergence rates in terms of function
values of the form:

t =2 0_ =02
o Lpllx =X Lyllx” — X7 1

ky _ px -0k —
f&H—f*< W—n = 2= axay Vi=0:k—1,
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or equivalently
L =X 1

min .
2 1=0k—1 (1 + pp)(k —1)

FOeR - <

Thus, we recover again the classical sublinear rate of convergence for (GM) as u r —
0, when the objective function is only L -smooth. Finally, in the next theorem we
establish necessary and sufficient conditions for linear convergence of the gradient
method (GM).

Theorem 13 On the class of optimization problems (P) the sequence generated by the
gradient method (GM) with constant step size is converging linearly to some optimal
point in X* if and only if the objective function f satisfies the quadratic functional

growth (23), i.e f belongs to the functional class F; g

Proof The fact that linear convergence of the gradient method implies f satisfying
the second order growth property (23) follows from Theorem 5. The other implication
follows from Theorem 12, Eq. (53). O

5.2 Fast gradient method (FGM)

In this section we consider the following fast gradient algorithm, which is a version
of Nesterov’s optimal gradient method [3]:

Algorithm (FGM)
Given x0 = y0 € X, fork > 1do:

1. Compute x¥*! = [yk - L%.Vf(yk)]x and
2. Y = kg (k- k)

for appropriate choice of the parameter gy > O for all £ > 0.

5.2.1 Linear convergence of (FGM) for qSL Kp

When the objective function f € ¢S,
the parameter fy:

ks (X) we take the following expression for

N Vk > 0.
VL7 + k7

First of all we can easily observe thatif f € ¢S Liws (X), then the gradient mapping
g(x) satisfies the following inequality:

Bk =

= FO) + (g(x), X —x) + LIIg(x)II2 + 1 2l = qn,0, Gox) (55)
- ’ 2Ly 2 PR
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forall x € R” (recall that x = [x]x+ andx™ = [x — 1/L ¢V f(x)]x). The convergence
proof follows similar steps as in [3] [Section 2.2.4].

Lemma 1 Let optimization problem (P) have the objective function f belonging to

the class qS; . and an arbitrary sequence {yk}kzo satisfying 3¢ = [yF]x= = y*
for all k > 0. Define an initial function:

Yo
Po(x) = g + - llx - W2, where yo=xyp, 0=y and ¢ = £(3°),

and a sequence {oy k>0 satisfying o € (0, 1). Then, the following two sequences,
iteratively defined as:

M1 = (I —ap)hg, with Ao =1,
Gr+1(x) = (1 — o) P (x)

+ak<f<x"“>+ g P +H(g(v5), x—yF)+ %nx—y"nz), (56)

where x = y0 and x**+! = [y - Lf VIl )] satisfy the following property:

ok (Y") < (1 =2 f* + hego(y™) Yk = 0. (57
Proof We prove this statement by induction. Since Ao = 1, we observe that:
Go(y*) = (1 = 20) f* + Xogo(y").
Assume that the following inequality is valid:
ok (y") < (L= M) f* + Ao (Y"), (58)

then we have:

D1 () = ¢t 51 = (1 — ) 5°) + oaqr e, G )

(55) -k *
< (A =a)e (V) +ar f

= (1= (1= amel £+ (1 =) (G5 = (1 = 0 f*)

F*=y"+(58)
< (= XD ¥+ Aig100(™).

which proves our statement. O
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Lemma 2 Under the same assumptions as in Lemma 1 and assuming also that the

sequence {xi}k>0, defined as x0 = y0 and x**1 = [yk — L%_Vf(yk)]x, satisfies:

&Y < ¢f = min ¢ (x) VK >0, (59)
xeR"
then we obtain the following convergence:
0
PO = 17 <o (P60 = 75+ T =50). (60)
Proof Indeed we have:

FOo - <op— = min ¢ (x) = 7 < ge(y") = f*

(&2)) N " % * *
< (=2 "+ Moy — 5 =M (G0 () — fF),

which proves the statement of the lemma. O

Theorem 14 Under the same assumptions as in Lemma 1, the sequence x* generated

by fast gradient method (FGM) with constant parameter By, = (\/Ly— . /k7)/(/L s+
/K ) converges linearly in terms of function values with the rate:

FeRy = = (U= i)t 2 (F60 = f7) where iy = Z—; (61)

provided that all iterates y* produce the same projection® onto optimal set X*.

Proof Let us consider x° = y? = 1% € X. Further, for the sequence of functions

¢x (x) as defined in (56) take ax = /7 € (0, 1) forallk > O and denote =, /7.
First, we need to show that the method (FGM) defined above generates a sequence x*
satisfying ¢; > f (x*). Assuming that ¢ (x) has the following two properties:

S (x) = ¢ + %fux — 2 and ¢f > £,

where ¢ = minycrn ¢ (x) and vk = arg min, cr» ¢ (x), then we will show that
Pk+1(x) has similar properties. First of all, from the definition of ¢y41(x), we get:

Virr1(x) = (1 — @iy +aky) Iy = k51,

i.e. ¢r+1(x) is also a quadratic function of the same form as ¢ (x):

K
Dri1 (X) = B4y + 7f||x — o2,

2 See Remark 1 below for an example satisfying this condition.

@ Springer



Linear convergence of first order methods for non-strongly...

where the expression of Vit = arg miny crr Px1(x) is obtained from the equation
Vr+1(x) = 0, which leads to:

k+1 =L
Kf

v ((1 — oz)/cka + oucfyk - ozg(yk)> .

Evaluating ¢ in y* leads to:
K K
O + LIt =P = =) (4 + L= A1?)

krly , L k 2)
+Ot(f(x )+2Lfllg(y)|| -

On the other hand, we have:
1
= = (1= a0 = 39 — ag(h).
Kf

If we substitute this expression above, we obtain:
o o?
$ir = (L= ¢} +af & + (E - E) lg 1%
+a(l =) (FF = I+ (g0 0 = )h).

Using the main property of the gradient mapping (30), valid for functions with Lips-
chitz continuous gradient, we have:

1
or > 5 = FOE + (g5, X = yF) + Eng(y’%nz.

Substituting this inequality in the previous one we get:

2

1
B = f(xk+1>+(m—%) g+ (1 —a) (g (7). a @k —yh) 2k — h).

. 2
Since @ = , /it 7, then % — 2an = 0. Moreover, we have the freedom to choose yk s

which is obtained from the condition a(vk — yk) 4+ xk = yk =0:

1
k k k
= + .
y 1 (O[U X )

Then, we can conclude that qb,’g = f (ka). Moreover, replacing the expression

of y* in v¥*! leads to the conclusion that we can eliminate the sequence v* since it

can be expressed as: vFt!1 = xk + é()ck‘Irl — x¥). Then, we find that y**! has the
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expression as in our scheme (FGM) above with gy = (/L — . /k7)/(\/Ly + Jk7).
U_sing, now Lemmas 1 and 2 we get the convergence rate from (61) (we also use that
F a0 =302 < O = ). =

Remark 1 For unconstrained problem min,crr g(Ax), the gradient in some point y is
given by AT Vg(Ay) € Range(AT). Then, the method (FGM) generates in this case
a sequence y* of the form:

ykzyo—i—AT k. FeR" Vk>0.

Moreover, for this problem the optimal set X* = {x : Ax = t*} and the projection
onto this affine subspace is given by:

[-]xs = (1,, — AT(AAT)’IA) )+ ATAAT) 1",

In conclusion, all vectors y* generated by algorithm (FGM) produce the same projec-
tion onto the optimal set X*:

g =y0 —ATAAT) 1Ay + AT (AAT) 1 vk >0,
i.e. the assumptions of Theorem 14 are valid for this optimization problem. O

Note that the fast gradient method (FGM) requires knowledge of the condition
number, in particular « r. However, a search procedure for « s can be implemented
here as in the paper [18]. We skip the details of the complexity analysis of such
strategy and refer to [18] [Section 5.3] for a detailed analysis.

5.2.2 Linear convergence of restart (FGM) for F Lyucs

It is known that for the convex optimization problem (P), whose objective function f

has Lipschitz continuous gradient, and for the choice:
1+ ,/1+ 46}

2 ’

a1

Br =

, with 6; =1 and 9k+1 =
Ok+1

the algorithm (FGM) has the following convergence rate [3,19]:

2L ||x0 — %92

H—fr< Vk > 0. 62
F&h =7 = = > (62)
We will show next that on the optimization problem (P) whose objective function
satisfies additionally the quadratic functional growth (23),i.e. f € F Lyspd restarting
version of algorithm (FGM) with the above choice of 8 has linear convergence without

the assumption % = y* for all k > 0. Restarting variants of (FGM) have been also
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considered in other contexts, see e.g. [19]. By fixing a positive constant ¢ € (0, 1)
and then combining (62) and (23), we get:

4L
fahy =< b ! 7 (FQ) = ) <e(f &) = ).

it A [x0 — -
2

k+1) K p(k +

which leads to the following expression:

4L
c= =L
K pk?

Then, for fixed c, the number of iterations K. that we need to perform in order to
obtain f(xKe) — f* < c(f(x%) — f*) is given by:

()

Therefore, after each K. steps of Algorithm (FGM) we restart it obtaining the following
scheme:

Algorithm (R-FGM)

0 0,0
=Yy

Given x% = x" € X and restart interval K. For j > 0 do:

1. Run Algorithm (FGM) for K. iterations to get xX¢:/
2. Restart: x07 1 = xKeod | y0.J+1 = xKeod apd 6y = 1.

Then, after p restarts of Algorithm (R-FGM) we obtain the linear convergence:

—1 z0,p—1,2
|

FQOP) = = fakerTh — f* < TR
<c(fEMP T — My < <P (FEOY = ) =P (F ) = ).

Thus, total number of iterations is k = p K. and denote x* = x9P_ Then, we have:

e = 7= () (ra) - ).

We want to optimize e.g. the number of iteration K:

a 1 1 4
L 1 in — log —— .
I’III{ICIIC <~ HII(Ipn K. oge < III?LH K. Og,ung
which leads to
2
K=  and c=e2
NI
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In conclusion, we get the following convergence rate for (R-FGM) method:
k * —Zﬂ ¢ 0 * —ﬂ ¢ 0 *
JEH —fF=sle % ) (fO)—[f)=|e = (f(x7) =, (63)

NI

and since e* ~ 1 + « as o ~ 0, then for - 0 we get:
N k -\ k
fah = < (e ef> (fG&) = )~ (1 - @) (FG&0) = £5). (64)

Note that if the optimal value f* is known in advance, then we just need to restart
algorithm (R-FGM) at the iteration K. < K} when the following condition holds:

Faked)y = fr < o(f () = ),
which can be practically verified. Using the second order growth property (23) we can
also obtain easily linear convergence of the generated sequence x* to some optimal
point in X*.
5.3 Feasible descent methods (FDM)

We now consider a more general descent version of Algorithm (GM) where the gra-
dients are perturbed:

Algorithm (FDM)
Given x" € X and 8, L > 0 for k > 0 do:

Compute x¥+1 = [xk — VIR + ek]x
such that
ekl < BlIx*! —xk|| and  fOAH) < R = Skt — XK 12,

where the stepsize oy is chosen such that oy > I:;l > ( for all k. It has been showed in
[9,11] that algorithm (FDM) covers important particular schemes: e.g. proximal point
minimization, random/cyclic coordinate descent, extragradient descent and matrix
splitting methods are all feasible descent methods. Moreover, linear convergence of
algorithm (FDM) under the error bound assumption (32), i.e. f € &, e is proved
e.g.in [9,11]. Note that if the error bound condition (32) holds for a constant « 7, then
according to Theorem 6 we also have that the quadratic functional growth condition
(23) is valid with a constant (’)(KJ%). In [10,11] it has been proved that for the class
of functions (43) the error bound constant « y depends on the Hoffman constant 6
askp = O(1/ 6?), and thus the quadratic functional growth constant depends on the
Hoffman constant 6 as C’)(/c]%) =0 /94) (recall that the Hoffman constant 6 can be
very large, see the discussion from Sect. 4). Therefore, in the next theorem we prove
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that the feasible descent method (FDM) converges linearly in terms of function values
on optimization problems (P) whose objective functions belong to the class F Ly
with better rates in terms of the Hoffman constant.

Theorem 15 Let the optimization problem (P) have the objective function belonging
to the class F Loy Then, the sequence xi generated by the feasible descent method

(FDM) on (P) converges linearly in terms of function values with the rate:

k

1
CORN M o (&= . (65)

I+ ALy+Ls+BLy)?

Proof The optimality conditions for computing x**1 are:

K kR VEah — b x —xFy >0 vx e X. (66)
Then, using convexity of f and Cauchy—Schwarz inequality, we get:

f(xk+1) _ f()EkH) < (Vf(xk+l)’ xk+1 _ .fk+1)
(1+(66

) _ 1 _
VL kT Rk R gk k gk gk kel
077

< (L + LIkt — xk bt — 240 Lpllek |t — 244
< (Ly+ Ly + LI — It — 2.

Since f € F Ly then it satisfies the second order growth property, i.e. f(x*T1) —

FEAD > Kf ||)ck‘"l K412, and using it in the previous derivations we obtain:

2(Ls+ L+ BL¢)>?
f Kff f ”xk-l—l _ xk”Z.

f k+1) f( k-‘rl) <

(67)

Combining (67) with the descent property of the algorithm (FDM), i.e. kT —xk|12 <

2 (f&5) = fED), we get:

4(Ls+ L+ BLy)?

FOER — pEEh <
LKf

(fefy = reh),

which leads to

1

FORD = @) < e (r&H - ).

I+ A(Ly+Ly+PLy)?

Using an inductive argument we get the statement of the theorem. O
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Note that, once we have obtained linear convergence in terms of function values for
the algorithm (FDM), we can also obtain linear convergence of the generated sequence
x¥ to some optimal point in X* by using the second order growth property (23).

5.4 Discussion

From previous sections we can conclude that for some classes of problems improved
linear convergence rates are obtained as compared to existing results.

For example, in the recent paper [12] the authors show that the objective function of
the convex unconstrained problem min,er» g(Ax), with g strongly convex function
having Lipschitz continuous gradient, satisfies a particular version of our more general
quadratic gradient growth inequality (18). However, in this paper we prove that the
objective function of this particular class of optimization problems belongs to a more
restricted functional class, namely qSLf’Kf (X), i.e. it satisfies (11). Thus, for this
class of problems we provide better linear rates for the gradient method as compared
to [12]. More precisely, on the functional class ¢S Loy (X), for the gradient method
we derived in Theorem 11 linear convergence rate of order (1 — u /A A+ wp),
while [12] proved linear convergence rate of order 1 — u ¢. Similarly, in [9-11,14]
the authors prove that the objective function of the convex problem mincy<q g(Ax),
with g strongly convex function having Lipschitz continuous gradient, satisfies an error
bound type condition (32) and derive convergence rates for (proximal) gradient and/or
coordinate descent methods of order 1/(1+ u r), which are worse than our linear rates
(I = r)/(1+ py) derived for the same class (see Theorem 11). Finally, in [9,11] the
objective function of the constrained problem minc, <4 g(Ax) + ¢’ x, with g strongly
convex function having Lipschitz continuous gradient, is shown to also satisfy an error
bound condition of the form (32) on any compact set and the convergence analysis
of the gradient method follows usually from the one given for the feasible descent
method. However, this approach provides worse convergence estimates. For example,
for the choices oy = 1/L ¢, B =0and L = Ly we recover from the feasible descent
method the gradient scheme, but the linear convergence from (54), given by ﬁ, is

better than the one obtained in Theorem 15, given by m.

Finally,, from our best knowledge, this paper proves for the first time linear con-
vergence of order 1 — /i1y of the usual fast gradient method on the class of convex
problems mincy<4 g(Ax), provided that some projection property holds, while for
example [12] derives a worse rate of convergence and for a restarting variant of the
fast gradient method. Other papers analyzing error bound type conditions, such as
[2,9-11,13-15], derive convergence rates only for feasible descent type methods and
do not provide any convergence rates for the fast gradient type algorithms.

6 Applications

In this section we present several applications having the objective function in one of
the structured functional classes of Sect. 4.
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6.1 Solution of linear systems

It is well known that finding a solution of a symmetric linear system Qx + g = 0,
where Q > 0 (notation for positive semi-definite matrix), is equivalent to solving a
convex quadratic program (QP):

: _ 17 T
;Ielllé%f(x) (_ 2x Ox+gq x).

Let O = LELQ be the Cholesky decomposition of Q. For simplicity, let us assume
that our symmetric linear system has a solution, e.g. x;, then ¢ is in the range of Q,
ie.qg = —0x5 = —LELQxS. Therefore, if we define the strongly convex function
g(z) = %||z||2 — (Lst)Tz, having L, = 0, = 1, then our objective function is the
composition of g with the linear map L gx:

1
FO0) = SILoxI? = (LoLoxo) x = g(Lox).

Thus, our convex quadratic problem is in the form of unconstrained structured opti-
mization problem (39) and from Sect. 4 we conclude that the objective function of
this QP is in the class ‘ISL,» “r with:

_ )\min(Q) _ 1

Ly = tmx(Q) and kp =0y, (Lo)=Imin(Q) = py=7 (Q)  cond(Q)’

where Anin(Q) denotes the smallest non-zero eigenvalue of Q and Apmax(Q) is the
largest eigenvalue of Q. Since we assume that our symmetric linear system has a
solution, i.e. f* = 0, from Theorem 14 and Remark 1 we conclude that when solving
this convex QP with the algorithm (FGM) we get the convergence rate in terms of

function values:
" k
k N . 0
f(x)s(l ‘/Cond(Q)) 27 (xY)

or in terms of residual (gradient) or distance to the solution:

217
10x* +q1* = IV FEIP < LIk — 52 < K—ff (f(x") - f*)

k
1 . . L oorp0, 7.0
= (1 —cond(Q)) Amax (Q) - cond(Q) (Z(X ) Ox" +q x ) .

Therefore, the usual (FGM) algorithm without restart attains an e-optimal solution in
anumber of iterations of order «/cond(Q) log % i.e. the condition number cond(Q) of
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the matrix Q is square rooted. From our knowledge, this is one of the first results show-
ing linear convergence depending on the square root of the condition number for the
fast gradient method on solving a symmetric linear system with positive semi-definite
matrix Q > 0. Note that the linear conjugate gradient method can also attain an €-
optimal solution in much fewer than n steps, i.e. the same /cond(Q) log é iterations
[20]. Usually, in the literature the condition number appears linearly in the conver-
gence rate of first order methods for solving linear systems with positive semi-definite
matrices. For example, the coordinate descent method from [1] requires cond(Q) log %
iterations for obtaining an e-optimal solution.

Our results can be extended for solving general linear systems Ax + b = 0, where
A € R™*" 1In this case we can formulate the equivalent unconstrained optimization
problem:

min || Ax + b|?,
xeR?

which is a particular case of (39) and from Sect. 4 we can also conclude that the
objective function of this QP is in the class ¢Si ; , with:

2
Opin(A)
Ly= al%lax(A) and Kfzar%ﬁn(A) = Uf=- r;ln )
Onax (A)

where omin(A) denotes the smallest non-zero singular value of A and omax(A) is
the largest singular value of A. In this case the usual (FGM) algorithm attains and
€-optimal solution in a number of iterations of order % log %

6.2 Dual of linearly constrained convex problems

Let us consider the following linearly constrained convex problem:
min g (u)
u
st.: c—ATu e K=R" x R

Then, the dual of this optimization problem can be written in the form of structured
problem (43), where g is the convex conjugate of g. From duality theory we know that
g is strongly convex and with Lipschitz gradient, provided that g is strongly convex and
with Lipschitz gradient. Thus, the requirements of Theorem 10 hold for this problem
when g is smooth strongly convex function. Therefore, the convergence rates derived
in this paper for the first order methods on optimization problems whose objective
function belongs to the functional class 7,  are valid when solving the dual of the
linearly constrained convex problem defined above.

6.3 Lasso problem

Consider the following optimization problem:

min A ,
Jmin | fG0) + 2l
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where A > 0 and f has the special structure f(x) = g(Ax) + cT'x, where A is
some data matrix, ¢ is a vector and g is a smooth strongly convex function. It is
easy to see that if we double the dimension of x using the new decision variable

4T_ 717, we can replace the 1-norm term A | x||; with AclTx+ + kclTx_, where
c1 is the vector with all entries 1, and impose the additional polyhedral constraints
X4, X~ > 0. Then, the new reformulation of the Lasso problem, using the decision
variable X = [xJTr xT17 is a particular case of the structured optimization problem
(43). Moreover, the requirements of Theorem 10 hold provided that g is a smooth
strongly convex function. In conclusion, the convergence rates derived in this paper
for the first order methods on optimization problems whose objective function belongs
to the functional class F Ly aT€ valid when solving the new reformulation of the
Lasso problem.

6.4 Linear programming
Finding a primal-dual solution of a linear cone program can also be written in the form

of a structured optimization problem (39). Indeed, let ¢ € RY. b e R" and K C RN
be a closed convex cone, then we define the linear cone programming:

min (c,u) st Eu=0b, uek, (68)
u
and its associated dual problem

min (b,v) st Elv+s=c, sekK*, (69)
v,§

where KC* denotes the dual cone. We assume that the pair of cone programming (68)—
(69) have optimal solutions and their associated duality gap is zero. Therefore, a primal-
dual solution of (68)—(69) can be found by solving the following convex feasibility
problem:

ET =, E = bs ’ = bv
find (u, v, s) such that vhs=c “ {e.uy = {b.v) (70)
uek, sek* veR™,

or, in a more compact formulation:

Ax =d
find x such that { .
x € K,
u 0o ET I, c
wherex = |v|, A=|E 0 0|, d=1|b|,K=KxR" x K*. The
s ¢ —pT 0 0

authors in [21] proposed solving conic optimization problems given in the previous
form using ADMM. In this paper we propose solving a Linear Program using the

@ Springer



I. Necoara et al.

first order methods presented above. A simple reformulation of this constrained linear
system as an optimization problem is:

min |[Ax — d|>. (71)
xeK

Denote the dimension of the variable x asn = 2N +m. Letus note that the optimization
problem (71) is a particular case of (39) with objective function of the form f(x) =
g(Ax), with g(-) = || - —d||*>. Moreover, the conditions of Theorem 8 hold provided
that IC = Rﬁ . We conclude that we can always solve a linear program in linear time
using the first order methods described in the present paper.

7 Conclusions

In this paper, we have derived linear convergence rates of several first order methods for
solving smooth non-strongly convex constrained problems, i.e. involving an objective
function satisfying some relaxed strong convexity condition. Our paper opens a large
stream of new questions. For example, we have derived linear convergence rate of the
fast gradient method for quasi-strongly-convex objectives, provided that the auxiliary
iterates produce the same projection onto the optimal set. Although we present an
example satisfying this condition, it will be interesting to investigate if alternative
extrapolation schemes allow to lift this condition for constrained optimization prob-
lems. Moreover, we have proved that the class of functions satisfying the quadratic
functional growth is the largest one for which gradient method is converging linearly. It
will be interesting to determine also the largest class of functions for which fast gradient
methods enjoy a (near-optimal) linear convergence rate. It is also worth to investigate
the complexity bounds obtained when wrapping linearly-convergent algorithms under
the proposed conditions in an outer-loop using a generic acceleration scheme such
as Catalyst [22]. This would allow to extend to non-strongly convex settings a wide
range of incremental optimization algorithms designed for large finite-sum problems
arising in machine learning and statistics.
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