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Abstract The forward-backward splitting method (FBS) for minimizing a nons-
mooth composite function can be interpreted as a (variable-metric) gradient method
over a continuously differentiable function which we call forward-backward enve-
lope (FBE). This allows to extend algorithms for smooth unconstrained optimization
and apply them to nonsmooth (possibly constrained) problems. Since the FBE and its
gradient can be computed by simply evaluating forward-backward steps, the resulting
methods rely on the very same black-box oracle as FBS. We propose an algorithmic
scheme that enjoys the same global convergence properties of FBS when the prob-
lem is convex, or when the objective function possesses the Kurdyka-Fojasiewicz
property at its critical points. Moreover, when using quasi-Newton directions the
proposed method achieves superlinear convergence provided that usual second-order
sufficiency conditions on the FBE hold at the limit point of the generated sequence.
Such conditions translate into milder requirements on the original function involving
generalized second-order differentiability. We show that BFGS fits our framework
and that the limited-memory variant L-BFGS is well suited for large-scale prob-
lems, greatly outperforming FBS or its accelerated version in practice, as well as
ADMM and other problem-specific solvers. The analysis of superlinear convergence
is based on an extension of the Dennis and Moré theorem for the proposed algorith-
mic scheme.
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1 Introduction
In this paper we focus on nonsmooth optimization problems over IR” of the form

minimize @(x) = f(x)+ g(x), (1.1
x€R"
where f is a smooth (possibly nonconvex) function, while g is a proper, closed, con-
vex (possibly nonsmooth) function with cheaply computable proximal mapping [1].
Problems of this form appear in several application fields such as control, system
identification, signal and image processing, machine learning and statistics.

Perhaps the most well known algorithm to solve problem (1.1) is the forward-
backward splitting (FBS), also known as proximal gradient method [2, 3], which
generalizes the classical gradient method to problems involving an additional non-
smooth term. Convergence of the iterates of FBS to a critical point of problem (1.1)
has been shown, in the general nonconvex case, for functions ¢ having the Kurdyka-
Lojasiewicz property [4—7]. This assumption was used to prove convergence of many
other algorithms [7-11]. The global convergence rate of FBS is known to be sublin-
ear of order O(1/k) in the convex case, where k is the iteration count, and can be
improved to O(1/k?) with techniques based on the work of Nesterov [12—15]. There-
fore, FBS is usually efficient for computing solutions with small to medium precision
only and, just like all first order methods, suffers from ill-conditioning of the problem
at hand. A remedy to this is to add second-order information in the computation of the
forward and backward steps, so to better scale the problem and achieve superlinear
asymptotic convergence. As proposed by several authors [16—18], this can be done
by computing the gradient steps and proximal steps according to the Q-norm rather
than the Euclidean norm, where Q is the Hessian of f or some approximation to it.
This approach has the severe limitation that, unless Q has a very particular structure,
the backward step becomes now very hard and requires an inner iterative procedure
to be computed.

In the present paper we follow a different approach. We define a function, which
we call forward-backward envelope (FBE) that serves as a real-valued, continuously
differentiable, exact penalty function for the original problem. Furthermore, forward-
backward splitting is shown to be equivalent to a (variable-metric) gradient method
applied to the problem of minimizing the FBE. The value and gradient of the FBE
can be computed solely based on the evaluation of a forward-backward step at the
point of interest. For these reasons, the FBE works as a surrogate of the Moreau en-
velope [1] for composite problems of the form (1.1). Most importantly, this opens up
the possibility of using well known smooth unconstrained optimization algorithms,
with faster asymptotic convergence properties than the gradient method, to minimize
the FBE and thus solve (1.1), which is nonsmooth and possibly constrained. This ap-
proach was first explored in [19], where two Newton-type methods were proposed,
and combines and extends ideas stemming from the literature on merit functions for
variational inequalities (VIs) and complementarity problems (CPs), specifically the
reformulation of a VI as a constrained continuously differentiable optimization prob-
lem via the regularized gap function [20] and as an unconstrained continuously differ-
entiable optimization problem via the D-gap function [21] (see [22, §10] for a survey
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and [23,24] for applications to constrained optimization and model predictive control
of dynamical systems).

Then we propose an algorithmic scheme, based on line-search methods, to mini-
mize the FBE. In particular, when descent steps are taken along quasi-Newton direc-
tions, superlinear convergence can be achieved when usual nonsingularity assump-
tions hold at the limit point of the sequence of iterates. The asymptotic analysis is
based on an analogous of the Dennis and Moré theorem [25] for the proposed algo-
rithmic scheme, and the BFGS quasi-Newton method is shown to fit this framework.
Its limited memory variant L-BFGS, which is suited for large scale problems, is also
analyzed. At the same time, we show that our algorithm enjoys the same global con-
vergence properties of FBS under the same assumptions on the original function ¢,
despite our method operates on the FBE. Unlike the approaches of [16—18], our al-
gorithm does not require the solution to any inner problem.

The contributions of this work can be summarized as follows:

— We give an interpretation of forward-backward splitting as a (variable-metric)
gradient method over a C' function, the forward-backward envelope (FBE). We
analyze the fundamental properties of the FBE, including second-order properties
around the solutions to (1.1) under mild assumptions on g.

— We propose an algorithmic scheme for solving problem (1.1) based on line-
search methods applied to the problem of minimizing the FBE, and prove that
it converges globally to a critical point when ¢ is convex or has the Kurdyka-
Lojasiewicz property. This is a crucial feature of our approach: in fact, the FBE is
nonconvex in general, and there exist examples showing how classical line-search
methods need not converge to critical points for nonconvex functions [26-29].
When ¢ is convex, in addition, global sublinear convergence of order O(1/k) (in
the objective value) is proved.

— We show that when the directions of choice satisfy the Dennis-Moré condition
the method converges superlinearly, under appropriate assumptions, and illustrate
when this is the case for BFGS. The resulting algorithm has the same global
convergence properties as FBS but, despite relying on the same black-box oracle,
converges much faster in practice.

The paper is organized as follows. Section 2 introduces the forward-backward
envelope function and illustrates its properties. In Section 3 we propose our algo-
rithmic scheme and prove its global convergence properties. Linear convergence is
also discussed. Section 4 is devoted to the asymptotic convergence analysis in the
particular case where quasi-Newton directions are used, specializing the results to
the case of BFGS. Limited-memory directions are also discussed. Finally, Section 5
illustrates numerical results obtained with the proposed method. Some of the proofs
are deferred to the Appendix for the sake of readability and, for the reader’s con-
venience, Appendix A will list some definitions and known results on generalized
differentiability which are needed in the analysis.
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1.1 Notation and background

Throughout the paper, (-, -) is an inner product over IR" and || - ||= +/(-, ) is
the induced norm. The set of continuously differentiable functions on IR" having L-
Lipschitz continuous gradient (also refferred to as L-smooth) is denoted by C i’l (R").
We denote the extended real line as IR = IRU {+oo}. The set of proper, closed, convex
functions from IR” with values in IR is referred to as ['y(IR"). Given a function / on
IR”", the subdifferential dh(x) of h at x is considered in the sense of [30, Def. 8.3],
that is

Ih(x) = {v ER" |3 (e, (F € IR e s.t. X — x, vk — v}
where
oh(x) = {v € R" | h(z) > h(x) + (v,z—x) +o(||z—x]),Vz € R"}.

This includes the ordinary gradient in the case of continuously differentiable func-
tions, while for g € I'(IR") it is equivalent to

dg(x) = {v e R"[g(y) = g(x) + (v,y —x), forall y € IR"}.
We denote the set of critical points associated with problem (1.1) as
zerdp={xcR"|0€dp(x)} = {xeR"| —Vf(x) €dg(x)}.

The second equality is due to [30, Ex. 8.8]. A necessary condition for a point x to
be a local minimizer for (1.1) is that x € zerd¢ [30, Thm. 10.1]. If @ is convex (for
example when f is convex) then the condition is also sufficient, and x is a global
minimizer.

Given g € I'o(IR"), its proximal mapping is defined by

Proxy,(x) = argmin{g(u)—i—%/\\u—tz}, (1.2)
uclR”

cf. [1]. The proximal mapping is a generalized projection, in the sense that if g = d¢

is the indicator function of a nonempty closed convex set C C IR”, i.e., g(x) = 0 for

x € C and oo otherwise, then prox,, = Ilc is the projection on C for any y > 0. The

value function of the optimization problem (1.2) defining the proximal mapping is

called the Moreau envelope and is denoted by g7, i.e.,

¢7(x) = min {g(u) +  Ju—x}. (13)

Properties of the Moreau envelope and the proximal mapping are well documented
in the literature [3,30-32]. For example, the proximal mapping is single-valued, con-
tinuous and nonexpansive (Lipschitz continuous with Lipschitz constant 1) and the
envelope function g7 is convex, continuously differentiable, with gradient

V¥ (x) =y (x = prox,, (x)), (1.4)

which is y~!-Lipschitz continuous [31, Prop. 12.29].



Forward-backward quasi-Newton methods for nonsmooth optimization problems 5

We will consider cases where g is twice epi-differentiable [30, Def. 13.6], and
indicate with d?g(x|v) the second-order epi-derivative of g at x for v.

For a mapping F : IR” — IR™ we will indicate by DF (x) and JF (x), respectively,
its semiderivative and Jacobian at x, when these exist. The directional derivative of F'
at x along a direction d will then be denoted as DF (x)[d] if F is semidifferentiable
at x, and as JF (x)[d] = JF (x)d if F is differentiable at x. For the basic notions about
semidifferentiability, and its link with ordinary differentiability, we refer the reader
to Appendix A and the references therein.

We will talk about the linear and superlinear convergence of the proposed algo-
rithm according to the following definition (see also [33, Def. 2.3.1] and discussion
thereafter).

Definition 1.1. We say that (x*)en converges to x,
(i) Q-linearly with factor ® € [0,1) if |xX**! —x,||< @||x* —x,|| for all k > 0;
(ii) Q-superlinearly if |xX**1 —x,||/||x* — x,||—= 0.

The convergence rate is R-linear (respectively, R-superlinear) if |x* — x, || < a for all
k > 0 and a sequence (ak)kE]N such that a; — 0 with Q-linear (Q-superlinear) rate.

1.2 The forward-backward splitting

In the rest of the paper we will work under the following
Assumption 1. ¢ = f+ g with f € Ci’/l (IR") for some Ly >0 and g € T'o(IR").
If f satisfies Assumption 1 then [34, Prop. A.24]

FO) < £+ (V)Y —x) + Ly — x| (1.5)

Given an initial point x and y > 0, forward-backward splitting (also known as proxi-
mal gradient method) seeks solutions to the problem (1.1) by means of the following
iterations:

A = prox,, (& — YV £(x)). (1.6)

Under Assumption 1 the generated sequence (x*);cqy satisfies [15, eq. (2.13)]
P — () < - L P

If y€ (0,2/Lf) and @ is lower bounded, it can be easily inferred that any cluster
point x is stationary for @, in the sense that it satisfies the necessary condition for
optimality x € zerd¢. The existence of cluster points is ensured if (x*)rcy remains
bounded; due to the monotonic behavior of (¢ (x*))sen for 7 in the given range,
this condition in turn is guaranteed if ¢ and the initial point x° satisfy the following
requirement, which is a standard assumption for nonconvex problems (see e.g. [15]).

Assumption 2. The level set {x € R" | ¢(x) < ¢(x°)}, which for conciseness we
shall denote {(p < (p(xO)}, is bounded. In particular, there exists R > 0 such that
[x—z|| <R forallx € {¢ < ¢(x°)} and z € argmin .
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The existence of such a uniform radius R is due to boundedness of argmin ¢,
which in turn follows from the assumed boundedness of {(p <o }

Example 1.2. To see that argmin ¢ # 0 is not enough for preventing the generation

of unbounded sequences, consider ¢ = f + g : IR — IR where

exp(x)—1 ifx<O0,
g= 8wy and f(x)z{ p(z)

X—x if x> 0.

Assumption 1 is satisfied with Ly =2 and argmin ¢ = {2}. However, forany y € (0, 1)
the sequence (x*)zcn generated by (1.6) with x° < 1/2 diverges to —oo, and @ (x*) —
—1 > —2 = min @. This however cannot happen in the convex case [31, Thm. 25.8].

We use shorthands to denote the forward-backward mapping and the associated
fixed-point residual in order to simplify the notation:

Ty(x) = prox,,, (x— YV f(x)), (1.7)
Ry(x) =7 ' (x = Ty(x)), (1.8)

so that iteration (1.6) can be written as x**! = T, (xX) = x* — yRy(x*). The set zerd¢
is easily characterized in terms of the fixed-point set of Ty as follows:

x=Ty(x) <= x € zerdo. (1.9)

Note that Ty (x) can alternatively be expressed as the solution to the following
partially linearized subproblem (see also Figure 1):

Ty(x) = argmin{ﬁ(p(u,x)—l—%,Hu—tz}, (1.10a)
uelR”
Lo(u,x) = f(x) +(Vf(x),u—x)+g(u). (1.10b)

2 Forward-backward envelope

We now proceed to the reformulation of (1.1) as the minimization of an unconstrained
continuously differentiable function. To this end, we consider the value function of
problem (1.10a) defining the forward-backward mapping 7, and give the following
definition.

Definition 2.1 (Forward-backward envelope). Let f,g and @ be as in Assumption I,
and let y > 0. The forward-backward envelope (FBE) of ¢ with parameter Y is

_ : 1 2
¢y(x) = min {E(p(u,x) | } @.1)

Using (1.10a) and (1.10b) it is easy to verify that (2.1) can be equivalently ex-
pressed as

Py(x) = f(x) +8(Ty(x) = YV (x): Ry (x)) + ¥ | Ry ()| (22)
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Fig. 1: When 7 is small enough forward-backward splitting minimizes, at every step,
a convex majorization (red, dotted lines) of the original cost ¢ (blue, solid line),
cf. (1.10a).

Fig. 2: The forward-backward envelope @y (black, dashed line) is obtained by consid-
ering the optimal values of problems (1.10a) (dotted lines), and serves as a real-valued
lower bound for the original objective ¢ (blue, solid line).

or, by the definition of Moreau envelope, as

Py(x) = () = FIVS Q)P + 87 (x =7V f(x)). (23)

The geometrical construction of ¢y is depicted in Figure 2. One distinctive feature of
@y is the fact that it is real-valued, despite the fact that ¢ can be extended-real-valued.
Function ¢y has other favorable properties which we now summarize.

2.1 Basic inequalities

The following result states the fundamental inequalities relating @y to @.

Proposition 2.2. Suppose Assumption 1 is satisfied. Then, for all x € IR"
(i) 9y(x) < @(x) = 3|IRy ()| for all y > 0;

(ii) @(Ty(x)) < @y(x) = % (1 =vLy) [Ry(x)|]* for all ¥ > 0;

(iii) @(Ty(x)) < @y(x) forall y< (0,1/Ly].
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Ty Xe = Ty(xs)

Fig. 3: on the left, by Proposition 2.2 ¢y(x) is upper bounded by ¢(x) and, when y
is small enough, lower bounded by ¢(7y(x)). On the right, by Proposition 2.3(i) the
two bounds coincide in correspondence of critical points.

Proof. Regarding 2.2(i), from the optimality condition for (1.10a) we have
Ry(x) = Vf(x) € dg(Ty(x)),
i.e., Ry(x) — V f(x) is a subgradient of g at T;/(x). From subgradient inequality
8(x) = g(Ty(x)) + (Ry(x) = V. (x),x = Ty(x))
= g(Ty(x)) = V{Vf (), Ry(x)) + VI| Ry (x)|*.
Adding f(x) to both sides and considering (2.2) proves the claim. For 2.2(ii), we have

Py(x) = (%) + Y(Vf (), Ry(x)) + g(Ty(x)) + L[| Ry (x) |*
> F(Ty(x)) + 8(Ty(x)) — F Ty (x) = 2IP+Z [ Ry ()|
where the inequality follows by (1.5). 2.2(iii) then trivially follows. L]

A consequence of Proposition 2.2 is that, whenever ¥ is small enough, the prob-
lems of minimizing ¢ and @y are equivalent.

Proposition 2.3. Suppose Assumption 1 is satisfied. Then,

(i) @(z) = @y(z) forall y>0andz € zerdp;

(ii) inf@ =inf@, and argmin¢@ C argmin¢@, foryec (0,1/Ly|;
(iii) argmin@ = argmin @y forall y € (0,1/Ly).

Proof. 2.3(i) follows from (1.9), Propositions 2.2(i) and 2.2(ii).
Suppose now y € (0,1/Ly]. In particular, 2.3(i) holds for any x, € argmin ¢, so

@y(x.) = @(x,) < @(Ty(x)) < @y(x)  forallx € R"

where the first inequality follows from optimality of x, for ¢, and the second from
Proposition 2.2(iii). Therefore, every x, € argmin ¢ is also a minimizer of ¢y, and
min ¢ = min @y provided that the former is attained. It remains to show the case
argmin ¢ = (. By Proposition 2.2(i) we have inf ¢y < inf @. If there exists x € IR"
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such that @y(x) < inf¢, then Proposition 2.2(ii) implies that ¢(7y(x)) < inf ¢, con-
tradicting argmin ¢ = (. Therefore inf ¢y = inf @, proving 2.3(ii).

Suppose now y € (0,1/Ly), and let x, € argmin ¢,. From Propositions 2.2(i) and
2.2(i1) we get that

Py(Ty(x.)) < O(Ty(x.)) < @yle) — 2L |lx — Ty |2,

. ) . 1L
which implies x, = Ty(x,), since x, minimizes ¢y and g L > 0. Therefore, the

following chain of inequalities holds

Oy(x) = y(Ty(x1)) < @(x0) < Pylxs).

Since @y < @ and x, minimizes @y, it follows that x, € argmin ¢@. Therefore, the sets
of minimizers of ¢ and @, coincide, proving 2.3(iii). O

Example 2.4. To see that the bounds on 7y in Proposition 2.3 are tight, consider the
convex problem S 8(x)

o . . 1 2
minimize @ (x) = 5 [|x||” + Ore (x
CERN (x) 2” [ +( )

where IR", = {x €IR" | x; > 0,i=1...n} is the nonnegative orthant. Assumption 1
is satisfied with Ly = 1, and the only stationary point for ¢ is the unique minimizer
x, = 0. Using (2.3) we can explicitly compute the FBE: for any y > 0 we have

9y(x) = el + L1 = p)x— [(1 = Pl |,

where [x]; = IIr? (x) = max {x,0}, the last expression being meant componentwise.
For any y > 0 we have that ¢,(x,) = ¢(x.), as ensured by Proposition 2.3(i), and as
long as ¥ < 1 = 1/Ly all properties in Proposition 2.3 do hold. For y = 1 we have
that ¢, = 0, showing the inclusion in Proposition 2.3(ii) to be proper, yet satisfying
min ¢y = min Q.

However, for ¥ > 1 the FBE ¢y is not even lower bounded, as it can be easily
deduced by observing that, letting x* = (—k,0...0) for k € IN, @,(x*) = l%ykz is
arbitrarily negative. O

Proposition 2.3 implies, using Proposition 2.2(i), that an &-optimal solution x of
¢ is automatically €-optimal for ¢y and, using Proposition 2.2(ii), from an €-optimal
for ¢, we can directly obtain an e-optimal solution for ¢ if y € (0,1/Ly]:

¢o(x)—info <& = @y (x)—infep <€
@y(x) —infoy <& = @(Ty(x)) —infp < e

Proposition 2.3 also highlights the first apparent similarity between the concepts of
FBE and Moreau envelope (1.3): the latter is indeed itself a lower bound for the
original function, sharing with it its minimizers and minimum value. In fact, the two
are directly related as we now show. In particular, the following result implies that if
@ is convex (e.g. if f is) and y € (0,1/Ly), then the possibly nonconvex ¢y is upper
and lower bounded by convex functions.

Proposition 2.5. Suppose Assumption 1 is satisfied. Then,
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_r
(i) @y <" forall y>0;

v
(ii) @' < @y forallye (0,1/Ly);
(iii) @y < @7 if f is convex.
Proof. (1.5) implies the following bounds concerning the partial linearization:
L L
—F =< @(u) — g (u,x) < FF [lu—x||?.

Combined with the definition of the FBE, cf. (2.1), this proves 2.5(i) and 2.5(ii).
If f is convex, the lower bound can be strengthened to 0 < @(u) — £y (u,x).
Adding %, |lu—x|| to both sides and minimizing with respect to u yields 2.5(iii). [

2.2 Differentiability

‘We now turn our attention to differentiability of ¢y, which is fundamental in devising
and analyzing algorithms for solving (1.1). To ensure continuous differentiability of
¢y we will need the following

Assumption 3. Function f is twice-continuously differentiable over IR".

Under Assumption 3, the function
QOy:R" 5 R™™  givenby  Qy(x) =1—yV?f(x) (2.4)
is well defined, continuous, and symmetric-valued.

Theorem 2.6 (Differentiability of @y). Suppose that Assumptions 1 and 3 are satis-
fied. Then, @y is continuously differentiable with

Voy(x) = Oy (x)Ry(x). (2.5)
If y € (0,1/Ly) then the set of stationary points of ¢y equals zer d Q.

Proof. Consider expression (2.3) for ¢,. The gradient of g? is given by (1.4), and
since f € C? we have

Voy(x) = VI (x) =V V() + 7 (I=7V2(x)) (x= 7V f(x) = Ty (x))
= (I=yV2(x) (VS (x) = V() + 7 (= Ty()).

This proves (2.5). If y € (0,1/Ly) then Qy(x) is nonsingular for all x, and therefore
Vo, (x) = 0 if and only if Ry(x) = 0, which means that x is a critical point of ¢ by
(1.9). O

Together with Proposition 2.3, Theorem 2.6 shows that if y € (0,1/Ly) the non-
smooth problem (1.1) is completely equivalent to the unconstrained minimization of
the continuously differentiable function ¢y, in the sense that the sets of minimizers
and optimal values are equal. In particular, as remarked in the next statement, if @ is
convex then the set of stationary points of ¢y turns out to be equal to the set of its
minimizers, hence of solutions to the problem, even though ¢, may not be convex.

Corollary 2.7. Suppose that Assumptions I and 3 are satisfied. If @ is convex (e.g. if
f is), then argmin @ = zer Vo, for all y € (0,1/Ly).
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2.3 Second-order properties

The FBE is not everywhere twice continuously differentiable in general. For example,
if g is real valued then g? € C? if and only if g € C? [35]. However, second order
properties will only be needed at critical points of ¢ in our framework, and for this
purpose we can rely on generalized second-order differentiability notions described
in [30, Chapter 13].

Assumption 4. Function g is twice epi-differentiable at x € zer d ¢ for —V f(x), with
second order epi-derivative generalized quadratic. That is,

Eg(x|—Vf(x)[d] = (d,Md) + 5s(d), Vd € R" (2.6)

where S CIR" is a linear subspace, and M € R™*" is symmetric, positive semidefinite,
and such that Tm(M) C S and Ker(M) D S*.

In some results we will need to assume the following slightly stronger property.

Assumption 5. Function g satisfies Assumption 4 at x € zerd @ and is strictly twice
epi-differentiable at x for —V f(x).

The properties of M in Assumption 4 cause no loss of generality. Indeed, letting
IIs denote the orthogonal projection onto S (Ilg is symmetric, see [36]), if M >~ 0
satisfies (2.6) so does M" = ITg[% (M +M ")]IIs, which has the wanted properties.

Twice epi-differentiability of g is a mild requirement, and cases where d’g is
actually generalized quadratic are abundant [37-40]. For example, if g is piecewise
linear and x € zer d @, then from [37, Thm. 3.1] it follows that (2.6) holds if and only
if the normal cone Ny, (—Vf(x)) is a linear subspace, which is equivalent to

—V£(x) € relintdg(x)
where relintdg(x) is the relative interior of the convex set dg(x).

Example 2.8 (Lasso). Let A € R™*", b € IR"™ and A > 0. Consider f(x) = % ||Ax—
b||? and g(x) = A|x||;. Minimizing ¢ = f + g is a frequent problem known as lasso,
and attempts to find a sparse least squares solution to the linear system Ax = b. One
has

(A} x>0
[Pg(0)];=4{-A} x<0
[—l,l] Xi =0.

In this case d>g(x|—Vf(x)) is generalized quadratic at a solution x as long as when-
ever x; = 0 it holds that |(AT (Ax — b));|# A.

We begin by investigating differentiability of the residual mapping R,.

Lemma 2.9. Suppose that Assumptions 1 and 3 are satisfied, and that g satisfies
Assumption 4 (Assumption 5) at a point x € zerd Q. Then, prox,, is (strictly) differ-
entiable at x — YV f(x), and Ry is (strictly) differentiable at x with Jacobian

JRy(x) =7 (I = Py(x)Qy(x)), 2.7)
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where Qy is as in (2.4), and
Py(x) = J prox,, (x — YV f(x)) = [T +yM] ' (2.8)

Moreover, Qy(x) and Py(x) are symmetric, Py(x) = 0, ||Py(x)||< 1, and if y € (0,1/Ly)
then Qy(x) > 0.

Proof. See Appendix B. O

Next, we see that differentiability of the residual Ry is equivalent to that of V¢,.
Mild additional assumptions on f extend this kinship to strict differentiability. More-
over, all strong (local) minimizers of the original problem, i.e., of @, are also strong
(local) minimizers of ¢, (and vice versa, due to the lower-bound property of @y).

Theorem 2.10. Suppose that Assumptions | and 3 are satisfied, and that g satis-
fies Assumption 4 at a point x € zerd@. Then, @y is twice differentiable at x, with
symmetric Hessian given by

V2y(x) = 17 Qy(x) (I — Py(x) Qy(x)), 2.9)

where Qy and Py are as in Lemma 2.9. If moreover V2 f is Lipschitz around x and g
satisfies Assumption 5 at x, then @y is strictly twice differentiable at x.

Proof. Recall from (2.5) that V@y(x) = Qy(x)Ry(x). The result follows from Lemma
2.9 and Proposition A.2 in the Appendix with O = Oy and R = Ry. O

Theorem 2.11. Suppose that Assumptions 1 and 3 are satisfied, and that g satisfies
Assumption 4 at a point x € zerd@. Then, for all v € (0,1/Ly) the following are
equivalent:

(a) x is a strong local minimum for @;

(b) foralld €S, (d,(V>f(x) +M)d) > 0;

(c) JRy(x) is similar to a symmetric and positive definite matrix;
(d) Vz(py(x) > 0;

(e) xis a strong local minimum for @y.

Proof. See Appendix B. O

2.4 Interpretations

An interesting observation is that the FBE provides a link between gradient meth-
ods and FBS, just like the Moreau envelope (1.3) does for the proximal point algo-
rithm [41]. To see this, consider the problem

minimize g(x) (2.10)
where g € T'y(IR"). The proximal point algorithm for solving (2.10) is

= prox,, (2Y). (2.11)



Forward-backward quasi-Newton methods for nonsmooth optimization problems 13

It is well known that the proximal point algorithm can be interpreted as a gradient
method for minimizing the Moreau envelope of g, cf. (1.3). Indeed, due to (1.4),
iteration (2.11) can be expressed as

A= Xk V¥ (45).

This simple idea provides a link between nonsmooth and smooth optimization and
has led to the discovery of a variety of algorithms for problem (2.10), such as semis-
mooth Newton methods [42], variable-metric [43] and quasi-Newton methods [44—
46], and trust-region methods [47], to name a few.

However, when dealing with composite problems, even if prox, and prox,, are
cheaply computable, computing the proximal mapping of ¢ = f + g is usually as
hard as solving (1.1) itself. On the other hand, forward-backward splitting takes ad-
vantage of the structure of the problem by operating separately on the two summands,
cf. (1.6). The question that naturally arises is the following:

Is there a continuously differentiable function that provides an interpretation
of FBS as a gradient method, just like the Moreau envelope does for the prox-
imal point algorithm?

The forward-backward envelope provides an affirmative answer. Specifically, when-
ever f is C?, FBS can be interpreted as the following (variable-metric) gradient
method on the FBE:

A = =y = V2 () T V), (2.12)
cf. Theorem 2.6. Furthermore, the following properties hold for the Moreau envelope
g'<g, infg"=infg, argming” = argming,

which correspond to Propositions 2.2(i) and 2.3 for the FBE. The relationship be-
tween Moreau envelope and forward-backward envelope is then apparent. This opens
the possibility of extending FBS and devising new algorithms for problem (1.1) by
simply reconsidering and appropriately adjusting methods for unconstrained mini-
mization of continuously differentiable functions, the most well studied problem in
optimization.

3 Forward-backward line-search methods

We consider line-search methods applied to the problem of minimizing ¢y, hence
solving (1.1). Requirements of such methods are often restrictive, including convex-
ity or even strong convexity of the objective function, properties that unfortunately
the FBE does not satisfy in general. As opposed to this, FBS possesses strong conver-
gence properties and complexity estimates. We now show that it is possible to exploit
the composite structure of (1.1) and devise line-search methods with the same global
convergence properties and oracle information as FBS.
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Algorithm 1 MINFBE
Input: x° € R", % >0,6< (0,1),B€[0,1),k+0
1: if Ry, (x*) = 0 then stop
: select d* such that (@, Vo, (**)) <0
: select 7, > 0 and set wk < x* + 1ed® such that @, (WK) < @y, (xF)
ATy (W) > () = R (VF (), Ry, (7)) + LB R, (k)2 then 1 « 0%, go to step |
a1, (wh)
Y Vet < Yk
tk<k+1,gotostep |

AN B VS I )

Algorithm 1, which we call MINFBE, interleaves descent steps over the FBE with
forward-backward steps. In particular, steps 2 and 3 provide fast asymptotic conver-
gence when directions d* are appropriately selected, while step 5 ensures global con-
vergence: this is of central importance, as such properties are not usually enjoyed
by standard line-search methods employed to minimize general nonconvex func-
tions [26—29]. Moreover, in the convex case we are able to show global convergence
rate results which are not typical for line-search methods with e.g. quasi-Newton di-
rections. We anticipate some of the favorable properties that MINFBE shares with
FBS:

— square-summability of the residuals for lower bounded ¢ (Proposition 3.4);
global sublinear rate of the objective for convex ¢ with bounded level sets (The-
orem 3.6);

global convergence when ¢ has bounded level sets and satisfies the Kurdyka-
Lojasiewicz at its stationary points (Theorem 3.10);

local linear rate when @ has the Lojasiewicz property at its critical points (Theo-
rem 3.11).

Moreover, unlike ordinary line-search methods applied to ¢, we will see in Proposi-
tion 3.4 that MINFBE is a descent method both for ¢, and ¢. Note that, despite the
fact that the algorithm operates on @y, all the above properties require assumptions
or provide results on @, i.e., on the original problem.

The parameter y defining the FBE is adjusted in step 4 so as to comply with the
inequality in Proposition 2.2(ii), starting from an initial value ¥ and decreasing it
when necessary. The next result shows that 7}y is decremented only a finite number of
times along the iterations, and therefore 7 is positive and eventually constant. In the
rest of the paper we will denote 7., such asymptotic value of ;.

Lemma 3.1. Let (Y )reN the sequence of stepsize parameters computed by MINFBE,
and let Yo, = minjeN ¥;. Then for all k € IN,

%= ¥ = min{y,0(1—B)/Ls} > 0.
Proof. See Appendix C. O

Remark 3.2. In MINFBE:

(i) Selecting 8 =0and d*=0, 7, = 0 for all k yields the classical forward-backward
splitting with backtracking on 7y [14, Sec. 3].
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(ii) Substituting step 5 with x**! « wK yields a classical line-search method for the
problem of minimizing ¢y, where a suitable y is adaptively determined. How-
ever, extensive numerical experience has shown that even though this variant
seems to always converge, our choice x*! « Ty, (wk) usually performs better in
practice, in terms of number of forward-backward steps, cf. Section 5.

(iii) Step 5 comes at no additional cost once T has been determined by means of a
line-search. In fact, in order to evaluate ¢y, (wk ) and test the condition in step 3,
the evaluation of Ty, (w¥) is required.

(iv) When Ly is known and y € (0, (1 —B)/L¢]|, the condition in step 4 never holds,
see Proposition 2.2(ii). In this case MINFBE reduces to Algorithm 2: without
loss of generality we will focus the analysis on Algorithm 1.

Algorithm 2 MINFBE with constant y

Input: x° € R", B €[0,1), y€ (0,(1—B)/Lys], k<0
1: if Ry (x*) =0 thenstop ~ No\gamma_k, just\gamma
2: select d* such that (@¥, Vo, (x*)) <0
: select 7 > 0 and set wk < x* + 5@ such that @y (W) < @y ()
sk Ty (wh)
: k< k+1,gotostep |

[ N NN

Remark 3.3. In order to compute descent directions in MINFBE, one usually needs
to evaluate V@, at a sequence of points. In practice, this only requires to perform
matrix-vector products with V2 f, see (2.4)-(2.5), and not the computation of the full
Hessian. For example, if f(x) = 1[|Ax —b||* then V@, (x) = Ry(x) — AT [ARy(x)]. For
general nonlinear f, the product V2f(x)v can be approximated numerically using
finite-differences formulas which only require one additional evaluation of Vf. If f
is analytic, then one can use a complex step [48] to overcome numerical cancella-
tion problems, and compute V2 f(x)v to machine precision at the cost of one eval-
uation of Vf. Finally, automatic differentiation techniques can be used to evaluate
such Hessian-vector products, that only require a small multiple of 2n operations in
addition to those required to evaluate f, see [49, Sec. 8.2].

We denote by (x°) the set of cluster points of the sequence (x*);cy produced by
MINFBE started from x° € IR”. The following result states that MINFBE is a descent
method both for the FBE ¢y and for the original function ¢, and, as it holds for FBS,
that the sequence of fixed-point residuals is square-summable if the function is lower
bounded.

Proposition 3.4 (Subsequential convergence). Suppose that Assumption 1 is satis-
fied. Then, the following hold for the sequences generated by MINFBE:

(i) Q(*) < @) — B[Ry, (wh)[P— % || Ry () |1* for all k € IN;

(i) either (||Ry,(x*)|)kew is square summable, or @(x*) — inf@ = —co, in which
case ®(x°) = 0;


panos patrinos

No \gamma_k, just \gamma
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(iii) @(x°) C zerdg, i.e., every cluster point of (x")rew is critical;
(iv) if B >0, then either (

IRy, (W) ) ke is square summable and every cluster point

of (W) ke is critical, or @y, (W*) — inf @ = —oo in which case (WK)ie has no
cluster points.
Proof. See Appendix C. [

An immediate consequence is the following result concerning the convergence of
the fixed-point residual.

Theorem 3.5. Suppose that Assumption 1 is satisfied, and consider the sequences
generated by MINFBE. Then,

2 o(x°) —infe
(k++1) min {30,0(1 - B)/Ls}’
If B > 0, then for all k € IN we also have
2 ¢(x%) —info
(k+1) Bmin{y,0(1—pB)/Ls}
Proof. See Appendix C. O

in ||Ry (x))]|> <
min [|Ry, ()] <

in ||Ry, (w)|* <
min [[Ry (w)]]" <

We now analyze the convergence properties of MINFBE. We first consider the
case where f is convex. Then we discuss the general case under the assumption that
¢ has the Kurdyka-ELojasiewicz property: in this case (dk)k@N must be uniformly
bounded with respect to (Ry, (x*))re in order to ensure convergence, see Theorem
3.10, condition which is not required in the convex case. When the directions are se-
lected, say, according to a quasi-Newton scheme d* = —Bk_lV(py(xk), boundedness
of (B,:1 ke Will be necessary for the sake of global convergence when the Kurdyka-
Lojasiewicz property holds for ¢. The latter is however a milder assumption with
respect to usual nonconvex line-search methods where (Bk_l) keIN 1s required to have
bounded condition number or (dk)kelN to be gradient-oriented (see [50] and the ref-
erences therein).

3.1 Convergence in the convex case

We now prove that when f is convex MINFBE converges to the optimal objective
value with the same sublinear rate as FBS. Notice that we require convexity of f (and
&), and not that of ¢, which may fail to be convex even when ¢ is.

Theorem 3.6 (Global sublinear convergence). Suppose that Assumptions 1 and 2 are
satisfied, and that f is convex. Then, for the sequences generated by MINFBE, either

o(x°) —inf@ > R?/yy and
2

R
D —infQ < —, 3.1
i) —infe < o0 G.1)
or for any k € IN it holds
2R?
(") (3:2)

TIPS min {10, 0(1—B)/L, )
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Proof. See Appendix C. O

In the following result we see that the convergence rate of (x);cy is linear when
close to a strong local minimum.

Theorem 3.7 (Local linear convergence). Suppose that Assumption 1 is satisfied.
Suppose further that f is convex and that x, is a strong (global) minimum of @, i.e.,
there exist a neighborhood N of x, and ¢ > 0 such that

P(x) — @(x) > §llx—x,|]>, VxeN. (3.3)

Then there is ko > 0 such that the subsequences (@ (x*))i>, and (@y,(W*))isk, pro-
duced by MINFBE converge Q-linearly to ¢(x,) with factor ®, where

o < max{3,1—§min{y,0(1-B)/Ls}} €[3,1),

and (xk)kzko converges R-linearly to x,. Moreover, if x, is a strong (global) minimum
for @y, with Yw as in Lemma 3.1, then also (9(WK))>k, converges R-linearly to x,.

Proof. See Appendix C. O

The introduction of 7. in the statement above is due to the fact that y may vary
over the iterations. However, under the assumptions of Theorem 2.11, if . < 1 /Lf
then the requirement of x, to be a strong local minimizer for @y, is superfluous, as it
is already implied by strong local minimimality of x, for ¢.

Corollary 3.8 (Global linear convergence). Suppose that Assumption 1 is satisfied,
that f is convex and that @ is strongly convex (e.g. if f is strongly convex). Then, the
sequences (@ (x*))rew and (@, (W*))re generated by MINFBE converge Q-linearly
to @y, while (xk)kE]N converges R-linearly to x,.

Proof. In this case Theorem 3.7 applies with N = IR", ¢ = i, (the convexity modulus
of @) and ko = 0. O]

3.2 Convergence under KL assumption

We now analyze the convergence of the iterates of MINFBE to a critical point un-
der the assumption that ¢ satisfies the Kurdyka-Lojasiewicz (KL) property [4—0].
For related works exploiting this property in proving convergence of optimization
algorithms such as FBS we refer the reader to [7-11].

Definition 3.9 (KL property [10, Def. 3]). A proper lower semi-continuous function
¢ :IR" — IR has the Kurdyka-Eojasiewicz property (KL) at x, € dom d @ if there exist
1N € (0,4-o0|, a neighborhood U of x,, and a continuous concave function y : [0,1] —
[0, +o0) such that:

(i) y(0)=0,
(ii) yisC'on (0,7m),
(iii) y'(s) >0 forall s € (0,7m),
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(iv) for every x e UN{x € R" | ¢(x,) < ¢(x) < ¢(x.) +n},
V' (p(x) — @(x,))dist(0,d9(x)) > 1.

We say that ¢ has the KL property on S C IR" it has the KL property on every x € S.

Function v in the previous definition is usually called desingularizing function.
All subanalytic functions which are continuous over their domain have the KL prop-
erty [51]. Under the KL assumption we are able to prove the following convergence
result. Once again, we remark that such property is required on the original function
¢, rather than on the surrogate @y.

Theorem 3.10. Suppose that Assumptions 1 and 2 are satisfied, and that ¢ satisfies
the KL property on ®(x°) (e.g. if it has it on zer d@). Suppose further that in MINFBE
B >0, and that there exist T,c > 0 such that T, < T and ||d*|| < c||Ry, (x*)|| for all k €
IN. Then, the sequence of iterates (x*)yei is either finite and ends with Ry, (x*) = 0,
or converges to a critical point x, of Q.

Proof. See Appendix C. O

In case where ¢ is subanalytic, the desingularizing function can be taken of the
form y(s) = os'79, for 6 > 0 and 6 € [0,1) [51]. In this case, the condition in
Definition 3.9(iv) is referred to as Lojasiewicz inequality. Depending on the value of
0 we can derive local convergence rates for MINFBE.

Theorem 3.11 (Local linear convergence). Suppose that Assumptions | and 2 are
satisfied, and that @ satisfies the KL property on @(x°) (e.g. if it has it on zerd )
with

v(s)=os'?
Suppose further that in MINFBE 3 > 0, and that there exist T,c > 0 such that 7, < T
and ||d*|| < c||Ry, (x*)|| for all k € IN. Then, the sequence of iterates (x*)e converges
fo a point x, € zer d @ with R-linear rate.

for some ¢ >0 and 6 € (0,3]. (3.4)

Proof. See Appendix C. O

4 Quasi-Newton methods

We now turn our attention to choices of the direction @¥ in MINFBE. Applying clas-
sical quasi-Newton methods [52] to the problem of minimizing ¢ yields, starting

from a given x,

k ~1
d* = —B_'Ve,(x"),
P =k g,
where By, is nonsingular and chosen so as to approximate (in some sense) the Hessian

of @y at x¥, and stepsize 7, > 0 is selected with a line-search procedure enforcing a
sufficient decrease condition. However, the convergence properties of quasi-Newton
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methods are quite restrictive. The BFGS algorithm is guaranteed to converge, in the
sense that
liminf]| Ve, ()= 0,
k—>o0

when the objective is convex [53]. Its limited memory variant, L-BFGS, requires
strong convexity to guarantee convergence, and in that case the cost is shown to
converge R-linearly to the optimal value [54]. Moreover, there exist examples of
nonconvex function for which quasi-Newton methods need not converge to critical
points [26-29].

To overcome this, we consider quasi-Newton directions in the setting of MINFBE.
The resulting methods enjoy the same global convergence properties illustrated in
Section 3 and superlinear asymptotic convergence under standard assumptions: we
will assume, as it is usual, (strict) differentiability of V¢, and nonsingularity of Vv? 0y
at a critical point. Properties of f and g that guarantee these requirements were dis-
cussed in Theorems 2.10 and 2.11: if ¥ = . is as in Lemma 3.1, then (strict) differ-
entiability of V@, at x, € zerd@ and positive definiteness of V2@, (x,) are ensured
if Assumption 4 (Assumption 5) holds, x, is a strong local minimum for ¢, and
<l / Ly.

The following result gives for the proposed algorithmic scheme the analogous
of the Dennis-Moré condition, see [25, Thm. 2.2] and [55, Thm. 3.3]. Differently
from the cited results, we fit the analysis to our algorithmic framework where an
additional forward-backward step is operated. Furthermore, in Theorem 4.2 we will
see how achieving superlinear convergence is possible without the need to ensure
sufficient decrease in the objective, or even to consider direction of strict descent, but
simply with the nonincrease conditions of steps 2 and 3. This contrasts with the usual
requirements of classical line-search methods, where instead a sufficient decrease
must be enforced in order for the sequence of iterates to converge. In MINFBE, in
fact, such decrease is guaranteed by the final update in step 5.

Theorem 4.1. Suppose that Assumption 1 is satisfied, and let y > 0. Suppose that
Voy is strictly differentiable at x,, and that V*@y(x,) is nonsingular. Let (By)xeN be
a sequence of nonsingular R™"-matrices and suppose that for some x° € IR" the
sequences (x*)rew and (W¥)rew generated by

wh=xk B Vo, (") and X' =T,(w)
converge to x,. If x*, w* ¢ zerd ¢ for all k > 0 and

(B — V2 (x)) (W — x|

lim =0, 4.1
o ] D
then (x*)ren and (W¥) e converge Q-superlinearly to x,.
Proof. See Appendix D. O

To obtain superlinear convergence of MINFBE when quasi-Newton directions
are used and condition (4.1) on the sequence (Bj)ienw holds, we must verify that
eventually @, (x* +d*) < @,(x*), so that the stepsize 7, = 1 is accepted in step 3 and
the iterations reduce to those described in Theorem 4.1.



20 L. Stella, A. Themelis, P. Patrinos

Theorem 4.2. Suppose that Assumption 1 is satisfied, and that in MINFBE direction
d* is set as

d‘ =—B; Vo, (x)
for a sequence of nonsingular matrices (By)rew satisfying (4.1), with T, = 1 being
tried first in step 3. Let ¥ = Yw as in Lemma 3.1, and suppose further that the se-
quences (x*)re and (W*)xen converge to a critical point x, at which V @y is contin-

uously semidifferentiable with V?@y,(x,) = 0. Then, (x*)yen and (WK)gew converge
Q-superlinearly to x,.

Proof. See Appendix D. O

4.1 BFGS

The sequence (By)ren can be computed using BFGS updates: starting from By > 0,
use vectors

st =wh =2k, = Ve, (w) — Ve (i), (4.2a)

to compute

(% ,s%) (s* Bysk)
By otherwise.

k(T k kNT
B D)) _ Bys (Bis®) if k k >0
B — { - if (s*,5%) > 0, (4.2b)

Note that in this way By = 0, for all k > 0, and d* = —B~'V@,(x") is always a
direction of descent for ¢,. No matrix inversion is needed to compute d¥ in practice,
since it is possible to perform the inverse updates of (4.2b) directly producing the
sequence (Bk’l ke, see [49,52].

In light of the convergence results for MINFBE given in Section 3 we now pro-
ceed under either of the following assumptions.

Assumption 6. Function @ satisfies either of the following:

(i) it is convex and such that @(x) — @(x,) > §||x — x.||?, for some ¢ > 0 and all x

close enough to x,, the unique minimizer of Q;

(ii) it has the KL property on ®(x") with y(s) = 0s'~®, where 6 > 0and 6 € (0, 1].

Theorem 4.3. Suppose that Assumption I is satisfied, and that in MINFBE directions
d* are set as

d*=—-B 'V, (X*)  with By asin (4.2),

and with T, = 1 being tried first in step 3. Let Y = Y as in Lemma 3.1, and suppose
further that the sequences (xX*)ieN and (W)iew converge to a critical point x, at
which V@y is calmly semidifferentiable (see Proposition A.5 in the Appendix) with
Vz(py(x*) = 0. Then, (x**)rew and (W) e converge Q-superlinearly to x,.

Proof. See Appendix D. O
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4.2 L-BFGS

When dealing with a large number of variables, storing (and updating) approxima-
tions of the Hessian matrix (or its inverse) may be impractical. Limited-memory
quasi-Newton methods remedy this by storing, instead of a dense n x n matrix, only
a few most recent pairs (s¥,y*) implicitly representing such approximation. The lim-
ited-memory BFGS method (L-BFGS) is probably the most widely used method of
this class, and was first introduced in [54]. It is based on the BFGS update, but uses
at iteration k only the most recent /i = min {m, k} pairs (here m is a parameter, usu-
ally m € {3,...,20}) to compute a descent direction: d* is obtained using a proce-
dure known as two-loop recursion [56], so that no matrix storage is required, and
in fact only O(n) operations are needed. For this reason L-BFGS is better suited for
large scale applications. Similarly to BFGS, a safeguard is used to make sure that
(s*,y) > 0, so that d* is always a descent direction for @y, .

Remark 4.4. In both BFGS and L-BFGS, the condition (s*,y*) > 0 is sufficient to
ensure the positive definiteness of the Hessian approximation, hence the fact that g*
is a descent direction. Therefore, in MINFBE one can simply check such condition
and discard the update when it does not hold. Other methods were proposed in the
literature to ensure convergence of quasi-Newton methods in the nonconvex case, by
Powell (see [49, Sec. 18.3]) and Li, Fukushima [57]. In our experience, no significant
advantage is gained when using these techniques in MINFBE. Moreover, no such care
is required for MINFBE to converge to a critical point, and under the assumptions of
Theorem 4.2 the condition (s¥,y) > 0 will eventually always hold (see the proof of
Theorem 4.2 for details).

5 Simulations

We now present numerical results obtained with the proposed method. In all the
results, we indicate in parenthesis the choice of directions for MINFBE. We set
B = 0.05 in MINFBE, therefore if L is known then we set a constant y = 0.95/L¢.
To determine the stepsize 7; in MINFBE we use backtracking, starting with 7, = 1
and reducing it until @y, (x* + 7d*) < @y, (x*) holds.

Among the other algorithms, for each choice descent directions we also compare
MINFBE with the corresponding classical line-search method, see Remark 3.2(ii).
In this case we use a line-search procedure, inspired by [58, Sec. 11.3.3], enforcing
the usual Wolfe conditions: although simpler, in our tests this strategy performed
favorably with respect to other algorithms, see for example [34, Sec. 1.2], [49, Sec. 3],
[59, Sec. 2.6].

We always set the memory parameter m = 5 when computing L-BFGS directions.

All experiments were performed in MATLAB, and the implementation of the
methods used in the tests are available. !

! http://github.com/kul-forbes/ForBES
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5.1 Lasso

The problem is to find a sparse representation of a vector b € IR as combination of
the columns of A € IR™*". This is done by minimizing ¢ = f + g where
fx) = 3lAx=b]3,  g(x) =24l

The proximal mapping of g is the soft-thresholding operation, while the computation-
ally relevant operation here is the computation of f and V f, which involves matrix-
vector products with A and A ". Parameter A modulates between a small least squares
residual and a sparse solution vector x,, i.e., the larger the A the more zero coefficients
x, has. In particular, Amax = ||A " ||« is the minimum value such that for A > Apay the
solution is x, = 0. We have Ly = |ATAl|, which can be quickly approximated using
power iteration, therefore we applied MINFBE with fixed stepsize y = 0.95/L¢.

In Figure 4 the performance of MINFBE(BFGS) is shown in a small dimensional
instance taken from the SPEAR datasets.” It is apparent that our method greatly im-
proves over FBS, its accelerated version, and classical BFGS applied to the problem
of minimizing Q.

Then we considered larger instances from the same dataset. In this case we ap-
plied L-BFGS and the nonlinear conjugate gradient method by Dai and Yuan (CG-
DY, see [60]), which always produces descent directions when a line-search satisfy-
ing the Wolfe conditions is employed. The same formulas were used in the context
of MINFBE: in this case CG-DY does not necessarily produce descent directions,
therefore we restart the memory of the method every time an ascent direction is en-
countered. We also compare against SpaRSA [61], a proximal gradient algorithm us-
ing the Barzilai-Borwein method to determine the stepsize and a nonmonotone line-
search to guarantee convergence, and FPC_AS [62], which is an active-set type of
algorithm. These are ad-hoc solvers for ¢;-regularization problems, in contrast to our
approach which is for general problems of the form (1.1). Both SpaRSA and FPC_AS
adopt a continuation strategy to warm-start the problem and accelerate convergence.
For the sake of fairness we ran also the other methods (fast FBS, L-BFGS, CG-DY
and MINFBE) in a similar continuation scheme: we solve a sequence of problems,
with a large initial value of A (close to Amax) Which is successively reduced until
the target value is reached, using the solution to each problem as initial iterate for
the successive. As it is apparent from the results in Figure 5, MINFBE(L-BFGS)
and MINFBE(CG-DY) are able to solve all the instances we considered and gener-
ally outperform the other methods, including the corresponding classical line-search
methods. Therefore, the additional forward-backward step performed by MINFBE
after the descent step indeed pays off.

5.2 Sparse logistic regression

The composite objective function consists of

m

fx) =Y log(1+e7 Pty g(x) = A|x]|1.
i=1

2 http://wwwopt.mathematik.tu-darmstadt.de/spear/
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Fig. 4: Lasso: algorithms applied to the spear_inst_1, with m = 512 samples and
n = 1024 variables, where A = 0.05A,,,x was used. MINFBE converges superlinearly
to the global minimum when BFGS directions are used, and faster then the classical
BFGS algorithm applied to the problem of minimizing ¢y.
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Fig. 5: Lasso: performance profile of the CPU time, for the problems in the SPEAR
dataset ranging from spear_inst_173 to spear_inst_200, and A = 1073 Apay.
All algorithms use a continuation technique to warm-start the problem solution. Each
method was stopped as soon as @(x*) — ¢, < 107°(1 4 |@,|). Methods not meeting
this condition in 10* iterations were assigned a performance ratio of +oo.
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Fast FBS L-BFGS MINFBE(L-BFGS)

D A/Amax | nnz(xx) it. f A time (s) it. f A time (s) it. f A time (s)
revl 2.107 1 25 134 269 403 1.57 58 144 386 1.37 29 87 198 0.94
m = 20242 11071 70 261 523 784 291 132 305 843 3.68 51 168 367 1.46
n = 44504 5.1072 141 406 813 1219 4.49 170 386 1075 4.65 46 152 332 1.30
nnz(A) = 910K 2.1072 287 885 1771 2656 9.75 230 530 1459 6.32 76 239 539 2.13

11072 470 1189 2379 3568 14.62 356 787 2220 8.48 105 304 720 2.93
real-sim 2.107T 19 123 247 370 4.62 43 115 296 2.86 15 35 91 1.38
m = 72201 1-10~1 52 200 401 601 7.09 72 176 472 475 20 56 132 1.54
n=20958 5.1072 111 325 651 976 14.18 93 215 595 579 29 83 195 2.42
nnz(A) = 1.5M 2.1072 251 571 1155 1732 21.05 154 352 976 9.46 48 139 327 3.42

11072 448 824 1649 2473 33.46 220 499 1388 13.68 72 227 511 7.09
news20 2.10°T 47 793 1590 2383 84.03 179 427 1162 50.65 79 264 573 32.76
m= 19954 1-1071 98 | 1131 2265 3396 125.86 341 789 2172 96.70 | 127 401 902 51.74
n=1355191 5.1072 208 3106 6216 9322 320.49 409 944 2599 125.49 193 646 1411 82.85
nnz(A) = 3.7M 2.10~2 422 | 6647 13298 19945 673.90 1082 2481 6829 35246 | 440 1499 3252 204.97

Table 1: Sparse logistic regression: performance of the algorithms on three datasets,
for different values of 2. We used ¢(x*) — ¢, < 1078|¢,]| as termination criteria.

Here vector a; € IR” contains the features of the i-th instance, and b; € {—1,1} indi-
cates the correspondent class. The ¢;-regularization enforces sparsity in the solution.
Indicating by A the matrix having a; as i-th row, we have Apax = %HATwa, so that
for A > Amax the optimal solution is x, = 0.

We ran the algorithms one three datasets,” and recorded the number of itera-
tions, calls to f and V£, matrix-vector products with A and A", and the running
time needed to reach @(xX) — @, < 1078(1 4 |@,|). Unlike the previous example,
here a tight Lipschitz constant for V f is not readily available: in this case we applied
MINFBE (as well as fast FBS) with backtracking on parameter Y. The results are in
Table 1: MINFBE significantly reduces the number of operations needed to solve the
problems. Since directions are computed according to L-BFGS, which is able to scale

to large dimensional problems, CPU time is reduced analogously.

5.3 Group lasso

Let vector x be partitioned as x = (xy,...,xy), where each x; € R", and };n; = n.
We consider the ¢,-regularized least squares problem having

1 N
f@) =5 lAx—bl3,  g(x) =2} |lxill,
i=1
where x = (x1,...,xy) and x; € R" fori = 1,...,N. The ¢, terms enforce sparsity at
the block level, so that for sufficiently large A we expect many of the x;’s to be zero.
Partitioning the A by columns as A = (Ay,...,Ay), with the same block structure at

x, then for A > Amax = max {|A[ b||2,...,|[Ayb|2} the optimal solution is x, = 0.
To test the methods we generated a random instance as follows: we set m = 200,
N =2000 and n; = ... = ny = 100, and generated A as a sparse matrix with nor-

mally distributed entries, density 10~ and condition number 10> using MATLAB’s
sprandn command. Then we chose xgye With 10 nonzero blocks, and computed

3 http://www.csie.ntu.edu.tw/~cjlin/libsvmtools/datasets/
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Fig. 6: Group lasso: performance of the proposed method on a random sparse problem
with m = 200 data points and n = 2 - 107 variables. Horizontal axis is time in seconds.

b = Axye + v, Where v is a Gaussian noise vector with standard deviation 0.1. Just
like in the case of lasso, the Lipschitz constant L can be easily estimated using power
iterations. We compared fast FBS, MINFBE(L-BFGS) and ADMM (with two differ-
ent stepsize parameters y), on such an instance. As it is shown in Figure 6, MINFBE
exhibits fast asymptotic convergence, and approaches the solution much faster then
fast FBS and ADMM. Unlike ADMM, no tuning of y is needed in MINFBE to obtain
fast convergence.

5.4 Matrix completion

We consider the problem of recovering the entries of an m-by-n matrix, which is
known to have small rank, from a sample of them. One may refer to [63] for a detailed
theoretical analysis of the problem. The decision variable is now a matrix x = (x;;) €
IR™*" and the problem has the form

fo) =3l @) =bl?,  glx)=Alxls,

where o7 : IR"" — IR* is a linear mapping selecting k entries from x, vector b € IR
contains the known entries, and ||x||, indicates the nuclear norm of x, which is the
sum of its singular values. In this case Ly = 1, therefore we applied MINFBE with
constant y = 0.95.

The most computationally expensive operation here is the proximal step, requir-
ing a singular value decomposition (SVD). Computing the full SVD becomes infea-
sible as m and n grow, therefore we use the following partial decomposition strategy



26 L. Stella, A. Themelis, P. Patrinos

in evaluating prox,,: start with vo = 10, and the i-th time prox,, is evaluated compute
only the largest v; singular values 01 > ... > 0y,, and

Proxy, (x) ~ UL, vl, £, =diag(max{0,0;,—yA},i=1,...,vi),

Then set v;1 according to the following rule

_ Jmin{j|o; <7y} ifoy,, <yA

Vitl = Vi+5 otherwise.
The same technique for approximately evaluating the singular value thresholing is
used in other algorithms for nuclear norm regularization problems [64]. The partial
singular value decompositions were performed using PROPACK software package.*
We compared fast FBS, L-BFGS, MINFBE(L-BFGS) and ADMM on the Movie-
Lens100k dataset.’ This consists of 10° ratings of 1682 movies from 943 users, so
that the problem has ~ 1.6 millions variables. The results of the simulations, for
decreasing values of A, are in Figure 7. Unlike the previous example, in this case
MINFBE performs very similarly to standard L-BFGS: they both converge consider-
ably faster than the accelerated FBS, and generally faster than ADMM, especially for
smaller values of the regularization parameter. Note also that, just like in the previous
example, the performance of ADMM is very sensitive to the value of parameter y. In
our experiment we identified ¥y = 10 as a good value by hand-tuning. Such tuning is

not required in MINFBE, where the selection of a suitable Y is automatic.

5.5 Image restoration

As a nonconvex example we consider the restoration of a noisy blurred M x N image.
The formulation we use is similar to that in [65], although here we consider the ¢;
norm in place of the £y norm as regularization term. Specifically, we set

MN
FO) =Y w(Ax=b)i),  g(x)=A[Wxl\.

i=1

Here, b denotes the noisy blurred image, A is a Gaussian blur operator and W is a
discrete Haar wavelet transform with four levels, while y(z) = log(1 +¢?), therefore
here V f has Lipschitz constant 2. Since W'W = WW T = I, the proximal mapping
of g can be computed as

Prox,,(x) = w' proxy, (Wx). 5.1

We applied MINFBE to a 256 x 256-pixel black-and-white image. We distorted the
original image with a Gaussian blur operator 9 x 9 with standard deviation 4, and
with Gaussian noise with standard deviation 1073, The regularization parameter in
(5.1) was set as A = 1074, Results of the simulations are shown in Figures 8 and 9.

4 http://sun.stanford.edu/~rmunk/PROPACK/
5 http://grouplens.org/datasets/movielens/
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Fig. 7: Matrix completion: performance of MINFBE on the MovieLens100k dataset,
for different values of A. Horizontal axis is time in seconds.

6 Conclusions

The forward-backward splitting (FBS) algorithm for minimizing ¢ = f + g, where f
is smooth and g is convex, is equivalent to a variable-metric gradient method applied
to a continuously differentiable objective, which we called forward-backward enve-
lope (FBE), when f € C2. Therefore, we can adopt advanced smooth unconstrained
minimization algorithms, such as quasi-Newton and limited-memory methods, to the
problem of minimizing the FBE and thus solving the original, nonsmooth problem.
We propose to implement them in an algorithmic scheme, which we call MINFBE,
which is appealing in that (i) it relies on the very same black-box oracle as FBS
(evaluations of f, its gradient, g and its proximal mapping) and is therefore suited for
large scale applications, (ii) it does not require the knowledge of global information
such as Lipschitz constant Ly, but can adaptively estimate it. The proposed method
exploits the composite structure of ¢, and alternates line-search steps over descent
directions and forward-backward steps. For this reason, MINFBE possesses the same
global convergence properties of FBS, under the assumptions that ¢ has the Kurdyka-
Lojasiewicz properties at its critical points, and a global convergence rate O(1/k) in
case @ is convex. This is a peculiar feature of our approach, since line-search methods
do not converge to stationary points, in general, when applied to nonconvex functions.
Moreover, we proved that when quasi-Newton directions are used in MINFBE, and
the FBE is twice differentiable with nonsingular Hessian at the limit point of the
sequence of iterates, superlinear asymptotic convergence is achieved. Our theoreti-
cal results are supported by numerical experiments. These show that MINFBE with
(limited-memory) quasi-Newton directions improves the asymptotic convergence of
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o, o,
—=— FBS
1071 —a— L-BFGS
—0— MINFBE(L-BFGS)
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Fig. 8: (Nonconvex) image restoration: performance of MINFBE compared with
FBS. On the horizontal axis, number of calls to the blur operator (left plot) and
Haar operator (right plot); on the vertical axis the fixed-point residual R,. Original,
noisy/blurred, and recovered images are shown in Figure 9.

(a) Original image (b) Noisy blurred image
- g

(c) FBS (d) L-BFGS (e) Alg. 2 (L-BFGS)

Fig. 9: (Nonconvex) image restoration: recovered images obtained with the three con-
sidered algorithms.
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FBS (and its accelerated variant when ¢ is convex), and usually converges faster than
the corresponding classical line-search method applied to the problem of minimizing

the FBE.
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Appendix A Definitions and known results

Given a differentiable mapping G : IR" — IR” we let JG : IR” — IR"*" denote the Jacobian of G. When
m =1 we indicate with VG = JG ' the gradient of G and with V2G = JVG its Hessian, whenever it
makes sense. We say that G is strictly differentiable at X if it satisfies the stronger limit

o 160) =600 G~

(X)) = (55 fly—xl|
Ay

=0

The next result states that strict differentiability is preserved by composition; its proof is a trivial compu-
tation and is therefore omitted.

Proposition A.1. Ler F : IR" — R™, P:IR" — IRX. Suppose that F and P are (strictly) differentiable at
X and F (%), respectively. Then the composition T = PoF is (strictly) differentiable at X.

Similarly, the product of (strictly) differentiable functions is still (strictly) differentiable. However, if
one of the two functions vanishes at one point, then we may relax some assumptions, as it is proved in the
next result.

Proposition A.2. Let Q:R" — R™** and R : R" — IR¥, and suppose that R(%) = 0. If Q is continuous at
X (resp. Lipschitz-continuous around X) and R is differentiable (resp. strictly differentiable) at X, then their
product G : R" — IR" defined as G(x) = Q(x)R(x) is differentiable (resp. strictly differentiable) at X with
JG(x) = Q(x)JR(X).
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Proof. Suppose first that Q is continuous at X and R is differentiable at x. Then, expanding R(x) at X and
since G(x) = 0, we obtain

G(x) —G(E) —QE)JRF)[x—x] _ Q(X)R(x) — Q(X)JR(¥)[x — §]
[l — x| [l — x|
_ (O(x) — 0(%)) JR(¥)[x — 3] + olx — ¥[|)

- [lx =l

The quantity JR(X)[ H;;H ] is bounded, and continuity of Q at ¥ implies that taking the limit for ¥ # x — %
yields 0. This proves that G is differentiable at %.
Suppose now that Q is Lipschitz-continuous around X, and that R is strictly differentiable at x. Then,

expanding R(y) at x we obtain

G(y) —G(x) —Q@JRE)y—x _ (Q0) = QX)JRF)[y — ]
lly =l lly =~
(Q() = Q(x))R(x) + O(y)o([lx —yI)

+
Ly — ]|

The quantity JR(X)[ ”; :;:”} is bounded, and by Lipschitz-continuity of Q at X so is % for x,y suffi-

ciently close to X. Taking the limit for (¥, %) # (x,y) — (¥, X) with x # y in the above expression then yields
0, proving strict differentiability. Uniqueness of the Jacobian proves also the claimed form of JG(¥). O

Definition A.3. A mapping G : IR" — IR" is said to be semidifferentiable (or B-differentiable /55, 66]) at
a point x € R" if there exists a positively homogeneous mapping DG(%)[ -] : R" — IR™ such that

[G(x) = G(x) = DG(¥) [x— ]|

lim — =0.
B e
It is strictly semidifferentiable at X if the stronger limit holds
o 160) =60 -DG@h—l _,
(x) = (%.9) [y =l
x#y

DG(x) is called semiderivative of G at . If G is (strictly) semidifferentiable at every point of a set S, then
it is said to be (strictly) semidifferentiable in S.

Proposition A.4 ([66, Thm. 2]). Suppose that G : IR" — IR™ is semidifferentiable in a neighborhood of
X € IR". Then, the following are equivalent:

(a) DG(-)[d] is continuous in its first argument at % for all d € IR";
(b) G is strictly semidifferentiable at X;
(c) G is strictly (Fréchet) differentiable at X.

Proposition A.5. Suppose that G : IR" — IR™ is semidifferentiable in a neighborhood N of ¥ and that DG
is calm at %, i.e., there exists L > 0 such that, for all x € N and d € R" with ||d||= 1,

[DG(x)[d] = DG(%)[d]|| < L||x— -

Then,
[G(x) = G(y) = DG(%)[x —y]|| < Lmax {|lx— %, |ly — %[} [|x - ]|

Proof. Follows from [55, Lem. 2.2] by observing that the assumption of Lipschitz-continuity may be
relaxed to calmness. |
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Appendix B Proofs of Section 2

Proof of Lemma 2.9.

We know from [67, Thms. 3.8, 4.1] that prox,, is (strictly) differentiable at x — YV f(x) if and only if
g satisfies Assumption 4 (Assumption 5) at x for —V f(x). Since f € C2 by assumption, then in particular
Vf is strictly differentiable. The formula (2.7) follows from Proposition A.1 with P = prox,,, and F(x)=
X—YVf(x).

Matrix Qy(x) is symmetric since f € C? and positive definite if y < 1/Ly. To obtain an expression for
Py(x) = Jprox,,(x — YV f(x)) we can apply [30, Ex. 13.45] to the tilted function g + (V f(x), -) so that,
letting d?g = d?>g(x|—Vf(x))[-] and IIg the idempotent and symmetric projection matrix on S,

Py(x)d = proxy g2, (d)
- argmin{%(d’,Md’) + Al 7d||2}
d'cS

- Hsargmin{%(ﬂsd/,MHSd') + 5 | TIsd” 7d\|2}
d'eR"

= g (IIg[I + yM]I) Tisd
= IIs[I + yM] ' Tsd

where T indicates the pseudo-inverse, and last equality is due to [36, Facts 6.4.12(i)-(ii) and 6.1.6(xxxii)]
and the properties of M as stated in Assumption 4. Apparently Py(x) = 0 is symmetric, with ||Py(x)||<
1. a

Proof of Theorem 2.11.
If follows from Theorem 2.10 that the Hessian qu)y(x) exists and is symmetric. Moreover, from [30,
Ex. 13.18] we know that for all 4 € IR"

o (x(0)[d] = (d, V> f(x)d) +d*g(x| -V (x))[d]
= (d, V2 f(x)d) + (d,Md) + 85(d). (B.1)
2.11(a) < 2.11(b): Follows directly from (B.1), using [30, Thm. 13.24(c)].
2.11(c) & 2.11(d): Letting O = Qy(x), we see from (2.7) and (2.9) that JRy(x) is similar to the
symmetric matrix 9~ /2v2 (py(x)Q’l/ 2, which is positive definite if and only if V2@, (x) is.
2.11(b) « 2.11(c): From the point above we know that JRy(x) has all real eigenvalues, and it can

be easily seen to be similar to y~! (I — QP), where P = Py(x). From [68, Theorem 7.7.3] it follows that
Amin (I — QP) > 0 if and only if Q! = P.Foralld € S, using (2.8) we have

(d, (@' = P)d) = (d,Q"'d) — (d,TIs[I + yM]'TIsd)
= (d,07'd) — (Tlgd, [I + yM] "' Tsd)
=(d,0'd)—(d,[I+yM] 'd)

and last quantity is positive if and only if / +yM > Q on S. By definition of Q, we then have that this holds
if and only if V2 f(x) +M = 0 on S, which is 2.11(b).
2.11(d) < 2.11(e): Trivial since Vz(py(x) exists. |

Appendix C Proofs of Section 3

The following results are instrumental in proving convergence of the iterates of MINFBE.
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Lemma C.1. Under Assumption 1, consider the sequences (x*)epn and (W) generated by MINFBE.
If there exist T,c > 0 such that T < T and ||d*||< c||Ry, (x*)||, then

=) < Wl Ry W)+ Tel Ry (65)| - V€N (€n
and, for k large enough,
[ =K < Ry W) 1+ Te(T 4+ L) IRy, (W) (€2
Proof. Equation (C.1) follows simply by
[ == [ = wh - || < Ry (W) [+l Ry, (64) .
Now, for k sufficiently large % = ¥%—1 = » > 0, see Lemma 3.1, and
Ry, ()1 = 7t I = Ty ()]
=% Ty W) =T ()]
S T A A B S AL
S e o A AL B AC O
< (1 +Yka)HRyk71 (Wk71)|‘1

where the first inequality follows from nonexpansiveness of prox,,, and the last one from Lipschitz conti-
nuity of V f. Putting this together with (C.1) gives (C.2). a

Lemma C.2. Let (Bi)rew and (8 ke be real sequences satisfying By > 0, 8 >0, O < & and Bk2+1 <
(5k — Ot1) B for all k € IN. Then ZZ’:O B < o.

Proof. Taking the square root of both sides in ﬁiil < (8 — 6i41)Pi and using

Vin<(&+m)/2,

for any nonnegative numbers §, 1, we arrive at 2f;+1 < (8 — 6i+1) + Bi. Summing up the latter for i =
0,...,k, for any k € IN,
25k 0Bist < XK (8 — 8ii1) XX B
=80 — 81+ Bo— Byt + XioBit1
< 80+ Bo+LioBir1-

Hence

Y Bi1 <&+ Po <o, (€3)
i=0
which concludes the proof. |

Proposition C.3. Suppose Assumption 1 is satisfied and that @ is lower bounded, and consider the se-
quences generated by MINFBE. If B € (0,1) and there exist T,c > 0 such that T < T and ||d*|| < ¢||Ry, (+")]|
then

=

Y =< oo, (C4)
k=0

If moreover (x*)ici\ is bounded, then
Jim disty 0, *)y=0 (C.5)

and o (x°) is a nonempty, compact and connected subset of zer dQ over which @ is constant.
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Proof. (C.4) follows from (C.1), Propositions 3.4(ii) and 3.4(iv), and the fact that the sum of square-
summable sequences is square summable.

If (*")rem is bounded, that @ (x%) is nonempty, compact and connected and limy_,.. dist (0 (x*)=0
follow by [10, Lem. 5(ii),(iii), Remark 5]. That ¢ is constant on ®(x°) follows by a similar argument as
in [10, Lem. 5(iv)]. |

The following is [10, Lem. 6], therefore we state it with no proof.

Lemma C.4 (Uniformized KL property). Let K C IR" be a compact set and suppose that the proper lower
semi-continuous function @ : IR" — R is constant on K and satisfies the KL property at every x* € K.
Then there exist € >0, ) > 0, and a continuous concave function y : [0,1] — [0, 40) such that properties
3.9(i), 3.9(ii) and 3.9(iii) hold, and

(iv’) forall x, € K and x such that distg (x) < € and @(x,) < @(x) < @(xx) + 7,

¥ (0(x) — (x.) dist(0,99(x)) > 1. €6

Proof of Lemma 3.1.
Let (% )reN be the sequence of stepsize parameters computed by MINFBE. To arrive to a contradic-
tion, suppose that & is the smallest element of IN such that

Yy <min{,0(1-B)/Ls}.

Clearly, kg > 1. Moreover ¢! Yk, must satisfy the condition in step 4: for some w € IR" (corresponding

to wk = x* + 1pd* selected before going back to step 1 after the condition in step 4 is passed, which might
differ from the final value of w* after step 4 is passed)

Bo'x,
O(Ty1y, W) > @ty () = 2 T2 Ry ()]
But from Proposition 2.2(ii) we also have
—1
o Y -
P(To1y, W) < @51y (W)= —5—(1-0 'YkoL./)HRG—lykn (w)[I?
Bo'y,
< (Pcrlyko (w)— D) : HRG’IJ/;(O (W)sz

where last inequality follows from 0"1}/;{0 < (1—PB)/Ly. This leads to a contradiction, therefore y, >
min {yy,6(1—B)/Ls} as claimed. That ¥ is asymptotically constant follows since the sequence (%)kemn
is nonincreasing.

Proof of Proposition 3.4.

We have
P < gy (W) — BE Ry, (wh)|P
< oy () = PR 1Ry, (W52 7
< () — B IRy, (Wh) 12— % [ Ry, ()2,

where the first inequality comes from step 4, the second from step 3 and the third from Proposition 2.2(i).
This shows 3.4(i). Let @, = lim;_,. ¢(x*), which exists since (¢ (x*));e is monotone. If @, = —oo, clearly
inf @ = —co and ®(x®) = 0 due to properness and lower semicontinuity of ¢ and to the monotonic behavior
of (¢(x*))re. Otherwise, telescoping the inequality we get

k
3 X1 (BRIP4 R ()1%) £ 0(:°) —0(4) < p(e") o 8

and since 7 is uniformly lower bounded by a positive number (see Lemma 3.1) 3.4(ii) follows, hence
3.4(iii). If B > 0, observing that for k large enough such that ¥ = . we have
step 3 step 5

P (W) < @ (M) = @y (Ti(WF) < oy (W),

similar argumentations as those for proving 3.4(ii) show 3.4(iv). |
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Proof of Theorem 3.5.
If inf ¢ = —oo there is nothing to prove. Otherwise, since the sequence (¥ )xen is nonincreasing, from
(C.8) we get
(k+ 1) . i . i .
S i Ry ()4 min [Ry (w7 ) < (%) — infp.

Rearranging the terms and invoking Lemma 3.1 gives the result. O
Proof of Theorem 3.6.

The proof is similar to that of [15, Thm. 4]. By Proposition 2.5(iii) we know that ¢, < @7 for any
¥ > 0. Combining this with (C.7) we get

9( ) < min {o(x) + o v =2}, €9

and in particular, for x, € argmin @,
+1y < : _ o? 2
p() < min {o(o +(1 - ) + £ ¥}

. ky _ ky s Lz 2
garer’[i)‘,’l]{cv(x) a(p() —infp) + £ o},

where the last inequality follows by convexity of @. If @ (x°) —inf @ > R? /7y, then the optimal solution of
the latter problem for k =0 is & = 1 and we obtain (3.1). Otherwise, the optimal solution is

%(p(x") —info)
RZ

. yk(w(xk;;infw <

<1,

and we obtain

q)(xk+l) < (P(Xk) _ Yk((p(xk) 7inf¢)2.

2R?
Letting 4y = m the latter inequality is expressed as
o ow
Ak+| - A& 2R2}’k2+1
Multiplying both sides by A4 A4 | and rearranging
Mt > dg T Hl S R
kel = At 503 A = kT 5pa

where the latter inequality follows from the fact that (¢ (x*))zen is nonincreasing, cf. Proposition 3.4(i).
Telescoping the inequality and using Lemma 3.1, we obtain

kmin {y,c(1-B)/Ls} N kmin{y,0(1—B)/Ls} .

. >
A= Rot 2R? 2R?

Rearranging, we arrive at (3.2). |

Proof of Theorem 3.7.

If (3.3) holds, then ¢ has bounded level sets and zerd@ = {x, }. In particular, ®(x’) # @ and Propo-
sition 3.4(iii) then ensures x* — x,. Therefore, there is ko € IN such that x* € N for all k > k. Inequality
(C.9) holds, and in particular for k > ko

+1 : _ o? k2
P ) < min {o(ex. +(1— ) + gl 2P}

< min {(p(ﬁ)_;,_a(%—l)((p(x")—inf(p)},

ac(0,1]
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where the second inequality follows by convexity of ¢ and (3.3). The minimum of last expression is
achieved for & = min { 1, %yk} When ¥, < 2¢~! we have the bound

o) —info < (1 - §%) (9(x") —infp).
When instead y, > 2¢~1 we have the bound
P ) —infe < (ey) ' (9(x*) —infe) < 3 ((") ~infe).
Therefore @(x**1) —info < w(p(x*) —inf @), where

o< supmax{— 1- 4%}

< max{i, - Zmil’l{]/(),()'(l _ﬁ)/l‘j}} € [%7 1)

last inequality following from Lemma 3.1. This proves the claim on the sequence (@(x¥))s>k, and using
inequality (C.7) the same holds for (¢y, (Wk))kzko- From the error bound (3.3) we obtain that x* — x,
R-linearly. If the same error bound holds for @y, then also wh = x, R-linearly. O

Proof of Theorem 3.10.
The case where the sequence is finite does not deserve any further investigation, therefore we as-
sume that (x*)epy is infinite. We then assume that Ry, (x*) # 0 which implies through Proposition 3.4 that

o(x**1) < @(x*). Due to (C.5), the KL property for ¢, and Lemma C.4, there exist £,17 > 0 and a contin-
uous concave function ¥ : [0,n] — [0, +e0) such that for all x with dist,,,0)(x) < € and @(x*) < @(x) <
¢(x.)+n one has

V' (9(x) — @(x.)) dist(0,d@(x)) > 1.
According to Proposition C.3 there exists a k; € IN such that dist, o) (x*) < & for all k > k. Furthermore,

since @(xX) converges to ¢(x,) there exists a k such that @(x Ky < @(x,) +n for all k > ky. Take k =
max {ki,kz }. Then for every k > k we have

V(@) = 9(x,)) dist(0,d9(x*)) > 1.
From Proposition 3.4(i)
Or!) < (%) — B IRy (W)
Forevery k> 01et Vo(x¥) = V f(xX) = V(W) + Ry, (W*1). Since Ry,_, (w"™") € VF(WE1) +9g(xF),
then Vo (x*) € 0 (x*) and
Vo) < [VAH) = VA )]+ Ry, (W]
= (1+ %1 Ly) [ Ry, (W )]

From (C.6)
1

1
> — > .
T VeI T (T pea L) 1Ry, (W]
Let Ay = w(@(x*) — @(x,)). By concavity of y and Proposition 3.4(i)

A=D1 = W (9() = 9(x)) () — (1))
B [[Ry, (W)
2(1+%-1Ly) Ry, (WD)
ﬁ}’min HR%( (W )”2
2(1+wLys) Ry, (wW=1)|

V(o) —9(x.))

where ¥y, = min {y(), o(l 7[3)/Lf}, see Lemma 3.1, or

IRy (WP < et(Ak = At [ Ry, (W) (C.10)
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where & = 2(1+Y%Ls) /(B Y¥min)- Applying Lemma C.2 with
6k = aAkv Bk = HRYAvq (Wkil)Hr

we conclude that ¥'i_o[|Ry, (W¥)||< . From (C.2), using the fact that ¥ < 7 for all k, then it follows that
Z kaJrl 7ka< oo,
k=0

Then (x*);en is a Cauchy sequence, hence it converges to a point that, by Proposition 3.4, is a critical
point x, of @. O

Proof of Theorem 3.11.

Theorem 3.10 ensures that (x"')kelN converges to a critical point, be it x,. We know from Lemma
3.1 that eventually ¥ = %. > 0, therefore we assume k is large enough for this purpose and indicate ¥ in
place of ¥ for simplicity. Denoting Ay = Y52, [|x""! — x| clearly A > ||x* — x, ||, so we will prove that Ay
converges linearly to zero to obtain the result. Note that by (C.2) we know that

[+ =2 [|< ARy (W) [ +Te(1+ 1Ly ) | Ry (W)
Therefore we can upper bound Ay as follows
A < Te(L+ L) [Ry (W) [+ (74 Te(1+1Ls)) EZ4 [Ry(wW)]|
< (v Te(1+7Lp)) Tt Ry (W) €1

and reduce the problem to proving linear convergence of By = Y5 ,||[Ry(w')||. When v is as in (3.4), for
sufficiently large k the KL inequality reads

P —px) < [o(1 =) W[5, W € ap().
Taking ¥ = Vf(x*) = V(W 1) + Ry (wk1) € d@(x*), this in turn yields

1
_ 9
() —o(x) < [o(1-0)(1+ L) IRy ] * €12)
(see the proof of Theorem 3.10). Inequality (C.10) holds, for sufficiently large k, with Ay = o/(@(x*) —
¢(x,))'~? in this case. Applying Lemma C.2 with
S =ah, Pi= IRy ") ||=Bi_y — By,
we obtain
By < (Bi1 = B) +0(p(¥) — p(x.))'°
1-0
< (kal —Bk)+0 [G(] —9)(1 -‘r}’Lf)(Bk,l —Bk)} o s

where the second inequality is due to (C.12). Since By_| — By — 0, then for k large enough it holds that
o(1+7vLs)(Bx—1 —By) < 1, and the last term in the previous chain of inequalities is increasing in 6 when
6 € (0, 1]. Therefore By eventually satisfies

By < C(By-1—By),

where C > 0, and so By < [C/(1+C)|Bk_1, i.e., By converges to zero Q-linearly. This in turn implies that
||lx* — x, || converges to zero with R-linear rate. Furthermore,

Wk — x| = I = xe + ||
< — x|+ T Ry () |
= [l — x|+ Ten 1Ty () — |
< (4 Tey I = x|+ Ten |y () = Ty ()|
< (14 Tey DI =+ Ten T I = n VL) —xe+ n V)|
< (14 Tey " + L)) I —xl,
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where the last two inequalities follow by nonexpansiveness of prox,, and Lipschitz continuity of Vf.

Since ¥ is lower bounded by a positive quantity, then we deduce that also ||w* — x,|| converges R-linearly
to zero. |

Appendix D Proofs of Section 4

Proof of Theorem 4.1.
Since wk = xk — Bk’1 Vo (x5), letting k — oo and using (4.1) we have that

0o B Vo)) ) V() Vo) (v — )

[lwk — x| [[wk — ]|
Vo) — Vo, (wh) + V29 (x,) (0 —2¥)
[[wk — x|
_ Vo)
[[wk — k"

By strict differentiability of V¢, at x, we obtain

\v4 k
i V0,04
iy

0 (D.1)

By nonsingularity of V2¢,(x,) and since w€ — x*, there exist & > 0 such that ||V, (x*) | > a||x* — x,| for

k large enough. Therefore, for k sufficiently large,

Vo (Il elwh —x| afwh x|
[k =[] flwk =2 Ik =l — x|
Using (D.1) we get
[[w* — x| [Iw* =/l — x|

lim = lim =0
kvoo [WE =l b — x| ke [Iwk — |/ IR —x 41

from which we obtain

o Il

=0 0. D.2
e | ®-2)

Finally,
o = = T 0%) = Ty |
= [[proxyg 0 = 79 £04)) = prox (. — v s ()|
< |k 7o) =+ 91 (1)
< (Lo W =i, (D.3)

where the first inequality follows from nonexpansiveness of prox,, and the second from Lipschitz conti-
nuity of Vf. Using (D.3) in (D.2) we obtain that (x*);cy and (w*)gepny converge Q-superlinearly to x,. [

Proof of Theorem 4.2.

From Proposition A.4(a) it follows that V@y is strictly differentiable and continuosly semidifferen-
tiable at x,. Moreover, we know from Lemma 3.1 that eventually 9 = 7%, > 0. Therefore we assume
that & is large enough for this purpose and indicate y in place of y; for simplicity. We denote for short
g* = Vo, (x*). In MINFBE

wh—xf = gt = —TBy Ik,
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and by (4.1) and Cauchy-Schwarz inequality

(B = V2 @y () W =) 1"+ V2 @y (x)d!|

[[wk — k|| flal
(@ g+ Vo le)d | o
B [l
Therefore
—(gh,d") = (@, V2 @y(x.)d") +o([ld"|]*). (D.4)

Since V2 @y(x,) is positive definite, then there is 17 > 0 such that for sufficiently large k
—(8",d*) = lld"||*. (D5)
Since DV ¢y is continuous at x, and * = X4, We have
IDV @y (x)[d*] = V2 @y (x.)d"||= o(|d"|]). (D.6)

Next, since x* — x,, for k large enough Vo, is semidifferentiable at x* and we can expand ¢y around x*
using [30, Ex. 13.7(c)] to obtain

Oy +d") — @y (x*) = (g, d) + 3 (a", DV oy () [d]) + o(||d"|]*)
= (g",d") + 3 (d", V2 py(x.)d") +o(||a*|)
= 3(g".d") +o(|la"|*),

where the second equality is due to (D.6), and the last equality is due to (D.4). Therefore, using (D.5), for
sufficiently large k

Py +d") — gy () < — "< 0.

i.e., T, = | satisfies the non-increase condition. As a consequence, MINFBE eventually reduces to the
iterations of Theorem 4.1 and the proof follows. O

Proof of Theorem 4.3.

Suppose that Assumption 6(i) holds. Since x, € zer d @ and V2@, (x,) = 0, it follows that x, is a strong
local minimizer of @y, hence of ¢ in light of Propositions 2.2(i) and 2.3(i). Theorem 3.7 then ensures that
(F)rew and (w¥)eny converge linearly to x,. If instead (||B,!||)renv is bounded and Assumption 6(ii)
holds, then Theorem 3.11 applies and again (x*)ren and (w¥)ie converge linearly to a critical point, be
it x,. In both cases we can apply Proposition A.5 and for k sufficiently large

kw20, (x.)sk
W < Lmax { kx| [t . } ®.7)
Since the convergence is linear, then the right-hand side of (D.7) is summable. With similar arguments to
those of [25, Lem. 3.2] we can see that eventually (sk, y") > 0. Therefore we can apply [69, Thm. 3.2],
which ensures that condition (4.1) holds. The result follows then from Theorem 4.2. O
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