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Abstract

The proximal bundle method (PBM) is a fundamental and computationally effec-
tive algorithm for solving nonsmooth optimization problems. In this paper, we
present the first variant of the PBM for smooth objectives, achieving an accel-
erated convergence rate of O(ﬁ log(%)), where € is the desired accuracy. Our
approach addresses an open question regarding the convergence guarantee of
proximal bundle type methods, which was previously posed in two recent papers.
We interpret the PBM as a proximal point algorithm and base our proposed
algorithm on an accelerated inexact proximal point scheme. Our variant intro-
duces a novel null step test and oracle while maintaining the core structure of the
original algorithm. The newly proposed oracle substitutes the traditional cutting
planes with a smooth lower approximation of the true function. We show that
this smooth interpolating lower model can be computed as a convex quadratic
program. We also examine a second setting where Nesterov acceleration can be
effectively applied, specifically when the objective is the sum of a smooth function
and a piecewise linear one.

Keywords: Proximal bundle method, smooth optimization, Nesterov acceleration,
iteration complexity

1 Introduction

1.1 Problem setup

We consider the Proximal Bundle type algorithms applied to the unconstrained
minimization problem

min f(z), (1)
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where f : R™ — R is convex and L -smooth, i.e. f has Lipschitz continuous gradient:
IVi(y) = Vi@ < Lpllz —yll, Ve,yeR™

1.2 Motivation

In [1], Liang and Monteiro derived a convergence rate of O() up to logarithmic terms
for the problem (1). They conclude their analysis by noting that this convergence rate
is not optimal when Ly > 0. It would be interesting to design an accelerated variant
of the PBM that is optimal when Ly > 0.

In the same line of work, Diaz and Grimmer in [2] studied the convergence rates
of the classic PBM for a variety of non-smooth convex optimization problems. They
concluded the paper with the statement that “it is likely that a variant of the bundle
method can achieve accelerated rates, either by enforcing additional assumptions about
the models fi or by modifying the logic of the algorithm. We leave this as an intriguing
open question for future research.”

In light of these remarks, it seems that the acceleration of the PBM for a smooth
objective remains an open question. The complexity analysis of PBM is notoriously
difficult. It is our hope that the investigation of modified bundle methods, such as
the one we propose in Algorithm 3, may ultimately lead to a better understanding of
PBM. For smooth convex optimization problems, when the value of the smoothness
parameter is available, there exist methods with a convergence rate O(ﬁ), such as the
accelerated gradient descent algorithm. This rate is known to be optimal for first-order
methods [3]. We prove that, with a slight modification of the bundle minimization
oracle and the null step test, but keeping the overall structure of the algorithm, an
accelerated rate can be achieved up to log terms. More precisely, an e-optimal solution

can be reached in O (% log (%)) iterations improving upon the standard PBM for

which the best-known rate is O(2).

When the objective is no longer smooth, but is the sum of a smooth convex
function and a piecewise linear convex function, the best-known convergence rate is
O ( L log (%)) [4]. This paper proposes an accelerated variant of PBM for this setup
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that exhibits the same accelerated convergence rate of O (ﬁ log (%))

1.3 Contribution

1. We establish the existence of a minimal smooth lower interpolating model, demon-
strating that it can be constructed by solving a convex quadratically constrained
quadratic program (QCQP).

2. We introduce a novel Accelerated Proximal Bundle algorithm, which incorporates
modifications to both the oracle and the null step test while preserving the funda-
mental structure and logic of the traditional proximal bundle algorithm. Moreover,
the proposed null step test does not rely on the tolerance €, positively answering
an open question in [1].



3. We show that our proposed algorithm achieves an iteration complexity of
@) (ﬁlog (%)) This result addresses an open question posed by [1] and [2],

providing the first accelerated rate for the PBM.
4. We propose an acceleration scheme for composite objectives, consisting of a smooth
component and a piecewise linear one, and establish an iteration complexity of

@) (ﬁ log (%))
1.4 Related work

Kelley’s method and bundle methods

Kelley’s cutting plane method (1960) [5] is a foundational algorithm for minimizing
non-smooth convex objectives. It iteratively refines a piecewise linear lower approx-
imation of the true function. The PBM [6, 7], the trust region bundle method 8],
and the level bundle method [9, 10] are variants of Kelley’s method. Bundle methods
were initially designed for non-smooth optimization because solving the proximal bun-
dle subproblem is considered computationally expensive. This expense is justifiable
for nonsmooth problems due to their inherently higher complexity. All these variants
have been proven to converge to an optimal solution for any choice of parameter, con-
trary to gradient descent and its accelerated versions that require a stepsize chosen
at most inversely proportional to the smoothness level. Likewise, subgradient meth-
ods necessitate diminishing stepsize sequences. These less complex algorithms might
not converge if the stepsizes are not cautiously handled, thereby offering a persuasive
argument to contemplate bundle methods.

Convergence rates of the proximal bundle algorithm

In 2000, Kiwiel [11] established the first convergence rate for the proximal bundle
method, proving that an e-minimizer can be found in O(% ) iterations. [2] improved the
complexity analysis in the unconstrained case while restricting the proximity parame-
ter schedule. They provided convergence rates for all combinations of smoothness and
strong convexity. Namely, O(Z%) when the function is only Lipschtiz continuous, O(%)
when the function is smooth or strongly convex, removing the log term in [12]. When
the function is smooth and strongly convex, the convergence rate becomes O(log (%))
In [13] and [1], the authors proposed a new type of null step test that is discussed in
Section 2.2. Their analysis provides an O(Z log(1)) convergence rate when f is only
Lipschitz continuous, O(£ log(1)) when f is smooth.

Proximal point algorithm

The PBM can also be interpreted as an inexact proximal point method [14, 15]. Giiler
in [16] first proposed an inexact accelerated version of the proximal point algorithm.
It reaches an O(ﬁ) convergence rate by requiring the approximation error of the
proximal problem to be summable. Note that it does not require the objective function
to be smooth. In [17], Salzo and Villa corrected a subtle error in the convergence proof
in [16] with a slight modification of the hypothesis. He and Yuan in [18] proposed a
practical inexact criterion for the proximal point algorithm, eligible for Nesterov-type
acceleration.



Acceleration of bundle methods

Lan [10] showed that the bundle level method can be modified to incorporate Nesterov-
type acceleration. The algorithm is agnostic about the smoothness of the function in
the sense that it achieves the optimal convergence rate for both smooth and nonsmooth
problems (respectively O(%) and O(Z)) without requiring the smoothness of the
parameter as an input. To the best of our knowledge, no similar acceleration scheme
is available for the PBM.

1.5 The Proximal Bundle and the Proximal Point Algorithms

For the sake of completeness, we present the formulations of the classic PBM (Algo-
rithm 1) and an accelerated inexact proximal point algorithm (Algorithm 2). The two
algorithms are presented for minimizing a proper, closed, nonsmooth convex objective

f.

Algorithm 1 Proximal Bundle Method (PBM)

Require: 7y € R", Z; an index set of initial cuts, p > 0, 8 € (0,1)
1: for k>0 do
2: Compute yx41 solving the following quadratic program

. Py 2
seinin, Sy — kel (2)

st. VieI, t— f(y:))— (vi,y—yi) >0

5 Compute f(yxs1) and ver € Of (ysn)

4: Tpy1 — L U{k+ 1} > (update piecewise linear model)
5: if B(f(zx) — fulyk+1)) < f(xr) — f(yg+1) then > (null step test)
6: Thtl < Yktl > (serious step)
7: else

8: Thil & Tk > (null step)
9: end if

10: end for

At each iteration k, the classic PBM solves a Quadratic Program (QP) in (2) that
minimizes the sum of a piecewise linear lower model fi (y) := max;ez, f(y:)+(vi, y—y:)
with subgradient v; € 9f(y;) and a quadratic proximal term. The solution of this
optimization is denoted by yx+1. The proximal center, which will be denoted by the
letter = throughout the article, is only updated subject to the null step test on line 5
of Algorithm 1. Steps in which the proximal center is updated are called serious steps,
while those where it remains unchanged are referred to as null steps. The proximal
term and the null step test stabilize the convergence dynamics of the PBM algorithm
compared to the classic cutting plane algorithm.

We also give here an accelerated inexact proximal point algorithm (a-IPPA), which
applies Nesterov acceleration to the usual PPA [16, 18]. For z; € R™ and a convex



function f, the prox operator is defined as prox, ;(z;) = argmax,cg. f(y) + §lly —
;.

Algorithm 2 Accelerated Inexact Proximal Point Algorithm (a-IPPA)
Require: a convex f, zp € R", a sequence p; > 0
Set (o = xp and g =1
for j > 0do
Yj+1 ~ prox, ¢(z;) > (inexact proximal step)

vjy1 € Of (Yj41)
1+ 1+4@
(T

tjt1 X
Git1 &= Tj = 5-Vjt1

1
Tiy1 & G+ 2 (G — ¢)

tj+1
end for

Interpreting the PBM as a proximal point algorithm, we develop an accelerated
version of the PBM by specifying the inexact proximal step y;i1 ~ prox, ;(;).
We will detail both the method for finding an approximate solution and the criteria
denoted & that must be satisfied in Algorithm 2 before updating the variables (¢, ¢, ).

Paper overview

Section 2 focuses on the problem introduced in (1) with a smooth objective func-
tion. This study is organized as follows. In Section 2.1, we introduce our proposed
algorithm. Section 2.2 outlines the key ideas behind the algorithm design and conver-
gence proof. The new oracle, which constructs a smooth lower model, is detailed in
Section 2.3. In Section 2.4, we show how the proposed null step test ensures an accel-
erated convergence rate for the number of serious steps. In Section 2.5, we provide a
bound on the number of consecutive null steps. The main result of this paper is the
convergence rate of our proposed algorithm and is provided in Section 2.6.

Section 3 presents an accelerated scheme in another setup in which the objective
is not supposed to be smooth anymore. Instead, it is the sum of a convex smooth
function and a convex piecewise linear one.

1.6 Definitions and notations

We define || - || as the Euclidean norm and (-,-) the corresponding inner product in
the n-dimensional Euclidean space R™.

The relative interior, closure, and convex hull of a set S C R" are denoted as
relint(S), cl(S), and conv(S), respectively.

The conjugate [19] of a proper, convex function h is defined as

h*(u) = sup {{(z,u) — h(x)}.
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For hq, hsy, two real-valued functions of R", “<” denotes the following property
h1 < hy & h1(.’L‘) < hg(l‘), Vx € R”.

We suppose that the problem (1) has at least one optimal solution, denoted as
z*. This work studies the worst-case iteration complexity for finding an e-optimal
solution. Namely, the number of first-order oracle queries to find x € R™ such that
f(z)— f(x*) < e. To simplify the expression of the convergence rates, we assume that
e <1

2 Accelerated PBM for smooth objectives

2.1 Algorithm description

In this section, we introduce the accelerated Proximal Bundle Method (a-PBM). It
builds upon the accelerated inexact proximal point algorithm (Algorithm 2). Although
Algorithm 3 and its corresponding analysis are presented with a fixed parameter p,
the analysis can be adapted to allow for a decreasing proximity parameter between
consecutive null step sequences.

2.2 Main ideas behind our proposed algorithm

An accelerated inexact proximal point algorithm

In [1], a variant of the PBM is presented that can be interpreted as an inexact proximal
point algorithm (Algorithm 2). In [18], He and Yuan present a Nesterov acceleration
of the classical proximal point algorithm with a convenient approximation error for
the proximal point oracle.

A novel null step test

The usual null step test for the PBM compares the expected progress in the objective
value to the actual progress made via

B(f(xr) — fe(yr+1)) < f(@r) — f(Ykt1),

with 8, a parameter in (0,1). This criterion does not seem to translate easily into an
inexact criterion from the proximal point algorithm literature. In [13] and [1], the null
step test is changed to

f(zrt1) = fr(yrs1) < % + g||yk+1 — alf?,
where zj11 represents the best iterate for the proximal problem. Using this criterion
that includes a quadratic term, the number of serious steps for their modified version
of PBM is bounded by pllzg — 2*||?/e. This test makes it difficult to relate to the
accelerated inexact proximal point method literature as the error term £ ||yg41 — 2>
may be large. However, imposing a stricter test will likely increase the provable upper



Algorithm 3 Accelerated Proximal Bundle Method (a-PBM)
Require: f an L; smooth convex function, g € R", Zy an index set of initial cuts,
2L
p>0,and C==2E(\/2Ls /p+1).
1: Set CO =X and to =1
: for £ >0 do

[\

3: Compute yx41 solving the following convex QCQP :
min t+8||y—xk||2 (3a)
teR,yeR™ 2
2
. p 1
st. VieIy t— fly) —(Vfi)y—wi) > m”y — Tk + ;Vf(yi)|\2~ (3b)
Compute f(yr+1) and V f(yr+1)
: Tiy1 — L U{k + 1} > (update piecewise linear model)
6: if Cllyk+1 — vkl < |k — Yp+1|| then > (null step test)
144/1+4¢2
1 & — 5 —
Crt1 < Tk — %Vf(yk_H) > (serious step)
9: Tpr1 < Crar + E (G — )
10: else
11: Th+1 — Tk
12: Crr1 < Ck > (null step)
13: tk+1 — tk;
14: end if

15: end for

bound on the number of consecutive null steps. Indeed, the number of consecutive
null steps is shown to be O(log(1)) through the geometric convergence of the quantity
Mit1 = fe(Uk+1) + §lly+1 — 2x]/*. Although this linear convergence still holds with
the oracle proposed in Section 2.3, it is not sufficient to prove the upper bound on the
number of consecutive null steps with a stricter criterion like a summable approxima-
tion error, which is the one initially proposed in the first accelerated proximal point
algorithms [16].

In order to overcome this difficulty, we prove the geometric decrease of another
quantity: the gap between the best value of the current proximal problem encountered
so far and the last value of the bundle subproblem. This quantity £ is introduced in
Section 2.5.2. As the quantity £||yx+1 — x||* still appears in the study of the number
of consecutive null steps, a way to obtain the geometric decrease of £ is to enforce a
null step test that relates this quantity to the distance between the two last iterates.

From this result, we still need to show that such a test is sufficiently stringent to
ensure the accelerated convergence rate of the corresponding inexact proximal point
algorithm. It is indeed the case provided that the lower models f; are L y-smooth.



Smooth lower model functions

The cutting plane algorithm iteratively builds a lower approximation of f as the point-
wise maximum of the supporting hyperplanes at the previously queried points. This
model function is nonsmooth. It is also the lowest convex function that interpolates
f in the gradients and function values at the previously queried points [20]. Instead,
if the lower models are smooth, the inexact criterion of [18] translates into a compar-
ison between ||yx+1 — yk||, the distance between the two last iterates, and ||yx+1 — 2k ||
the distance from the last iterate to the proximal center. Provided that this ratio is
small enough, the number of serious steps is guaranteed to be (’)(%[)

€

Remark 1 (Extending the algorithm to a composite setting). It is possible to consider
a composite minimization setting throughout the proof as in [1]. The problem becomes

min f(z) +g(2),
with g a Lg-smooth convex function.
To maintain clarity, we have excluded the detailed modifications to the algorithm
and the convergence rate proof, as they are straightforward. For instance, the bundle
minimization oracle (3) would be replaced by

i Pl — o112
e B £ 900) 4 Gl = ]

st Viel t—f(yi)—<Vf(yi),y—yi>Z%IIU—W(%)II?
!

The constant C' of the null step test would be replaced by % <2(L\/’;Lq) + 1). In

this setup, the convergence rate O(ﬁ log(1)) still holds.

2.3 Building a smooth model

In this section, we show how the bundle minimization step (3) given in Algorithm
3 leads to lower models that display suitable properties for proving the accelerated
convergence rate of the algorithm. It is a convex Quadratically Constrained Quadratic
Program (QCQP) which can be efficiently solved.

Drori and Teboulle in [20] first interpreted Kelley’s cutting plane method as iter-
atively minimizing the lowest convex function that interpolates the true function at
the previous iterates. The method selects the next iterate to minimize the lowest
convex function value. Additionally, this model function is not smooth, meaning it
cannot truly represent the function f. However, when f is known to be smooth, we
demonstrate that the lowest smooth model functions can be constructed by solving a
nonconvex QCQP. We also show that this nonconvex QCQP is equivalent to a more
tractable convex QCQP.

We consider a sequence of consecutive null steps j following the serious step k. At
iteration j, we consider the bundle set [k, j] C Z;. Compared to the classic PBM, we



modify the bundle minimization step in order to build a sequence of approximation
functions f; : R™ — R that exhibit the following properties that for all 7,

1. f; is convex and L g-smooth.

2. f; interpolates f at the previous iterates, i.e., for all i € Z;, f;(y;) = f(y;) and
Vfi(yi) = Vf(y)

3. fyjr1) = fiyjr1) = fi—1(yj41), where yj 1 = argmingcpa f;(y) + §lly — 25 is
the result of the bundle minimization step (3) in Algorithm 3.

The first property is useful to show that the null step test given in Algorithm 3 implies
the inexact criterion of [18]. The other properties are used when deriving the bound
on the number of consecutive null steps.
Definition 2. For each iteration j of Algorithm 3, Fr,,(Z;) is defined to be the set of
convex, Lg-smooth functions f :R™ = R such that f interpolates the function values
and gradients of f at (Yi)iez,, i.e., Vi € I;, f(yi) = f(yi) and Vf(y:) = Vf(yi).
Remark 3 (Comparison with the recent approach by Florea and Nesterov [21]).
During the final editing of our paper, we became aware of a paper from Florea and
Nesterov studying smooth lower models [21]. Their contribution focuses on a different
algorithm, specifically the Gradient Method with memory. Although their approach
diverges somewhat from ours, the conclusions drawn in Section 2.3 of their paper align
with those presented in our Section 2.3. Notably, they demonstrate that a smooth lower
bound can be computed by solving a conver QCQP.

To achieve this, Florea and Nesterov consider a family of functions indexed by
1€Z;, ¢ :R"xR®" = R and p : R = R such that

V(yu) € R x B, 8i(y,u) L F(s) + (V£ (wi)y — i) + 2ifnu ok

def .
= AR . 4
p(y) = min max ¢ (¥, 9) (4)

To establish that p is smooth, conver, and interpolates f at the points (y;)icz,,
Florea and Nesterov reformulate the inner mazimization in (4) as a mazximization over
the simplez, leveraging strong duality and Danskin’s theorem. In contrast, our approach
begins with a nonconver QCQP known to possess the desired properties outlined at the
beginning of this section. We then demonstrate that this problem can be reduced to a
more tractable conver QCQP.

2.3.1 A nonconvex QCQP with the desired properties

We now introduce a nonconvex but explicit formulation for the lower bound of smooth
functions interpolating f at the previous iterates. In the next subsection, we will show
that this nonconvex problem is equivalent to a convex QCQP with a formulation
close to the usual proximal bundle minimization subproblem. More precisely, when
Ly = 400 (i.e. the function is not smooth), the two bundle minimization problems
(2) and (3) match exactly.



At each null step, we consider the following problem

. P 2
t pa —
teR,ygﬂggueR" * 2 ”y ka (53)

s, WGL,t—f@»—ﬁﬁ@my—wW>£Aw—Vﬂwm% (5D)
1

57l =V wl*. (5¢)

€T Nt — ) >
VieZ;,  f(y) —t—(u,y y>_2Lf

Note that (5) is a nonconvex QCQP due to the bilinear term (u,y; — y) in (5c¢).
Lemma 4. The above nonconvexr QCQP (5) is equivalent to

. ¢ 4 )P . s
min f)+ Sy ol = min {2y a4 win fw). o ©)
yER™, fEFL , (Z;) yeR feFL,(Z;)

In particular, this shows that (5) is always feasible, as f € Fr,(I;) # 9.

Proof. Problem (6) is feasible, because f itself is in Fr,(Z;). Then, according to
Theorem 4 and Corollary 1 in [22], for any f € Fr,(Z;) and y € R, (f), v, Vi®))
is feasible for (5). Thus, the optimal objective value of (6) is no less than that of (5).
This also shows that (5) is feasible. Conversely, for any feasible solution (¢,y,u) of
(5), by the same result in [22], there exists an L ;-smooth convex function f such that
fy) =t Vf{y) = u, and for all i € T;, f(y:) = f(y:) and V[(yi) = VF(ys), i.e.,
fe Fr,(Z;). Thus, the optimal objective value of (5) is no less than that of (6). This
proves the equivalence between (5) and (6). O

Following Rockafellar’s Convex Analysis book (Theorem 5.6) [19], we define the
convex hull of a collection of functions.
Definition 5 (Convex hull of a collection of functions). The convexr hull of an arbi-
trary collection of functions {h; : i € I} on R™ is denoted by conv{h; : i € T}. It is
the convex hull of the pointwise infimum of the collection.
Lemma 6. Let f; be the closure of the convex hull of all functions in Fr,(Z;),
ie., fj = clconv{f : f € Fr,;(Z;)}). Then f; is an element of Fr,(Z;). Thus,
fi= conv{f: fe Fr,(Z;)}. Moreover, f; is the lowest element in Fr . (Z;), i.e.,

Vf S .FLf(Ij), Vo € Rn, fj(l‘) < f(x)

Proof. Let E : x — inffe}‘z,f ) f(x). Note that the conjugate E* = (cl(conv(E)))*
(19, Corollary 12.1.1]. Thus, E** = cl(conv(E)) = f;. In the following, we study
the properties of E, E*, and E**. First, notice that Vi € Z;, E(y;) = f(y;) < +oc.

Moreover, Vf € Fp (Z;),i € I,y € R™, f(y) > flys) + (VFWwi)y — vi) = flwi) +
(Vf(yi),y —yi). Thus, Vi € Z;,y € R", E(y) > f(yi) + (Vf(yi),y — yi) > —oco. This
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shows that E is proper. The conjugate E* of F is given as

Yw e R", E*(w)= sup (w,x) — E(zx)

TER™

= sup (w,z) — inf  f(z)
x€Rn feFL, (z)

= sup (w,z) + sup (ff(x))
zeR™ fE}-Lf (Ij)

= sup  sup (w,z) — f(x)
feFL, (z;) »eR"

— s fw)
feFrL, (Zy)

As f is proper, convex, and L -smooth, f * is proper convex and 1/L ¢-strongly convex.
The pointwise supremum of convex functions is convex. So sup feFL, (@) fH(w) —

ﬁHwH2 is convex. This shows that E* is 1/L-strongly convex. Thus, E** is L-
smooth. Also, E** interpolates f in function value and gradient at (y;);cz,. This shows
that E** € Fr,(Z;) and E** is a lower bound of Fr, . (Z;).

O

The previous lemma shows that we can unambiguously define f; as the minimum
of Fr,(Z;). The following theorem shows that problem (5) iteratively builds lower
models of f with desirable properties for establishing the accelerated convergence rate
of Algorithm 3.

Theorem 7. Problem (5) defines a lower model function f; that is L s-smooth, convez,
and satisfies

Fi+1) 2> fi (Y1) = fi—1(yj41)s

with yj+1 = arg mingeg. f;(y) + §lly — 2.

Proof. Following Lemma 4, (5) is equivalent to (6). We know from Lemma 6 that f;
is well defined and is minimal among all functions of 7, (Z;) for all y, hence

. P 2 . ¢ . P 2
min — ||y — T||” + min = min — ||y — xk||” + [ (y).
min 5 fly — e fly) = min Slly — 2l + fi(y)

This shows that (f;(y;j+1),yj+1, V/f;(y;j+1)) is optimal for (5).

We have constructed f; such that f; € Fr,(Z;) and vf € Fr,(Z;), f; < f.In
particular, as we suppose, during a sequence of null steps, that Z;_; C Z;, we deduce
[; € Fr,;(Zj—1) ensuring that f; > f; 1. In addition, as f € Fr,(Z;), f > f;-. O

The following proposition and corollary show that the gradients of f; are in the
convex hull of the gradients of f at the previous iterates. This leads to a bound on

11



the gradients of f; which will be useful for proving that the second constraint (5¢) in
the nonconvex QCQP (5) is not necessary.

Intuitively, taken any f € Fy, ;(Z;), we want to

construct a transformation K on f such that
K(f) “clips” the gradients of f € Fr,(Z;) to
conv({V f(y:) }iez;). Figure 1 illustrates this
operation. Suppose the bundle Z; contains two
points y; and y,. Their corresponding cutting
planes are dotted black lines. A smooth inter-
polating function f € Fr,(Z;) is given in bold
dashed blue. K clips its gradlentb and trans-
forms f into the function represented by a
solid red line. If we apply K on K(f), we get
K(f), i.e., K(K(f)) = K(f). Thus, K is an
idempotent endomorphism on Fr,,(Z;).

[
[
[
[
4
[
[}
[}

N Figure 1

The following proposition makes this precise.
Proposition 8. We define a mapping K on Fr,,(Z;) such that

K:f»—> (f*—i—égj)*,

where dg, is the indicator function of G := conv({V f(v:) }iez,), i-e.,

56, (u) = {O, ifue Gy,

400, otherwise.
Then, K(f) € Fr,(Z;) and
VieFL, L), K(f)</f

Proof. Let f € Fr,(Z;). As fis L ¢-smooth, f*is 1/L-strongly convex. So K(f)* i
1/L y-strongly convex, which implies that K(f) is L y-smooth. For i € T;, we have

K(f)" (V) = ( +06,)(Vf(y:))
= 0f*(Vf(y:)) + 90c,(V f(y:))
2 0f*(Vf(y:) + {0}
=f* (V) 2 ui-

The second equality holds because relint(dom(f*)) N relint(G,;) # @. The last con-
tainment is due to the fact that z* € 9f(x) <= a € 9f*(z*) for any closed
convex function f (see Theorem 23.5 in [19]). Applying this fact again, we get
yi € OK(N)*(Vf(y)) < Vf(y:) € OK(f)(y;). Since K(f) is smooth, V f(y;) =

12



VE(f)(y;) for all i € Z;. That is, K(f) interpolates the gradients of f at all the
previous iterates. Moreover, we show that K(f) also interpolates the function values

of f at the previous iterates. Indeed, since K(f) is closed and Vf(y;) = VK (f) (1),
applying Theorem 23.5 in [19], we have

The second equality is due to the definition of K'(f) and V f(y;) € G j- The last equality
again follows from Theorem 23.5 in [19]. Thus, we have shown that K (f) € Fr, (Z;).

Also, as K(f)* > f*, K(f) < f. O

Corollary 9. The function f; has a gradient that takes values in the convex hull of
the gradient of f at the previous iterates: range(V f;) C conv(V f(ys)iez, )

Proof. K(f;) € Fr,(Z;) and K(f;) < f;. By minimality of f;, K(f;) = f;. K(f;)* =
[ further implies that range(V f;) = dom(f;) C conv(V f(y:)). O
2.3.2 Dropping the second line of constraints

In this section, we show that the nonconvex constraints (5c) of problem (5) are unnec-
essary and that (5) is equivalent to the same problem without the second line of
constraints as

. Py 2
L +2||y | (7b)

st VieZy, t—fly) = (VIw)y — ) = 5—llu = VI)* (7¢)

_2L

Lemma 10. In problem (7), any optimal solution (t*,y*,u*) satisfies u* = p(xr—y*).

Proof. We write the Lagrangian of this problem:
_ P 2

#3000+ (V)= )+ 5= VI

i€Z;

By the KKT conditions, for any optimal (¢*,y*, u*), there exist A;’s such that

0=1- Ziezj Ais
0= ez, Nz (u* = V (), (8)
0=py" —xk) + XLiez, AV (1i).

We conclude that u* = p(xp — y*). O

13



Substituting w with its value at optimality given by Lemma 10 in (7) gives the
bundle minimization step (3) in Algorithm 3. Compared to the problem (2) solved in
the usual PBM, it shares the same objective function, number of variables and num-
ber of constraints. However, the constraints are convex quadratic rather than linear.

We will now prove the equivalence between (3) and (5). We consider problem (7)
before optimizing over vy,

. B _ 2
e, LT gl = ol (%)
. 1
st. VieZ; t> f(yi) +(VfWwi),y—wyi)+ 2Ly lu—V f(y:)|? (9b)

The quadratic term in the objective only depends on y. We define A(y) as the set of
optimal multipliers and S(y) as the set of optimal solutions (¢, ), which is a singleton
as the problem is strongly convex in u. In problem (9b), the optimal value of ¢ is given
by

1
t = min max f(y:) + (Vi) y —vi) + E\Iu = V)l (10)

This defines a function f(y). This also shows that f(y) > I(y) = max;er, f(y:) +
(Vf(yi),y — vi), where f(y;) + (Vf(yi),y — yi) is the usual cutting plane.

Lemma 11. f is differentiable with a gradient being the optimal value of u in (9).

Proof. f (y) is defined as the result of a parametric convex problem in y. The set
of optimal solutions is nonempty. The directional regularity condition (Definition
4.8 of [23] and Theorem 4.9) is satisfied. Indeed, the derivative with respect to ¢ of
the constraint (9b) is —1 and the ambient set for ¢ is R. Finally, the optimal solu-
tion (t*(y),u*(y)) of (10) is continuous in y as the problem is strongly convex in u.
According to Theorem 4.24 in [23], the Hadamard directional derivative of fis

"(y,d) = inf sup D,L(t,y,u, \)d
1y, d) (t,u)ES(y))\EAI()Z/) vy !

= sup D,L(t"(y),y,u"(y),\)d
AEA(y)

1
w Dy |04 3 A () TSy g -Vl | d
AEA(y) i€Z; f

= swp | > AVS(y) | d

AEA(y) i€Z;

= (u,d).

The last line follows from (8). This shows that f is differentiable and that its gradient
is the optimal value of w in (9). O
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Recall that by Lemma 6, f;(y) = minfefo(Ij) f(y) is the lowest smooth inter-

polating function in Fr (Z;). Consider the function H; := f; — f. We know
that

* H; is differentiable as Lemma 11 shows that f is differentiable and f; € Fy, () is
smooth.
* H; >0 as (7) removes a constraint compared to (5).

The following technical result (Proposition 12) provides an elementary real analysis
result. The proof can be found in Appendix A.1.
Proposition 12. Let h : R™ — R be an upper-bounded differentiable function and
h = sup,cgn h(z). For all § > 0, there exists x such that

h —h(z) <,
IVA(z)|| < 6.
Theorem 13. The nonconvex QCQP (5) is equivalent to the conver QCQP (3).
Proof. We use Corollary 9 to show that H; is bounded.
1
¥y € R", fi(y) = max f(y:) + (VS (y:),y = 9:) + ﬁ”vfj(y) - Viw)l?

<i(y) + Qif diam({V f(4:) }iez,)2-

It holds that H; = f; — f < f; —1 < ﬁ diam({V f(y;) }iez,)?. This shows that Hj is

bounded from above. Let H; denote its supremum over R™.
Following Proposition 12, we know that for all > 0, there exists § € R" such
that H; — H;(§) < n/2 and with w = VH,(g), satisfying

nLy
Jw]| < 2diam({V f (i) }iez,)

Let @ = Vf;(§) = Vf(§) +w and iy € Z; such that
f](g) = f(yzo) + <vf(yi0)7g - yio> + i”a - vf(yio)HQ'
f

This translates for f into

) = mae £ + (00,5 + 57 I976) = Vo)

> 1) + (VS 0,5~ i) + 5 0= TS )

15



1

= f(yio) + <vf(ylo)7g - yi0> + 2Lf

(I1a = V£ i) I* + lwl*~2(w, a—V £ (yi,)))

> £00) + 5 (2= V()
> £,5) - Llfnwn = Vf )
> fi(§) - 3.

Thus, H; < H;(§) +n/2 = £;(5) — f(§) +n/2 <n/2+n/2 =1n. As this is true for all
n > 0, sup,cgn Hj(y) = 0. But we also know that H; > 0. This shows that H; = 0
and proves that problems (7) and (5) are equivalent. Lemma 10 shows the equivalence
between (7) and (3).

O

2.4 Translation of the inexactness criterion to our setup

Now, we translate the inexactness criterion originally proposed for the accelerated
inexact proximal point algorithm (a-IPPA, Algorithm 2) in [18] to the setting of the
accelerated proximal bundle method (a-PBM, Algorithm 3). The idea is that the con-
secutive null steps (3) after a serious step k in a-PBM can be viewed as inexactly
solving the proximal point problem prox, f(xk) in a-IPPA until the inexactness cri-
terion is satisfied, then the next serious step k + 1 starts. We propose the following
inexactness criterion for the proximal step

<Vf<yk+1> CVf (k- %Vf<yk+1>>7yk+1 (- ;Vf<yk+1>>> < Qipuvmkmu?.
(11)

The following theorem bounds the number of steps in a-IPPA when the inexactness
criterion (11) is satisfied by the inexact proximal step. This also gives the number of
serious steps in a-PBM, when the serious steps satisfy the inexactness criterion (11).
Theorem 14 (Theorem 5.1 [18]). Suppose that we apply the accelerated prozimal point
algorithm (a-IPPA, Algorithm 2) to problem (1) with the inexact oracle for solving
the proximal step problem satisfying condition (11), then

2p|lxo — 2|

G et

f(G) = f(@") <
An e-solution can be obtained after at most the following number of iterations

P/%”f;g_ﬁ”]

Remark 15. It is worth noting that Giler in [16] has first introduced an accelerated
inexact proximal point algorithm. However, Salzo and villa in [17] have shown that the

16



proof is flawed and the result does not hold with the approzimation criterion chosen
by Giler. In Ghiler’s setup, the correct convergence rate is (’)(%) Even though [18]
builds upon Guler’s algorithm, and was published before [17], the convergence proof
technique is quite different and does not suffer from the same flaw.

In order for a serious step in a-PBM to satisfy the inexactness criterion, we need

to design a null step test that implies the inexactness criterion. This is done by the
following theorem.
Theorem 16 (A sufficient condition for satisfying the inexact criterion). Let k be a
serious step in the execution of Algorithm 3 and let xy, be the corresponding proximal
center. Let j > k be an index in the sequence of null steps following the serious step
k. If

Cllyj+1 — yill < llww — vl with C

_2L7f 2Lf
== (Vﬁ +1>7 (12)

then the inexactness criterion (11) is satisfied.
Proof. We bound the left-hand side of (11):
1 1
(V£ 0720) = Vo= 29 gen)) vy = (o= 29 (ge))
1 1
< IV Fse0) = VH@r = 2V fyie)ll - s en = (@ = 2V @)l (13)
1 1
< Lillyjen — (o — ;Vf(yjﬂ))\\ Myjen = (on = ;Vf(yjﬂ))” (14)

L
= p—;‘np(ym —ak) + VE(y)]>

Eq. (13) uses the Cauchy-Schwartz and Eq. (14) uses the L ;-smoothness of f.
Note that because of the optimality of y;41 for the minimization step (3),

Vi) = —pYj+1 — k).
As f; is Ly-smooth and interpolates f at y;, for all z € R™, we have
IVf(y;) = V@) = IVfiy;) = V@)l < Lllz — yjll-

Thus,

lp(yjr1 — xx) + VI (yj+)ll = I = V(Y1) + V(g1
<[ =V£iyj+1) + V) + IV (1) = V)l
< 2Lf||1/j+1 - Z/j||~

17



We now consider the right-hand side of (11),

%%nwwmn > %p(—nwj(yﬁl) Y F )+ ol — i)

1
> —=(=2Lyllyj+1 — y5ll + pllzk — yjall) -
\/% FilYsi J J

The following condition and p||zx — yj4+1]| — 2Lf||yj+1 — y;|| > 0 imply (11):

2V VR g =l < Y o = gy
P /P j ="/ j+1l

2Ly (ﬂf:f

+ 1) lyj1 — w5l < llew — yjgall- 15)

P \//5 > ” J+ ]H J | (
Eq. (15) is more stringent than pllzy — y;+1|| — 2Ls|ly;+1 — y;]| < 0, showing that

the criterion (15) alone suffices to imply (11). O

Remark 17. In [1] and [13] the authors considered a modified version of the PBM
that has the drawback that the null step test (hence the algorithm logic) depends on
the value of €. Algorithm 3 (as the classic PBM [2]) does not require the knowledge of
the desired precision €. This makes the algorithm more versatile and reliable in diverse
settings where the optimal precision might not be predetermined.

2.5 Bound on the number of null steps

In [1], when the objective function is smooth, the number of consecutive null steps is
shown to be O(log(1)). However, our setup is different in two ways:

1. The update rule for the proximal center is given by the Nesterov acceleration
scheme, so the bound involving distance to proximal centers is not valid anymore.
2. Our null step test (12) may be harder to satisfy than the one in [1].

The first point will be discussed in the next subsection. In Subsection 2.5.2 we will
recall the main inequalities from [1] and introduce a new quantity &; which converges
towards zero with a geometric rate. Finding an upper bound on the first term of this
sequence, right after a serious step, and a lower bound on this sequence that is a power
of € suffices to show that there are O(log(1)) consecutive null steps.

2.5.1 A Technical result: bound on the distance between the
proximal center and the optimal solutions

We first give a technical lemma (Lemma 18) providing a bound derived from a
recurrence inequality. The proof can be found in Appendix A.2.
Lemma 18. If a sequence satisfies the following recurrence inequality

2 o+ 20"
E+2) T T

Vk >0, 1 < (14
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where C' > 0, then it holds that

12 (3+22)
VE>1, rp < (ez-r0+m33> k2.

In the execution of Algorithm 3, denote ji the overall iteration count for the k-th
serious step. Then, we define 27, := argminyer» f(y) + §[ly — z;, [|*. The next lemma
bounds two key quantities for the analysis of the number of consecutive null steps.
Lemma 19. There exists a constant C" > 0, depending only on p, x*, x1, f(z*),
and f(x1) such that for all k > 0,

30// 60//
< and [z* — 2}, || < ja (16)

25, — 2]l

Proof. Following Lemma 5.1 in [18], considering consecutive serious steps with index
g for k=1,2,3,...,

Qt?kvjk - Qt?k+1vjk+1 > p||ujk+1 ||2 - p”“’]k ||27 vk > 07

where vj, = f((j,,) — f(2*) and u;, :=t;, (., — (¢, —1)¢j, — 2. By adding these
inequalities, we have

pllus|I* < pllull® + 2t5vo < pllas — 2|2 + 2(f(21) — f(z")).

We define C' = \/Hxl —x*||2 + %(f(xl) — f(z*)), which is an upper bound on

lwj, || for all k. Using the definition of u;, , we get

”uij = ||tjk (Cjk+1 - Cjk) + (Cjk - x*)” > tij(Cjk+1 - Cjk)” - HCJk - ‘r*H

This provides an upper bound on ||(;,., — ¢j, || as
1 * !
||Cjk+1 - Cjk” < T(chk -z ” +C )
Ik
From this inequality, we get

* * * 1 *
1Gss =271 < NG = @™+ Giesn = Gill < NG = @™l + = (UG — 2™ + &)
Jk
1

1 e
= (14 MG ="l +
Jk Jk

We also have the following classic result about the Nesterov acceleration scheme,
namely, t;, > %, with & counting serious steps only (see, for instance, Lemma 5.3
in [18] or [24]). This is a non-homogeneous linear recurrence for which we can derive
a bound [|¢j,,, —2*[| £ C" - L as follows.

€
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Using Theorem 14, an e-optimal solution is reached after at most {%
serious iterations. We apply the result of Lemma 18 with ro = ||(o — 2*|| = ||zo — z*||

to conclude that at the k" serious step,

O'n2eB+5)\
3 ) F

2
C'n2eB+7%) V20llzo — ¥\ *
< | e2 —z* D I (s IR il el St
<e||xo x| + 3 (+ e )

2
C' 2 B+=%) 4 _ex]|2 1
sGwm—xW+W23-@+’Wmex”>=0<ﬁ~

Let C” be such that Yk € N*, ||¢;, —2*|| < C"/e. If we suppose that e < 1, we can take

16 — 2™l < (62”330 -z +

20(3+%)
C" = (2+ 4pllwo — 27||?) - [62”%0 - fv*||+(p||w1—x*||2+2(f(x1)—f(fv*)))M]

3

We will conclude the proof by giving a bound on ||z, , — 2*||. The first line uses
the update of x given in Algorithm 3.

||xjk+1 - H = Cjk+1 -z + ;k ((Cjk+1 -z )_ (Ck -z ))H
Jk+1
* Lj), — 1 * *
S NCieen = 27 == (G = 27l + llGk = 27[])
Jk+1
t, —1.C" 4t ; c”
279 € 1+1/1+4t?k €
4t c”
<(+ )2 (a7)
24,0 /1+1/(483) €
2 Cl/ C/I
<) <3
V1€ €
By optimality of * and z7}, for their respective problems,
* p * * p * * p *
£+ s, — 2l < £(a5) + e, — ml? < £ + et — 2
Thus, ||z}, — ;| < [|l#* — 2, ||. This leads to
1
lo* = 25l < lla” = g ll + 2, — @l < 2™ — 25l < 6—.
O
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2.5.2 Main result on the number of consecutive null steps

We consider a serious step k followed by null steps j with j > k.
We define

p
mj = fi-1(y;) + 5lly; — @l
This is exactly the value of the bundle problem (3) solved at iteration j. Let

zj = argmin  {f(2) + §llz — [}
Z2E€E{Ykt1,Yk+2:Yj } (18)

& = fz5) + 5z — arll* — my,

where &; represents the discrepancy between the best value of the null step problem
ming {f(y) + §|ly — z||*} observed thus far and the most recent value of this problem
when the true function f is substituted with its model f;_;.

Lemma 20. Let 7 € [0,1), a constant such that

7 Lf 2
> C. ].9
1—77 »p ( )

Then, the following linear convergence rate on the quantity &; holds
Vj >k, §ir1 <75 (20)

Remark 21. Contrary to the case where f is only Lipschitz continuous in [1], T does
not depend on € and enables to derive a linear convergence of &, hence an O(log(1))
number of consecutive null steps.

Proof of Lemma 20. We define

lf(uav) = f(U) + <Vf(v),u - U>7

which corresponds to the supporting hyperplane of f at v.
As the bundle set, at step j + 1, contains the cut made at step j and that we
suppose that Z; C Z; 41,

M1 2 (Y41, 95), (21)
p p
mi+1 2 fi-1(Y+1) + Sy = gl > m; + o llyi = gl (22)
For (21), we used the convexity of f; and the fact that f;(y;) = f(y;) and Vf;(y;) =
V£(y;). The second inequality (22) uses the p-strong convexity of the bundle sub-

problem, the optimality of y; for the problem minyegrn {f;—1(y) + p/2|ly — z||*} and
fi = fi-1
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Putting these two inequalities together, we get
P
mj > (1=7) (g0 95)) + 70m5 + Sllys = vinll?)
P
= riny (1= 1) (1) + 575 s~ )

. L
Using the smoothness of f, l;(y;+1,9;) = f(yj+1) — v — i l®

TP L
mjp1 —7m; > (1=7)f(yj41) + (1 —7) (2(1_7,) - 2f> ly; — v ll®. (23)
Using the definitions of z; and &;,
_ P 2
&+1 = fzjrn) + Sllzgen — aull” =m0 (24)

p p
< 7(f(zj41) + §||Zj+1 —2el®) + (1= 7)(f(yj1) + §||yj+1 — 2i)?) — My

(25)
< 7(f(zj41) + g||zj+1 — apl*) + (1 = 7)(f(yj+1) + g||yj+1 — zl”)
T L
—rmg = (1= 1)) = (=) (5770 = ) s =l (20
<7 (F )+ Dlzgn =l = my) + 2Dy — P
T L
- (5~ ) s - v (27)
1—7 T
<16+ 157 o = (2~ 1) Iy = wal? (28)
1—
<76 15 [0 1y = s P (29)
<0
é Tfj. (30)

In (24), we rewrite the definition of £. The inequality (25) involves splitting the terms
to make the quantities 7 and (1 — 7) appear. We also use the optimality of z;;1 that
ensures that f(y;41) + 5llyj41 —2kl® = f(zj41) + §llzj41 — @xl|>. In (26), we directly
apply inequality (23). In (27), the terms f(y;41) cancel. Eq. (28) is a key step in this
proof as it leverages the null step test. In (29), we use the definition of z;, ;. Finally,
we conclude with (30), where 7 is chosen to be sufficiently close to 1 in accordance
with (19), ensuring that the resulting quantity is less than or equal to 0.
This shows the linear convergence of the quantity &;.
O
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After proving the geometric decrease of £, the following lemma gives a lower bound
on this quantity. Supposing no serious step occurs, we know the null step test is not
satisfied. If &; is small enough, then the iterates y; will be close to the proximal center
2. The proximal problem becomes approximately the initial problem (1) and it is
possible to show that an e-optimal solution to (1) has been found. The lower bound on
¢, which is polynomial in e (specifically, €®), is sufficient for our proof. This quantity
will appear as an argument of the logarithm function in the convergence rate of the
algorithm.

Lemma 22. There exists a constant A > 0 such that, if at iteration j, & < Ae and
the null step criterion is not satisfied, then f(y;) — f(z*) <e.

Proof. Let 6 > 0. We consider an iteration j such that §; < d. Suppose that the null
step criterion is not satisfied, i.e., C?||y;41 — y;||* > |lzx — yj4+1/|*. Also, using (22),

0
M1 2 my + Sy — yjl1%. (31)
We combine these inequalities to get
p
mjp1 —m; > ﬁ”ﬂfk — gyl

This provides an upper-bound on |z — yj+1//?,

L (32)
=2 () gnym el —m;) (33)
< 2(;2 (f] )y — a2 —m,) (34)
< 2? (£C) + D2y = el = my) = ﬁs] (35)
<2 (36)

Eq. (33) is given by definition of m;i1. Eq. (34) uses the optimality of y;,1 for (3).
Eq. (35) uses f; < f and the definition of £;. Eq. (36) concludes using the upper
bound on ¢; supposed in this lemma.

We use this to bound ||y; — xx||* as

ly; — xl® < 2llee = yjall® + 2lly; — i)l (37)
207 2
275 +2- (mj+1 —m;) (38)
4
< %5+45/p (39)
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=4p ' (C? +1)0. (40)

To derive (38), we use (31) again. For (39), Vz € R, m;y1 < f(2) + 5]z — a4//*. In
particular, mj 1 —mj < f(z;) + §llz; — axl|? —m; =& < 6.

We want to relate the best value for the null step problem seen so far to the current
value of this problem, namely f(z;) + §||z; — a|* and f(y;) + §|ly; — @& |*.

p p
f(Zj)Jr§||Zj*=’Ek||2 ij(zj)+§||zj*$k||2 41)

p
> fi(yj+1) + §||yj+1 — i ? 42)

p
> fj(yj) + (Vi) v — ) + §||yj+1 — z)? 43

)

y;) = IV £l - lyj+1 — vl 44)

= f yi) = V(@) = V)l - lyi+1 — 5l 45)

> f )

> f(y;) = Ly(lz* — zgll + [y — zelDllyj+1 — 5l 47)
> flys) — Ly [3C" fe+ 4971 (€2 +1) 6] -26/p+ (Ellys — anl* = 497 (C* +1) 5

48)

19)

(
(
(
f( (
(y;) (

(i) = Lelle™ —yill - Nyjrr — vyl (46
(y;) — (
(y;) — +1)
(
= f(y;) + gnyj —apl|* = 26Ls/p [3C" Je +4p™ 1 (C*+1) 5 +2(C? +1) /Ly] (
(

= F(yy) + Ellys — anll” - Ds/e. 50)

Eq. (41) follows from the fact that f; < f. Eq. (42) is derived from the optimality
of y;41 in the bundle minimization problem described by (3). Eq. (43) utilizes the
convexity of f;. (44) applies the Cauchy-Schwarz inequality and the fact that f;
and f have the same value and gradient at y;. Eq. (45) relies on the first-order
optimality condition at z*. Eq. (46) uses the smoothness of f. Eq. (47) employs the
triangle inequality. Eq. (48) incorporates bounds from (40), (16), and (31). Finally,
(49) involves rearranging terms, and (50) introduces a new constant D > 0.
Using this inequality, we derive a bound on ||z} — y,|| as

F3) + Sllys = @ull” < £(25) + Sllzy = anll? + Do/e
= F(25) + §lles — wil® = m; 4 m; + Do /e
=D5/6+§j+fj71(yj)+g||yj—$k||2 (
< 6+ Dé/e+ f1(;) + 5y — il (
<64+ Doje+ fya(@h) + Sllai -l = llai —will” (53)
(

< 8+ DSfe+ () + Dl — anl = Ellaf — g5
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<6+ Dofe+ flyy) + Slys —wil® = pllai —uil? (55)
— i — y|* < 5L+ D/e)/p. (56)

Eq. (51) employs the definition of ;, while (52) utilizes the condition §; < §. (53)
leverages both the optimality of y; in solving the bundle subproblem at iteration j
and the strong convexity of the corresponding function, whereas (54) relies on the
inequality fj_1 < f.Eq. (55) depends on the optimality of x} for the proximal problem
centered at xj, alongside the strong convexity of the corresponding function. In (56),
we rearrange the terms.

Starting from (54) we get

S(1+DJe) > fly;) + 5\\%‘ —al]* = (f(z) + 2 llzh — xl” — 5”@/3‘ —zi)?)
p
> f(y;) + lly; — =xll?

— (£ + Bl = el = Bl — ail? - Ll — i) 57)

Eq. (57) uses the optimality of x} for the proximal subproblem and the strong
convexity of this subproblem.

Rearanging, using f; < f and writing «* — oz = (¢* — 2}) + (2}, —y;) + (y; — z&),

Fly) = f@")

< 8(1+ D/e) = Elly; —anl + Slla* = anll? = Lllys = ail? = Slla — )

< 0+ D/e)p Iy o 1yl ol el ly—sil)  G5)
< 6(14+D/e)+5(1+ Do) "~ |+4 (C*+1) dlla" ~ail|+45° (C*+1) (14D/e) (59)
=6 [(1+ D/e)+ (4C% +5+ D/e) ||z* — z}|| + 46 (C* + 1) (1 + D/e)] . (60)

We use the Cauchy-Schwarz inequality to derive (58). For (59), we apply (40) and
(56).
Using Lemma 19, we derive

fly;) = f(@)
<5[(1+DJe)+ (4C* +2+ D/e) 6C" Je +45 (C* +1) (1 + D/e)] . (61)

We get f(y;) — f(z*) = O(6e~2). This concludes the proof of the lemma. O

Remark 23. The conclusion of Lemma 22 is used in its contrapositive form in
Theorem 3. Namely, if y; is not yet e-optimal (i.e., f(y;) — f(z*) > €) and iteration
J is a null step (i.e., the null step test is not satisfied), then &; is bounded from below
as & > Ae3.

The following lemma gives an upper bound on §; for serious steps.
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Lemma 24. There exists a constant M > 0 such that for all serious step k,

M
Eot1 < —- (62)
€

Proof. We use the smoothness of f to show the claimed bound

p p
Sk = f(Yrt1) + §||yk+1 — x| - (fk(yk+1) + §||yk:+1 - $k|\2)

= f(ur+1) — fr(Yr+1)
< fr+1) = L (Yrt1, Uk)

L
< 7f||yk+1 — il (63)

The first equality is by setting j = k + 1 in the definition (18). The first inequality
holds because f; and f have the same value and gradient at yi and fj, is convex. The
last inequality is given by the smoothness of f.

We bound the distance between an iterate and the corresponding proximal center.
To do so, we first use the optimality of yxy; for (3) and fi < f,

Felyisr) + Sllynss — ol < fulwo) + Ellvo = 2ull? < (o) + Ellro — 2l
Rearranging,

p p
L e zel? < flxo) = fr(yrsr) + 2 llwo = ||
< f(w0) = U (1 30) + 5 o — (64)
p
< IVF o)l - llzo =yl + Ellwo — (65)

p
< VF@o)ll - llyesr — @l + IV F@o)llzo — will + Sllwo — wilf*.
(66)

Eq. (64) follows from the fact that fi > (-, x0). Eq. (65) uses the Cauchy-Schwarz
inequality, and (66) employs the triangle inequality. Note that (66) is a quadratic
inequality in ||yx+1 — zx||. This gives an upper bound

[V o)l + VA
p

_ I9iG)l + VA

— p )

lyk+1 — 2kl <

where Ap and A are defined and related as

Ay, = |V f (o)l + 20V f(zo)l|zo — kl| + p°[lwo —
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< IV £ @o)lI* + 20V £ (@o)l[(lzo — 2™ || + [la™ — z&l]) + p*([lwo — ™[ + 2™ — 2 ]))?
< A= ||V (o)l* + 20lV F (o) (llwo — 2™ +3C" /e) + p*([lwg — 2™ || +3C" /e)*.

The first inequality uses the triangle inquality and the second inequality applies (16).
Now we use this to bound ||yx+1 — || as

k1 — vl < llyprr — 2l + llye — zp—all + |op—1 — 2| + [l* — x|
v VA 3C”
§2H J (o) + 19 '
P €

Starting from (63),

L
Ehr1 < 7f‘|yk+1 —yg

2
12
_Liy <2W> sar, % )
2 14 €
21 A "2
8L . 30// 2
<= <p2 (llzo — 2|+ ) (70)
P €
SCH 90//2
+ 2p[|V f(20) || ( — |0 —w*||> +2||Vf($o)||2> +4L; =
3C"\? 48L,C"||V
= 8Ly (||m0x*||+ > 4 8L, CTV f (o)
€ pe
16L .. 16L 36L . C"2
+ =LV o) lle = 2l + =SV o)l + == 1)

1
= 0(6*2)'
We get (68) and (69) from the simple inequality (a + b)? < 2a® + 2b%. We apply
(16) to get (70). In (71), we simply rearrange the terms.
O

In the above three lemmas, we have shown the following properties of £ that
directly imply a O(log(%)) number of consecutive null steps :

o &1 < 7& (with 7 < 1 independent of €).
o & > Aé® for a null step j.
o 41 < Me2 for a serious step k.

Remark 25. For both the lower bound and the upper bound on &;, it is certainly
possible to get tighter inequalities (and maybe an upper bound on & independent of €).
However, this would only affect the constant of the leading term of the convergence
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rate of at most a factor corresponding to the exponents of the € in Lemma 22 and
Lemma 24, that is, 3+ 2 = 5.

2.6 Overall convergence rate

The following theorem is the main result of this paper and provides a convergence
rate for Algorithm 3.
Theorem 26. Algorithm 3 reaches an e-optimal solution in at most the following
number of iterations

+1

(x/2p||xo—w*| 1 5log(1) +log (&)
Ve L, 8L2 16L3\ !
g (1+ (5 + 5 + )

Proof. Let k be the index of a serious step. We have shown in Lemmas 22 and 24
that there exist constants M and A, which depend polynomially on the problem
parameters and their inverse, such that &1 < M/e?, and for all null step index j > k
in the sequence of null steps following the serious step k, £; > Ae3. Also, Lemma 20

2
gives the linear convergence of ¢; with rate 7 = %. This leads to the following

inequality for j = k + T} in the sequence of null steps,

Aed < & < rle=le 1 < 7'T’“_1M/62
510g(%) + log (%)
—log(7)

_ 5log(L) + log (&) 1

log (1 + (% + 02)_1>
< 510g(%)+log (%)
log (1 + (BTt “;f?)_l)
We now bound the total number of iterations by the maximum number of consecutive

null steps times the number of serious steps given in Theorem 14. This gives the
following bound on the total number of iterations

+1

+ 1.

+1

(fzplxo —| 1) 5log(¢) +log ()
€ 8Lz 16L3\ !
log<1+(Lpf+p2f+pgf) )

N
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Remark 27. If we choose p = Ly, we get the following upper bound on the total
number of iterations

<\/W+1> Slog(e) +log (%)
: log (1+(1+16+8)")

NG

- (P (D e 4 s 4 15).

where K1 is a numerical constant and Ky is a constant that depends only on the
initial gap in function value and distance to an optimal solution and is independent

Of (QP» Lf)
In [8], it shows that the lower bound for algorithms using only first-order
information such as Algorithm 3 is asymptotically,

@Iz— ) 73)

Our rate (72) is suboptimal because it includes an additional log(%) term. The depen-
dence on the smoothness parameter Ly appears under the form /Ly log(Ly¢) compared
to \/Ly in the lower bound (73).

3 Acceleration of the PBM in a nonsmooth setting

Unlike the gradient descent algorithm, accelerated convergence rates for Nesterov
acceleration applied to the proximal point algorithm are not restricted to smooth
objective functions. Notably, [16-18] establish a convergence rate of O(ﬁ) for their
algorithms without requiring smoothness of the objective function.

When the proximal subproblem can be solved in a logarithmic number of consecu-
tive null steps, acceleration becomes feasible. This occurs when the objective function
is smooth. As demonstrated by [4], the same holds when dealing with composite prob-
lems, combining a smooth term with a polyhedral component [4]. In this section, we
prove that applying Nesterov’s acceleration to the updates of the proximal center

in this framework yields a convergence rate of O <ﬁ log (%)) This rate, however,

depends on the problem’s dimension, as does the bound on the number of consecutive
null steps.

3.1 Assumptions

We study the following composite problem

Inin A(z) := g(z) + f(2). (74)
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We assume that g is a convex function and L4-smooth. No longer do we require
f to be differentiable; instead, we now assume that f is a convex piecewise linear
function. That is, there exists a finite subset V of R™*! such that

Vz € R, = ) +b.
z f(z) (ﬂf;wgv@ )

Let D and ~ respectively denote the diameter and pyramidal width of V [4, 25].

We also define Dy, = max{|b; — ba| : (v1,b1), (v2,b2) € V} and My the Lipschitz
continuity constant of f such that My = max{|jv|| : (v,b) € V}.

We suppose that an oracle can solve the bundle subproblem

) Pl — 2112
min 9(y) + fely) + 2||1/ |7, (75)

with x; the proximal center and f; a lower model of f.
Compared to the previous setting we add the assumption that the set of optimal
solutions is bounded.

3.2 Algorithm description
The e-subdifferential of i at the point z € R"™ is the set

Och(z) ={€ € R" : h(z) > h(z) + ({,@ — z) — €, Vz € R"},

and we recall the notation prox, ,(z) = argmin,c p. h(y) + 5y — z[*.

Definition 28 (Definition 2 in [17]). We say that y € R™ is a type 2 approzimation
of prox, ,(z;) with €;-precision and write y ~2 prox, ,(z;) with €;-precision if and
only if

p(zj —y) € D, h(y).

We consider the accelerated inexact proximal point algorithm given in [17]. It spec-
ifies the approximation criterion of Algorithm 2 using =5 and removes the additional
sequence ;.

Algorithm 4 Accelerated Proximal Point Algorithm with Type 2 Approximation
Require: h, zg € R”
Initialize €y. Set yo = xg, and ty = 1
for j > 0do
Compute y; 41 ~2 prox, ,(z;)  with e;-precision
2
Tjt1 < Yj+1 t ?77:
Update €5+1 .
end for

(yj+1 - yj)
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Using a piecewise linear model such as in the classic PBM (Algorithm 1), we derive
the following accelerated PBM.

Algorithm 5 Accelerated Proximal Bundle Method
Require: f, g, o € R", 7y an index set of initial cuts, B > 0 and p > 0
Set y0:<0:$0,tozlandj20
for k> 0 do
Compute yg+1 solving the following convex QCQP

. P 2
t . — .
clnin t 9(y) + 5lly — 24 (76)

st. Vi€, t— f(yi)— (vi,y—wi)>0.

Compute f(yr+1) and vir1 € Of (Yrt1)
Ik+1 +— I U {k’ + 1}

if f(yk+1) — fe(Yrt1) < % then > (null step test)
144 /144¢2

bip1 ¢ —5—
Gi+1 € Yk+1
Tjy1 < Gir1+ %(Cjﬂ - ¢) > (serious step)
1 TR
j+—j+1

end if

end for

Comparison between Algorithm 3 and Algorithm 5

Both algorithms share a similar structure and can be viewed as accelerated versions
of the classic PBM (Algorithm 1). The Nesterov acceleration is implemented using
the same sequence, tj. Additionally, the bundle minimization step (76) in Algorithm
5 can be interpreted as the bundle minimization step (3) in Algorithm 3, where the
smoothness constant Ly = 400 since f is not assumed to be differentiable.

Despite these similarities, the two algorithms differ in their null step tests. In
Algorithm 5, the test requires knowledge of the desired accuracy, e. Furthermore,
Algorithm 3 keeps track of the sequence ¢ which is updated as (x11 < x— %Vf(ykﬂ).

3.3 Analysis of the algorithm

3.3.1 Number of serious steps

The following proposition establishes a connection between the two criteria: the gap
between the value of the lower model and the true function, as typically considered in
the cutting-plane literature, and the inexactness criterion =5 from the proximal point
algorithm literature.
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Proposition 29. Let yiy1 be an iterate of the Algorithm 5 such that the null step
2
test f(yr+1) — fr(yps1) < % is satisfied for some j > 0. Then,

ki1 Ro prox, ,(x;) with €;-precision.
Y+ p p,h\*7 4

Proof. Let u € R™.

9(u) + () + Sl — ;1 = glw) + fiw) + Ellu — ;)

p p
> g(Wrv1) + fr(Yrr1) + §Hyk+1 — x| + §Hyk+1 —ul?.

2
P p PE;
> 9(yetr) + F(er) + Sllower = 250 + Sl —ull® = <
The first line inequality uses f > fi. The second inequality leverages the optimality of
Yk+1 for the bundle minimization step (75) and the strong convexity of this problem.

2
The last inequality uses the hypothesis that f(yrt+1) — fx(Yr+1) < %.
Rearranging, we get

rs
2

[NV

g(u) + f(u) = g(yrs1) + Frs1) + 5 (lyesr — 25017 + e — ull® = lu — ;%) —

2
pe?
= 9(Yrt1) + f(Wrr1) + U — Yra1, 05 — Yra1) — 7J

As this inequality holds for all v € R™, this proves that p(z; — yx+1) € 0.2, M(yr41)-
Following the definition of ~9 with €;-precision, this concludes the proof. ’ O
Corollary 30. Algorithm 5 is an instance of Algorithm 4 with h = f + g.

Proof. After noticing that Algorithm 5 contains an implicit loop in which an approx-
imate solution of the proximal problem is computed and during which the proximal
center is not updated, this corollary follows directly from Proposition 29. O

Theorem 31 (Number of serious steps of Algorithm 5). At the ji" serious step, the
iterate (; is such that

* * p *
h(G) — B* < B (o) — b + Dlfeo — ") + 5 (77)
. B; i—1 . 2
. ) \/23-\/6/7‘( ) )
Moreover, for B > 0 choosing €; < G+ (1+v2G7D) leads to 0; < BBj. We can
then rewrite the inequality (77) as
* * P * (|2
h(¢;) —h* < h(zg) — h* + =||zog — z™||* + B). 78
(6) =1 < g han) = + Gy~ + B (75)
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Proof. A more general proof is given in Remark 4.7 of [17]. Compared to their
notations, we have Vi, \; = p~*, a =1, Ag = p, and p = 1. O

This theorem shows that the number of serious steps to reach an e-optimal solution
is at most

79
7 (79)
Lemma 32. While an e-optimal solution has not been found, choosing e; = 77\/5(%

satisfies the upper bound on €; in Theorem 31; moreover, such €; is lower bounded as

V6B
Vi, € > - . . (80)
4\ /p (h(zo) — h* + 5|z — *||? + B)

Proof. We suppose that h((;) —h* > €. Following (78),

4
(j +2)°

€< (h(wo) = h* + Ellzg —a*|” + B).

Rearranging and plugging the maximum value of j (given in (79)) in the expression
of €; leads to the claimed bound. O

3.3.2 Number of consecutive null steps

Theorem 33 (Lemma 3.6 in [4]). In Algorithm 5, at most the following number of
consecutive null steps occur between two serious steps

D? 4D*
1+ max< 2, scelog | == || (81)
Hop,p,5PY pej

with ., such that

1 80?2 ) AM N2
QNwL,j=Db+3pf+6Mf||xj+2Lg[(pf+||xj||) vl e

where x = argmin, h(z) + 5[l — x|
Definition 34 (Level-Boundedness). A function f : R® — R is said to be level-
bounded if for every c € R, the level set

Lo={z€R": f(z) < c}
is bounded.
We recall the following known result (Lemma 35) that derives the level-

boundedness of the convex function h based on the boundedness of its minimizers.
For completeness, a proof is given in the Appendix A.3.

33



Lemma 35 (Level-Boundedness of Convex Functions with Bounded Minimizers). If

{z e R": f(z) = minyern f(y)} is non-empty and bounded, then f is level bounded.
The constant fiy ,; defined in Theorem 33 depends on [|x}||, the norm of the

proximal solution prox, ,(x;). We leverage the level-boundedness of A to bound ||z ||

uniformly in j.

Proposition 36. The optimal solutions of the proximal problems (x;)jeN are bounded

as

Vi, [zl < 3l || 4+ 6 R, (83)
where Ry, 5, is the radius of a Euclidean ball centered at zero that contains the level

set of h at level h(xo) + §|lzo — *||> + B. Note that Ry, 4, does not depend on e.

Proof. By Theorem 31, 3; <1 for all j. Following (78), all the ¢; are in the level set
of h with level h(zo) + 4| lzo — z*|* + B.
We combine this bound with the update of the proximal center given in Algorithm

5
t: —1
@51l = ||Gir + ;_7(@-‘:-1 - G)
j+1
t—1
S NGl + ==+l + 1)
j+1

< 3Rp -

For the last inequality we use ttj;l <1lasin (17).
J

By optimality of * and z7} for their respective problems,

ha) + Bl = a2 < b)) + Dl = ajll® < h(a”) + Sl = a2

Thus, ||z} — 24| < [|#* — x;|. We combine these two inequalities,

311 <l + llzf = 2| < 2™ + [J2F = ;] + [l27 — ;]|
< ™l +2llz" = 5] < 3ll=| + 2[5
< 3[|z"]| + 6 R o (84)

O

Theorem 37. Algorithm 5 provides an e-optimal solution in at most the following
number of iterations

S S = ¥ Eloe — 2+ B 2 4D*
V(o) + g llwo = @[ + -[1+max{2,D}IOg<D>} (85)

Ve Hep,pPY? ploe?
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with

2
1 def 8Mf *
St = Db+37+6Mf(3||a: [[-++6 R,z )+2Lyg

AM . 2
oL (pf—|-3||as ||+6Rh,wo> +1

)

and

6B
w2p (h(xo) — h* + §l|lzo — 2*[2 + B)’

(86)

g =

Proof. We upper bound the total number of iterations by the bound on the number
of serious steps given in (79) and the bound on the number of consecutive null steps
given in Theorem 33.
Combining the definition of iy ,; in (82) and (84), we get Vj, Ly p < o p.j-
Lemma 32 shows that for all serious step index j such that an e-optimal solution

has not been found yet, o€ < e?.
O

4 Remarks and conclusion

Bundle management and varying p parameter

For simplicity, throughout this article, we have assumed that the parameter p remains
fixed and that all cuts are retained in memory during sequences of null steps. However,
the proposed algorithms can be readily adapted to more general settings where p may
be updated at serious steps following any nonincreasing sequence as Theorem 14 still
holds. Also, selective cut management strategies may be employed, without significant
changes to the convergence properties.

Conclusion

In this paper, we have proposed an Accelerated Proximal Bundle algorithm designed
to improve the convergence rate of the proximal bundle methods for smooth objectives.
By incorporating a novel null step test and a smooth lower model, we demonstrated
that our algorithm achieves an improved convergence rate of (’)(ﬁ log(1)). This
enhancement addresses an open question about achieving accelerated rates with proxi-
mal bundle methods. We have further proposed an acceleration of the proximal bundle
method for composite convex optimization with piecewise linear nonsmoothness. The
resulting Algorithm 5 achieves a similar rate of O(# log(%)), although the complexity
bound also depends the problem’s dimension through some geometric quantity such
as the pyramidal width of the subdifferentials of the piecewise linear function.
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Appendix A Additional Proofs
A.1 Proof of Proposition 12

Proof. Let 25 € R" such that h — h(zs) < §. We consider the problem

d
max h(z) — §||x — x| (A1)

rER™

As h is upper-bounded, (A1) can be restricted to a compact feasible set. By conti-
nuity of the objective, this problem admits an optimal solution z}. In particular, as
h(z}) > h(xs), |[Vh(z3)|| < § would conclude the proof. We assume the opposite. h
is differentiable at x so there exists ¢t > 0 such that z = x} + tVh(z}) satisfies:

h(2) = b} + 19R(5)) > hia3) + 5 (19h(5)7) Vh(a3)
= h(a) + s — 2l - VA
— h(=) — Sz — sl 2 hlag) + 85 s — 2l - oz —
> ha) + 52l — 2l — 5 (e — 2l + lleg — sl
> h(af) — s — sl + Sl — 2.
This contradicts the maximality of zj and concludes the proof. O

A.2 Proof of Lemma 18

Proof. We first consider the homogeneous recurrence sy = ry and

Sk+1 = ( k; )
2

< log(sk+1) — log(sk) = log(1 + k:+2)
2
< P (concavity of the log)
We sum up these inequalities,
"
log(sk+1) — log(so) < 22 T2

k—‘,—l
<22—

< 2+210g(k+ 1).
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This yields : sp41 < 80 - €2 (k+1)2, for k > 0.
Using the inequality Vo > —1, log(1 +z) > x — 22/2 :

k ( 9 )2
Zi:o 142
1 k (>2
2 - =2
: 1 :
2

> —1+ 2log(k +3) —2%.

1
142

log(sk+1) —log(so) = 2

DN | =

&
i Mw
[}

o
+
V)
+
V)

R

v
I|
v

This gives s > sp exp(flf’g)(k + 2)% for k > 0. We now show that the
inhomogeneous term gf;
For k > 0, let wy, = =

Sk

vanishes at infinity.
We have wg = 1.

revn _ (L E5)m + 25 i 2¢"
Wh41 = < 5 =wp —— =wp
Sk+1 (I+ 553)sk (1+ 55)sk (k+4)s
2C" 2C"
<wg + o < wy + p .
(k +4)sgexp(—1 — %) (k + 2)2 so-exp(—1— %) (k+1)3
Solving this simple linear recurrence leads to Vk > 0,
20" X1 207
wi < wo + . — <1+ .
* . exp(—1— %) ; k3 6o - exp(—1 — )

Combining the bounds on wy and si, we get

2
C' 72 (3+Z-)
Vk>1, rp=wisp < <62-7°o+7r€33 k2.

A.3 Proof of Lemma 35

Proof. Since the set of minimizers of f is non-empty, the minimum ¢; := minyegrn f(y)
is finite. We proceed by contradiction. By the assumption of the lemma, the level set
Ly = {z: f(x) < ¢1} is bounded. Suppose there exists ca > ¢; such that Ly = {z :
f(z) < ¢} is unbounded. Note that L1 C Ls. Since Lo is unbounded, it follows that
the recession cone of L, denoted by 07 Lo, is nontrivial; that is, there exists a nonzero
direction d € 07 Ly (see, for instance, [19] Theorem 8.4).

In particular, for any z; € L1, we have z1 + td € Ly for all ¢ > 0. Define the
function ¢(t) = f(x1+td). Since x1+td € Lo for all t > 0, ¢(¢) must be nonincreasing.
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Otherwise, for some t > 0, we would have f(z; + td) > ¢y, which contradicts the
assumption that x1 + td € Ly for all ¢t > 0.

Moreover, since ¢(t) is nonincreasing and f(x1) < ¢y, it follows that f(z1+td) < ¢;

for all t > 0, implying that 1 +td € Ly for all t > 0. This contradicts the boundedness

of Ly. Therefore, all level sets of f must be bounded. O
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