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Abstract

This paper presents an accelerated variant of the hybrid proximal extragradient (HPE) method
for convex optimization, referred to as the accelerated HPE (A-HPE) framework. Iteration-
complexity results are established for the A-HPE framework, as well as a special version of it,
where a large stepsize condition is imposed. Two specific implementations of the A-HPE frame-
work are described in the context of a structured convex optimization problem whose objective
function consists of the sum of a smooth convex function and an extended real-valued non-smooth
convex function. In the first implementation, a generalization of a variant of Nesterov’s method
is obtained for the case where the smooth component of the objective function has Lipschitz con-
tinuous gradient. In the second implementation, an accelerated Newton proximal extragradient
(A-NPE) method is obtained for the case where the smooth component of the objective function
has Lipschitz continuous Hessian. It is shown that the A-NPE method has a O(1/k7/?) conver-
gence rate, which improves upon the O(1/k?®) convergence rate bound for another accelerated
Newton-type method presented by Nesterov. Finally, while Nesterov’s method is based on exact
solutions of subproblems with cubic regularization terms, the A-NPE method is based on inex-
act solutions of subproblems with quadratic regularization terms, and hence is potentially more
tractable from a computational point of view.

Key words: complexity, extragradient, variational inequality, maximal monotone operator, prox-
imal point, ergodic convergence, hybrid, convex programming, accelerated gradient, accelerated
Newton

1 Introduction

A broad class of optimization, saddle point, equilibrium and variational inequality (VI) problems
can be posed as the monotone inclusion problem (MI), namely: finding x such that 0 € T'(x), where
T is a maximal monotone point-to-set operator defined in a real Hilbert space. The proximal point
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method, proposed by Martinet [6], and further studied by Rockafellar [16, 15], is a classical iterative
scheme for solving the MI problem which generates a sequence {x} according to

T = ()\kT + [)71(3}]6,1),

It has been used as a generic framework for the design and analysis of several implementable al-
gorithms. The classical inexact version of the proximal point method allows for the presence of a
sequence of summable errors in the above iteration, i.e.:

o0
ok — T + 1) (2r1)|| < ex, Zek < 00,
=1

where ||-|| is the canonical norm of the Hilbert space. Convergence results under the above error
condition have been establish in [16] and have been used in the convergence analysis of other methods
that can be recast in the above framework [15].

New inexact versions of the proximal point method with relative error tolerance were proposed by
Solodov and Svaiter [18, 19, 20, 21]. Iteration complexity results for one of these inexact versions of
the proximal point method introduced in [18, 19], namely the hybrid proximal extragradient (HPE)
method, were established in [10]. Application of this framework in the iteration-complexity analysis
of several zero-order (or, in the context of optimization, first-order) methods for solving monotone
variational inequalities, and monotone inclusion and saddle-point problems, are discussed in [10] and
in the subsequent papers [8, 9].

The HPE framework was also used to study the iteration-complexity of a first-order (or, in the
context of optimization, second-order) method for solving monotone nonlinear equations (see [10])
and, more generally, for monotone smooth variational inequalities and inclusion problems consisting
of the sum of a smooth monotone map and a maximal monotone point-to-set operator (see [11]).

Iteration-complexity bounds for accelerated inexact versions of the proximal point method for
convex optimization have been obtained in [4, 17] under suitable absolute error asymptotic condi-
tions. The purpose of this paper is to present an accelerated variant of the HPE method for convex
optimization (based on a relative error condition), which we refer to as the accelerated HPE (A-HPE)
framework. This framework builds on the ideas introduced in [10, 18, 19, 12]. Iteration-complexity
results are established for the A-HPE method, as well as a special version of it, where a large stepsize
condition is imposed. We then give two specific implementations of the A-HPE framework in the
context of a structured convex optimization problem whose objective function consists of the sum
of a smooth convex function and an extended real-valued non-smooth convex function. In the first
implementation, we obtain a generalization of a variant of Nesterov’s method for the case where
the smooth component of the objective function has Lipschitz continuous gradient. In the second
implementation, we obtain a accelerated Newton proximal extragradient (A-NPE) method for the
case where the smooth component of the objective function has Lipschitz continuous Hessian. We
show that the A-NPE method has a O(1/k7/?) convergence rate, which improves upon the O(1/k%)
convergence rate bound for another accelerated Newton-type method presented in Nesterov [13].
As opposed to the method in the latter paper, which is based on exact solutions of subproblems
with cubic regularization terms, the A-NPE method is based on inexact solutions of subproblems
with quadratic regularization terms, and hence is potentially more tractable from a computational
point of view. In addition, the method in [13] is described only in the context of unconstrained con-
vex optimization, while A-HPE framework applies to constrained, as well as more general, convex
optimization problems.



This paper is organized as follows. Section 2 introduces some basic definitions and facts about
convex functions and e-enlargement of maximal monotone operators. Section 3 describes in the
context of convex optimization an accelerated variant of the HPE method introduced in [18, 19]
and studies its computational complexity. Section 4 analyzes the convergence rate of a special
version of the A-HPE framework, namely the large-step A-HPE framework, which imposes a large-
step condition on the sequence of stepsizes. Section 5 describes a first-order implementation of the
A-HPE framework which leads to a generalization of a variant of Nesterov’s method. Section 6
describes a second-order implementation of the large-step A-HPE framework, namely the A-NPE
method. Section 7 describes a line-search procedure which is used to compute the stepsize at each
iteration of the A-NPE method.

2 Basic definition and notation

In this section, we review some basic definitions and facts about convex functions and e-enlargement
of monotone multi-valued maps.

Throughout this paper, E will denote a finite dimensional inner product real vector space with
inner product and induced norm denoted by (-, -) and ||-||, respectively. For a nonempty closed convex
set 2 C E, we denote the orthogonal projection operator onto 2 by Pnp. We denote the set of real
numbers by R and the set of extended reals, namely R U {#oc} by R = RU {#o00}. We let R
and R, denote for the set of nonnegative and positive real numbers, respectively. The domain of
definition of a point-to-point function F' is denoted by Dom F'.

A point-to-set operator T': E = E is a relation T' C E x E. Alternatively, one can consider T as
a multi-valued function of E into the family p(IE) = 2(®) of subsets of E, namely:

T(z)={veEk|(zv)eT}, VzeLk.
Regardless of the approach, it is usual to identify T" with its graph defined as
Gr(T)={(z,v) e ExE|veT(z)}.
The domain of T', denoted by Dom T, is defined as
DomT :={z€ E:T(z) # 0}.
The operator T': E = E is monotone if
(v—0,2—2) >0, Y(z,v),(Z,0) € Gr(T),

and T is maximal monotone if it is monotone and maximal in the family of monotone operators with
respect to the partial order of inclusion, i.e., S : E = E monotone and Gr(S) D Gr(T) implies that
S=T.

In [2], Burachik, Tusem and Svaiter introduced the e-enlargement of maximal monotone operators.
In [10] this concept was extended to a generic point-to-set operator in E as follows. Given T : E =2 E
and a scalar ¢, define T : E = E as

T°(z) ={vek|(z—Z2v—0)>—¢, VZeE, YoeT(2)}, Vzek. (1)

We now state a few useful properties of the operator T that will be needed in our presentation.



Proposition 2.1. Let T, 7" : E = E. Then,
a) if e1 < eq, then T (z) C T%2(z) for every z € E;
b) T¢(z) + (") (z) C (T 4 T")=t< (2) for every z € E and e,&' € R;
¢) T is monotone if, and only if, T C T°.

Proof. Statements a) and b) follow immediately from definition (1) and statement c) is proved in [7,
Proposition 21]. O

Proposition 2.2 ([3, Corrolary 3.8]). Let T' : E =2 E be a maximal monotone operator. Then,
Dom (T¢) C Dom (T') for any e > 0.

For a scalar € > 0, the e-subdifferential of a proper closed convex function f : E — R is the
operator 0. f : E = E defined as

Ocf(x) ={v| fly) = f(z) +(y —x,v) —¢, Vy € E}, Vz€E. (2)

When ¢ = 0, the operator 9. f is simply denoted by 0f and is referred to as the subdifferential of f.
The operator df is trivially monotone if f is proper. If f is a proper lower semi-continuous convex
function, then df is maximal monotone [14]. The next proposition states some useful properties of
the e-subdifferential.

Proposition 2.3. Let f : E — R be a proper convex function. Then,
a) O:-f(x) C(0f)*(x) for any € > 0 and x € E, where (0f)¢ stands for the c-enlargement of Of;

b) if ve df(x) and f(y) < oo, then v € 0-f(y), where e := f(y) — [f(x) + (y — x,v)].

Proof. Statement a) is proved in [2, Proposition 3] and b) is a classical result which can be found,
for example, in Proposition 4.2.2 of [5]. O

Let X C E be a non-empty closed convex set. The indicator function of X is the function

dx : E — R defined as
0, ze€lX,
5X(56)={

oo, otherwise,

and the normal cone operator of X is the point-to-set map Nx : E = E given by

wa $¢X,

N —
@ {{UEE | (y —z,v) <0, Vy € X}, z€X.

Clearly, the normal cone operator Nx of X can be expressed in terms of dx as Nx = 0dx.



3 An accelerated hybrid proximal extragradient framework

In this section, we describe in the context of convex optimization an accelerated variant of the hybrid
proximal extragradient method introduced in [18, 19] and study its computational complexity. This
variant uses ideas similar to the ones used in Nesterov’s optimal method but generalizes the later
method in a significant way.

Our problem of interest is the convex optimization problem

fer=inf{f(z) :x € E}, (4)

where f: E — RU{oo} is a proper closed convex function. We assume throughout the paper that
f« € R and the set of optimal solutions X, of (4) is nonempty.
The accelerated hybrid proximal extragradient framework studied in this section is as follows.

A-HPE Framework
0) Let zp,y0 € E and 0 < 0 < 1 be given, and set Ag =0 and k = 0.

1) Compute A\gy1 > 0 and a triple (§x+1,Vkr1,€k+1) € E X E x Ry such that

Vk+1 € Ozeyy f(Gk41), Mkt 1V41 + Tt — Erll” + 220416001 < 02 |Tkgr — El®, ()
where

- Ay, ag+1
Ty = Tk, 6
P A+ ap Yk Ap+apsy " (6)

Ak1 + \/Aiﬂ + A1 A

k41 =

2
2) Find yg41 such that f(yr+1) < f(Ur41) and let
App1 = Ap + agq1, (8)
Tyl = T — Qg 1Vk41- 9)

3) Set k — k+ 1, and go to step 1.
end

We now make several remarks about the A-HPE Framework. First, the framework obtained by
replacing (8) by the equation Ay = 0, which as consequence imply that Z; = z;, a; = A; and
ZTjt1 = T — Aj11vj41 for all j € N, is exactly the HPE method proposed by Solodov and Svaiter [18].
Second, the A-HPE Framework does not specify how to compute \xyr1 and (§xi1, Vki1,Ek+1) as in
step 1. Specific computation of these quantities will depend on the particular implementation of the
framework and properties of function f. In Sections 5 and 6, we will describe procedures for finding
these quantities in the context of two specific implementations of the A-HPE framework, namely: a
first-order method which is a variant of Nesterov’s algorithm, and a second-order accelerated method.
Third, for an arbitrary Ax41 and Zj as in (6)-(7), the exact proximal point iterate § and the vector



v defined as

- . 1 -
§ := argmin </\k+1f($)+”$_xk“2>7 vi=—(Tk — 9),
z€E 2 1

are characterized by
v € If(y), A1V + Yy — T =0, (10)

and hence €11 := 0, Jxy1 := ¥ and vy := v satisfy the error tolerance (5) with o = 0. Therefore,
the error criterion (5) is a relaxation of the characterization (10) of the proximal point iterate in
that the inclusion in (10) is relaxed to v € 0-f(g) and the equation in (10) is allowed to have a
residual r = A\p11v + § — T such that the residual pair (r,e) is small relative to ||§ — Zx|| in that
I71% +2Mp 416 < 02||§ — Z1||?. Fourth, the error tolerance (5) is the optimization version of the HPE
relative error tolerance introduced in [18] in that an inclusion in terms of the e-enlargement of a
maximal monotone operator is replaced by an inclusion in terms of the e-subdifferential of a proper
closed convex function. Fifth, there are two readily available rules for choosing i1 in step 2) of the
A-HPE framework, namely:

e cither set yp11 = Yri1;

e or, yp1 = argmin{ f(y) : y € {yr, Gr+1}}-

The advantage of the latter rule is that it forces the sequence {f(yx)} to be non-increasing.
For the sake of future reference, we state the following trivial result.

Lemma 3.1. For every integer k > 0, we have Apy1Ak11 = a%_ﬂ > 0.
Proof. Clearly, axy1 > 0 satisfies (7) if, and only if, a = ag11 > 0 satisfies
a? — Agy1a — N1 Ax, = 0,
or equivalently, aiﬂ = Met1(Ax + ag1) = Ag+14k+1, where the last equality is due to (8). O

In order to analyze the properties of the sequences {zx} and {yx}, define the affine maps v :
E—Ras

V(@) = f(Gr) + (T — G, vk) — €k, Yz €E, k> 1. (11)
and the aggregate affine maps I'y, : E — R recursively as

A a
To=0, Thy1= Ak.kH Ty + A]j:l YVer1, Yk > 0. (12)

Lemma 3.2. For every integer k > 0, there hold:

a) Yk+1 18 affine and Y1 < f;

b) Ty is affine and ATy < Axf;

¢) x) = argmingeg (AkI‘k(x) + %Hx — .T}()H2).



Proof. Statement a) follows from (11), the inclusion in (5), and definition (2). Statement b) follows
from a), (12) and a simple induction argument. To prove c), first note that (12) imply by induction
that

k
AV (z) = Zajvj, Vz € E.
j=1
Moreover, (9) imply that z; = xo—E;f:l a;vj. The last two conclusions then imply that A, VI (z)+

xr —xo = 0, and hence that zj, satisfies the optimality condition for the minimization problem in c).
Hence, c) follows. 0

The following elementary result will be used in the analysis of the A-HPE framework.
Lemma 3.3. Let vectors T,y,0 € E and scalars A > 0, £,0 > 0 be given. Then, the inequality
1A +§ — Z]|* + 2Xe < o?[|g — 7|

1s equivalent to the inequality

min < (3,7 — §) — +in—a:~|y? > 1*"2”~—a}”2

ek | Y T E TN =on W
Lemma 3.4. For integer k > 0, define

. 1
= inf (AuTu(o) + 3l — 0l?) ~ Anfn) (13)
Then, By = 0 and
1-0%)A . -
B 2 pe+ LS G e e (14
2 k41

Proof. Since Ay = 0, we trivially have 5y = 0. We will now prove (14). Let an arbitrary = € E be
given. Define
Ay Ak+1
K+ x 15
At T A (15)

and note that, by (6), (8) and the affinity of y441, we have

T =

-G = 2 (@ - ay), (16)
Ak
. A a
Vi1 (8) = ——pr1 () + =Ly (@), (17)
Apy1 Ak

Using the definition of I'yy; in (12), and items b) and c¢) of Lemma 3.2, we conclude that for any
z €,

1 1
Apr1lra(z) + 5l — 2oll? = a1y (@) + ATy(z) + llz = wol”
1 1
= a1 Yk1(2) + ATk (@) + 5 llor — ol + glle— i ?

1
= ap17e+1(2) + Apf(yr) + Br + §H$ — xil)?,



where the third equality follows from the definition of §j in (13). Combining the above relation with
Lemma 3.2(a), the definition of Z in (15), and relations (16) and (17), we conclude that

1 1
A1 Trpa(x) + in — 20]1? > @111 (@) + Apvis1 (k) + Br + iHQ? — o )?

AL
= Ok + A1y (2) + 5 PEL |3 — |
A1
~ Ak+1 ~ ~ 12
= B + Ap1741(T) + ) 1z — 2%,
kt1

where the last equality is due to Lemma 3.1. Using definition (11) with & = k + 1, the inequality in
(5), and Lemma 3.3 with 0 = vg41, § = k+1, T = Tx and € = 41, we conclude that

- 1 L - L 1 -
Vo1 (&) + 517 — &l = F(Trs1) + ((96‘ — k41> Vkt1) — Ekt1 + 1% — $k|12>
241 2M k1

. 1-0%, _ - 12
> fOrt1) + 57— 1Gk+1 — Teell”
2Xe41
Using the non-negativity of Axy; and the above two relations, we conclude that
_ 1 y 1—0%) Ak, - s
inf ( Ap1 T (@) + 5l = 20l* ) = B + Apra f (@) + Qﬂykﬂ — |,
z€k 2 2)\k+1

which, combined with definition (13) with k¥ = k + 1, and the inequality in step 2) of the A-HPE
framework, proves that (14) holds. O

We now make a remark about Lemma 3.4. The only conditions we have used about xzp, yi, Ak
and I'j in order to show that (14) holds are that: Ay > 0, yi € dom f, I'y is an affine function such
that Akl“k < Akf,

. 1
T = argming g (Aka(ac) + 5“:): — xo”2> ’

and that (Tg+1, Yk+1, Ax+1) is obtained according to an iteration of the A-HPE framework initialized
with the triple (g, yk, Ak).
The next proposition follows directly from Lemma 3.4.

Proposition 3.5. For every integer k > 1 and x € E,

A ) 1 )
Axf(yx) + Zyllyj—xj—lH + 5 lle —zpl” < Apli(2) + 5l — ol
J

2 -
7=1

Proof. Adding (14) from k =0 to k = k — 1 and using the fact that 5y = 0, we conclude that

1—02 LA, L
5 > T?Hyj — &j1|* < By,
j=1""
which together with (13) then imply that

l—o2<aa;, _ 1
A (yr) + > g5 =3l < i <Akrk<:c> +5lla’ — :co\|2> : (18)
9 X

2 -
7=1



Using b) and c¢) of Lemma 3.2, we conclude that for any x € E,
AT 1 . 2 _ A / 1 I 2 1 o 2
KUk(2) + Sl —zol|” = inf { Axl'w(2’) + Sllz" — 2ol | + Sllo — 2"
2 z'€E 2 2

To end the proof, add ||z — z||?/2 to both sides of (18) and use the above equality. O

The following main result, which establishes the rate of convergence of f(y)— f« and the bound-
edness of {xy}, follows as an immediate consequence of the previous result.

Theorem 3.6. Let x, be the projection of xg onto X, and dg be the distance of xg to X.. Then, for
every integer k > 1,

k

1 -0 A4, . . 1
gz = okl + Ak [f (yr) — ful + 5 > /\75”% — & a? < B dg.
j=1
As a consequence, for every integer k > 1,
dg
f(yk) — f« < m» ||:Ck - CC*H < dy, (19)
and, if o < 1, then
k
Ajyo - 2 dg
; Tj”?/j —Zjal]" < 1T-52 (20)
Proof. This result follows immediately from Proposition 3.5 with x = z, and Lemma 3.2(b). O

The following result shows how fast Ay grows in terms of the sequence of stepsizes {\}.

Lemma 3.7. For every integer k > 0,

1
VAR > \/Ak+§\/)\k+1- (21)

As a consequence, the following statements hold:

a) for every integer k > 1,
2

k
1
Akzi ];\/E ; (22)

b) if o <1, then 3272, |5 — &1 < 4dg/(1 — o?).
Proof. Noting that the definition of ag41 in (7) implies that

Ak+1

41 > + V Akt14x

and using (8), we conclude that

A 1
Apgr > Ay + ( o+ AkHAk) > (x/Ak + 2\/Ak+l>

2
)

vk >0,

9



and hence that (21) holds for every k£ > 0. Adding (21) from k = 0 to k = k — 1 and using the fact
that Ag = 0, we conclude that

k
VAR > %Z\/Aﬁ, Vk > 1,
j=1

and hence that a) holds. Statement b) follows from a) and (20). O

The following result follows as an immediate consequence of Theorem 3.6 and Lemma 3.7.

Theorem 3.8. For every integer k > 1, we have
2

. _
flye) = fe<2d5 | D VA ]
j=1

Theorem 3.8 gives an upper bound on f(yx) — f« in terms of the sequence {\;}. Depending on
the specific instance of the A-HPE, it is possible to further refine this upper bound to obtain an
upper bound depending on the iteration count k only. Specific illustrations of that will be given in
Sections 4, 5 and 6.

Recall that vy, € O, f(Jx) in view of the formulation of the A-HPE framework. Since the set of
solutions of the inclusion 0 € 0f(z) is exactly X,, it follows that the size of ||lvg| and e provides
an optimality measure for gi. The following result provides a certain estimate on these quantities in
terms of the sequences {\;} and {Ax}, and hence {\;} only, in view of Lemma 3.7.

Proposition 3.9. Assume that o < 1. For every integer k > 1, we have v, € Oe, f(Ur), and there
exists 1 < i <k such that

1+o d(]
VAillvill <4/ ) i < RN :
1—0 /Z§:1Aj 2(1—0?) ijlAj
Proof. For every integer k > 1, define

= max 2er Mllowl®
' o2’ (1+0)2 )’

with the convention 0/0 = 0. The inequality in (5) with k& = k — 1, the non-negativity of ¢; and
triangle inequality imply that

2 ek < 02|k — Fp—1]]?,

IN

IAvrll < gk — Te—1ll + Aok + 0k — Tr—1ll < (1 + 0) |9 — Z—1]|-

Therefore,
Mt < NGk = Eal?, VR > 1.

Hence, it follows from (20) that

P2 k k

0 o ; ) )

e Z;AJT] > <]:ngunk TJ> Z:lAJ
J= J=

Noting the definition of 73, we easily see that the last inequality implies the conclusion of the
proposition. ]

10



Theorem 3.6 shows that the sequence {z} is bounded. The following result establishes bound-
edness of {y;}, and hence of {Zx} in view of (6), under the condition that yx1 is chosen to be Jxy1
at every iteration of the A-HPE framework.

Theorem 3.10. Let z, be the projection of xg onto X, and dg be the distance of xg to X.. Consider
the A-HPFE framework with o < 1 and yx11 chosen as yx11 = yra1 for every k > 0. Then, for every
k>1,
< 2 1]d
ke — sl < ﬁ+ 0-

Proof. We first claim that for every integer k > 1, there holds
1 k
lye — 2| < . > Ajlly; = &l + do- (23)
j=1

We will show this claim by induction on k. Note first that the triangle inequality, relations (6) and
(8), the convexity of the norm, and Theorem 3.6, imply that

k1 — 2ol < [lyrsr — Tell + |26 — 24|

- Ay, ak+1
< s = 30l + e = )+ 2
- Ay, g1
< |yrt1 — @ + Ars lye — || + Al:rl do, VE>0.

The previous inequality with k& = 0 and the fact that Ag = 0 clearly imply (23) with £ = 1. Assume
now that (23) holds for k& and let us show it also holds for k£ + 1. Indeed, the previous inequality,
relation (8) and the induction hypothesis imply that

k
= Ap 1 ~ Ap+1
Yk+1 — Tu|| < [|Yk1 — Tie|| + e Ajlly; — Zjall| +do p + do
s = < Dy =3+ 528 | D il =2 e
L [En
= Aoy JE_l:Ajllyj—ffjlll + do,

and hence that (23) holds for k + 1. Hence, the claim follows.
Letting si := ||yr — Zx—1||, it follows from Theorem 3.6 and the assumption that y, = g for
every k > 1 that

k ) 2
> < 2

Hence, in view of Lemma A.2 with C = d3/(1 —0?), a; = Aj and 3; = Aj/\; for every j =1,... k,
we conclude that

k
> Ayl =l < 2
j=1 — e



where the second inequality follows from the fact {A} is increasing and the last one from the fact
that the 2-norm is majorized by the 1-norm. The latter inequality together with (23) then imply
that

do

k
1
— A+ dg.
\/1—02\/141:; !

[y — @] <

The conclusion of the proposition now follows from the latter inequality and Lemma 3.7. O

4 Large-step A-HPE Framework

In this section, we analyze the convergence rate of a special version of the A-HPE Framework which
ensures that the sequence of stepsizes {A;} is not too small. This special version, referred to as the
large-step A-HPE framework, will be useful in the analysis of second-order inexact proximal methods
for solving (4) discussed in Section 6.

We start by stating the whole large-step A-HPE Framework.

Large-step A-HPE Framework
0) Let zg,y0 € E, 0 <o <1 and 6 > 0 be given, and set A9 =0 and k = 0.
1) If 0 € Of(zk), then stop.

2) Otherwise, compute \;y1 > 0 and a triple (gx+1,Vk+1,€k+1) € E X E x R4 such that

Vk+1 € Oepyy [ (Uk11), Mo+ 1Vk11 + Tirr — Tnll” + 2018511 < 02| Tkr — Txl®s (24)
Mot 1| Tkt1 — Tl > 0, (25)
where
. Ay k41

o S VT S 2
F A + a1 Yk Ak + agt1 ¥ (26)

Aei1 + \/Ag o+ A Ay
Ap+1 = 9 . (27)

3) Choose yg+1 such that f(yrr1) < f(Jr+1) and let

Apy1 = Ap + g1, (28)

LTe+1 = T — Qp+1Vk+1-
4) Set k — k+ 1, and go to step 1.
end

We now make a few remarks about the Large-step A-HPE Framework. First, the large-step
A-HPE Framework is similar to the A-HPE Framework, except that it adds a stopping criterion
and requires the ‘large-step’ condition (25) on the quantities Agy1, Zx and gr11 computed at step

12



1 of the A-HPE Framework. Clearly, ignoring the stopping criterion in step 1, any implementa-
tion of the Large-step A-HPE Framework is also an instance of the A-HPE Framework. Second,
as in the A-HPE Framework, the above framework does not specify how the quantities A\;y11 and
(Uk+1, Vk+1,€k+1) are computed in step 2. An specific implementation of the above framework will
be described in Sections 6 and 7 in which these quantities are computed by solving subproblems
based on second-order approximations of f. Third, due to statement b) of Lemma 3.7 and the first
remark above, any instance of the large-step A-HPE Framework satisfies limy .o || k41 — Zk|| = 0,
and hence limy_,, A\, = 00, due to the ‘large-step’ condition (25). As a result, the Large-step A-HPE
Framework does not contain variants of Nesterov’s method where a prox-type subproblem based on
a first-order approximation of f and with bounded stepsize Ay is solved at the k-th iteration.

In what follows, we study the complexity of the large-step A-HPE framework. For simplicity of
exposition, the convergence results presented below implicitly assume that the framework does not
stop in a finite number of iterations. However, they can easily be restated without assuming such
condition by saying that either the conclusion stated thereof holds or xy is a solution of (4).

The main result we intend to prove in this section is as follows.

Theorem 4.1. Let dy denote the distance of xg to X.. For every integer k > 1, the following
statements hold:

a) there holds
372 dy 1
f(yk)_f*é . 5 7/2;
2V/20V1 — 02k

b) vy € O, f(Ur) and there exists i < k such that

|l =0 d% ;i = O d% 30
vl = 913 | g = 0072 ) (30)

Before giving the proof of the above result, we will first establish a number of technical results.
Note that we are assuming 0 < o < 1.

(29)

Lemma 4.2. If, for some constants b > 0 and £ > 0, there holds

A > bES,  VE>1, (31)
then /3
wb
Ay > ——KEDB g >,
SN ESVIE =
where

02(1 — o2 1/3
e=1(TE7) &

Proof. First we claim that for every integer k£ > 1,

13



To prove this claim, use the large step condition (25) and inequality (20) on Theorem 3.6 to conclude
that

k k k
A; A; L A; d2
ng ng (Aj Hyj—f’«“j—IH)QZZ Hyy—% 1H2 11— 0
j=1 ] j=1 J j=1 Aj
and divide the above inequalities by 62.
Using (33) and Lemma A.1 with
d? ,
0:92(1_02)7 aj=4;, =V, Vi=1..k

we conclude that
7/6

k
Z \/> 01/6 ;A;ﬁ ’
j=

which, combined with Lemma 3.7 shows that, for every k > 1,
7/3

k
Ap Z w ZAJI-N ; (34)
=1

Assume that (31) holds. Then, using (34), we have
7/3

k
A = wb' B Y547 . Vk> 1.
j=1

Since 0 < t — t&/7 is non-decreasing, we have

k k
/TS / 7 dt = 71{:5/7—&-1
E J =
= 0 §/T+1

The conclusion of the lemma now follows by combining the above two inequalities.

O
We are now ready to prove Theorem 4.1.
Proof of Theorem 4.1: We first claim that for every integer i > 0, we have
A > bikS, VE> 1, (35)
where 5o
b = w(ﬁ) : @:gu—gﬂ, m:<®£WQ . (36)

We will prove this claim by induction on i. The claim is obviously true for ¢ = 0 since in this case
bg = A; and & = 0, and hence bok®® = A; < Ay, for every k > 1. Assume now that the result holds
for ¢ > 0. Using this assumption and Lemma 4.2 with b = b; and £ = §;, we conclude that

pl/3

Wo; (&+7)/3
2 gmeymt R
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Since (36) implies that

[;(1 —37 + 7] = g(l — 37y =g

G+7 1
3 3

and

wb,}/3 wb;/3

1N 1/3 1
A 37 A 3t+1
> _ ~2/3b«1/3 — 72/3 | = L a2 =¥
(&,/7+ 1)7/3 = (3/2)7/3 w i w w o w W +15

we conclude that (35) holds for i + 1. Hence, we conclude that (35) holds for every i > 0.
Now letting i goes to oo in (35) and noting that lim; . b; = @ and lim;_, o, & = 7/2, we conclude

that
7/2 2\ 3/2,.7/2 2\ 0(1—o®) 2\ 20
A > D frnd —_ —= —_ _— .
k> Wk <3> w“k <3> Sdo k

Statement a) now follows from the last inequality and the first inequality in (19). Moreover, the
above inequality together with Proposition 3.9 imply the existence of i < k such that the second

estimate in (30) holds and
B2
/ _ 0
Aillvill = O (91/2k9/4) :

Now, it is easily seen that the inequality in (24) and the large step condition (25) imply that

Allvill > 0(1 — o).

Combining the last two inequalities, we now easily see that the first estimate in (30) also holds.

5 Application I: First-order methods

In this section, we use the theory presented in the previous sections to analyze a first-order imple-
mentation of the A-HPE framework for solving structured convex optimization problems.
The problem of interest in this section is

fe:=min{f(z) := g(z) + h(z) : x € E}, (37)
where the following conditions are assumed to hold:
A.1) g,h:E — R are proper closed convex functions;
A.2) g is differentiable on a closed convex set 2 D dom (h);
A.3) Vg is Lop-Lipschitz continuous on €2;

A.4) the solution set X, of (37) is non-empty.
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Under the above assumptions, it can be easily shown that problem (37) is equivalent to the
inclusion

0 € (Vg + 0h)(x). (38)

We now state a specific implementation of the A-HPE framework for solving (37) under the above
assumptions. In the following sections, we let P denote the projection operator onto €.

Algorithm I:

0) Let zg,50 € E and 0 < o < 1 and set be given, and set A9 = 0, A = 02/Lg and k = 0.

1) Define
A+ A2+ 4NA,
Ap+1 = 9 (39)
- Ay, Ak41
_ , 40
T At A+1 A + ak41 ok (40)
and compute
th = Pa(@),  yee = (1+AR) (@ — AVg(a})). (41)
2) Define
Ag+1 = Ax + ag, (42)
a ~
Tpy1 = Tp — k;l (Tk — Yrr1)-

3) Set k<« k+ 1, and go to step 1.
end

Note that the computation of yi41 in (41) is equivalent to solving

s = argmig (A[(Vo(ai).a) + h(a)] + glle — aul?). (43

The following result shows that Algorithm I is a special case of the A-HPE framework with A, = A
for all kK > 1.

Proposition 5.1. Define for every k > 0,

Akt1 = A, Uk+1 = Yk+1, Vg1 = %(fk — Yk+1), (44)
k1 = 9(Wht1) — [9(2%) + (Y1 — 2, Vg(ap))]. (45)
Then
Ukl € gy (9 + W) (Th11)s [ Aksrkgr + Tk — Tll® + 2018k < 0% |Tk1 — Tl

As a consequence, Algorithm I is a particular case of the A-HPE framework.
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Proof. Using (41), (44), (45) and Proposition 2.3(b) we easily see that

Vk+1 — Vg(.%';ﬁ) € ah(ykJrl)v v9<$;c> € 8€k+1g(yk+1>v (46)

Since (0.9 + 0h)(y) C 0:-(g + h)(y), we conclude that

Vk+1 € Oep 1 (9 + B) (Yht1)-
Noting that yg41 € domdh C Q and ), = Po(Zy) € €, it follows from (45), Assumption A.3, and a
well-known property of Pq(+), that
it < Dl = 242 < Dl — a4l
This inequality together with (44) and the fact that A = 0?/L¢ then imply that
Aok 1+ yr1 = Zxl* + 2Xepp1 = 20611 < ALollyer1 — Zx* = 0®[lyer1 — Tk

Moreover, note that (44) implies that the update formula for ;. in step 2 of Algorithm I is the
same as that of the A-HPE framework. Hence, the result follows. ]

The following result gives the complexity estimation of Algorithm I as a consequence of Propo-
sition 5.1 and the complexity results for the A-HPE framework on Section 3.

Proposition 5.2. Consider the sequence {yr} generated by Algorithm I, the sequences {vg} and
{ex} defined as in Proposition 5.1 and the sequence {wy} defined as

wy, = vk + Vg(ye) = Vg(z)_)  k>1
Then, the the following statements hold:

a) for every k > 1,

2Lod?
y € dom (h) C €, f(yk)—f*ﬁﬁa
b) if o <1, then
I =l < (g 1) d
— Ty < | —— )
Uk N ’

¢) if o <1, then for every k > 1, v, € 0z, 9(yx) + Oh(yx) C O, (9 + h)(yr), and there exists i < k
such that I L2
0do 0
HviH:O<k3/2)a 52':0( k30>;

d) if o < 1, then for every k > 1, wy, € (Vg + 0h)(yx), and there exists i < k such that
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Proof. Statements a) and b) follow from Proposition 5.1, Theorem 3.8 with A\, = X := 02/Lg and
Theorem 3.10. Statement c) follows from Proposition 5.1, Lemma 3.7(a), Proposition 3.9 and the
fact that Ay = X := 02/Lg. The inclusion in d) follows from the first inclusion in (46) with k = k —1
and the definition of wy. Noting that y, € dom9dh C Q and ), = Po(Zx—1) € ©, it follows from
the definition of wy, Assumption A.3, the non-expansiveness of Po(-) and the last equality in (44),
that

lwell < lloll + Vg (ye) = Va(@r_)ll < lowll + Lollyr — Ze—1ll = (1 + ALo) [Jvg |-

The complexity estimation in d) now follows from the previous inequality, statement c) and the
definition of A. O

It can be shown that Algorithm I for the case in which 2 = E, and hence Vg is defined and
is Lg-Lipschitz continuous on the whole E, reduces to a variant of Nesterov’s method, namely the
FISTA method in [1] (see also Algorithm 2 of [22]). In this case, ) = #) and only the resolvent
in (41), or equivalently the minimization subproblem (43), has to be computed at iteration k, while
in the general case where ) # [, the projection of Z; onto €2 must also be computed in order to
determine 7.

In summary, we have seen above that the A-HPE contains a variant of Nesterov’s optimal method
for (37) when Q = E, and also an extension of this variant when  # E. The example of this section
also shows that the A-HPE is a natural framework for generalizing Nesterov’s acceleration schemes.
We will also see in the next section that it is a suitable framework for designing and analyzing
second-order proximal methods for (37).

6 Application II: Second-order methods

We will now apply the theory outlined in Sections 3 and 4 to analyze an accelerated Newton proximal
extragradient (A-NPE) method, which is an accelerated version of the method presented in [10] for
solving a monotone nonlinear equation.

In this section, our problem of interest is the same as that of Section 5, namely problem (37).
However, in this section, we impose a different set of assumptions on (37), i.e.:

C.1) g and h are proper closed convex functions;
C.2) g is twice-differentiable on a closed convex set €2 such that Q O Dom (0h);

C.3) ¢"(+) is L;-Lipschitz continuous on €.

Recall that, for the monotone inclusion problem (38), the exact proximal iteration y from z with
stepsize A > 0 is defined as

. 1
y = argmin, cpg(u) + h(u) + ﬁ”“ — x| (47)
The accelerated NPE method of this section is based on inexact solutions of the minimization problem

) 1 2
glellrElgm(u)Jrh(quHu—wH : (48)
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where g, is the second-order approximation of g at x with respect to € defined as

_ _ 1 e _ _

9:(y) = 9(2) + (Vo(@),y = 2) + 5y - 2,6"(@)(y - 2)), 7 := Po(a). (49)
Note that the unique solution y, of (48) together with the vector v := (z — y;)/A are characterized
by the optimality condition

v € (Vgz + 0h)(yz), AU+ yp —x = 0. (50)
We will consider the following notion of approximate solution for (50), and hence of (48).
Definition 6.1. Given (\,z) € Ry; X E and 6 > 0, the triple (y,u,e) € E x E x Ry is called a
g-approximate Newton solution of (47) at (A, x) if
w€ (Voo +0:0)(y),  [Puty =z +2xe <67y — 2.

We now make a few remarks about the above definition. First, if (y,,v) is the solution pair of
(50), then (y.,v,0) is a G-approximate Newton solution of (47) at (A, x) for any 6 > 0. Second, if h
is the indicator function dx of a closed convex set X C FE, then exact computation of the pair (y;,v)
boils down to minimizing a strongly convex quadratic function over X.

The next result shows how an approximate Newton solution can be used to generate a triple
(y,v,e) satisfying (5) with f = g + h.

Lemma 6.2. Suppose that the triple (y,u,c) € E x E x Ry is a 6-approzimate Newton solution of
(47) at (N, x) and define

. L
v=Vg(y) +u—Vg.(y), aza+?1)\||y—x\|.
Then,
v e (Vg+8:h)(y) CO:(g+h)(y),  [Mo+y—a]* +2xe < o?[ly — ||
Proof. Direct use of the inclusion in Definition 6.1 together with the definition of v shows that
v=u+Vg(y) = Vga(y) € (Vga + 9:h)(y) + Vg(y) — Vgu(y) = (Vg + 0:h)(y),

which proves the first inclusion. The second inclusion follows trivially from the first one and basic
properties of the e-subdifferential. Now, Definition 6.1, Assumption C.2 and a basic property of the
e-subdifferential imply that

y € Dom (0:h) C cl(0h) C Q.

Letting & = Pq(x) and using the above conclusion, Assumption C.3 and (49), we conclude that

o —ull = 99(0) ~ Vo)l = [Voly) ~ (Vo(@) + " @)~ 2] < Ly~ 2 < 2y ]

where the last inequality follows from the fact that Py is a non-expansive map. The above inequality,
the triangle inequality for norms, the definition of o and the inequality in Definition 6.1 then imply
that

1Mo +y —2|® +22e < (Allv — ull + [Ihu+y — z]))* + 2)e

2
< ()\||v —ul+ [ty — 2P+ 2)\5)
L 2
< (SN —al? + oy —al) =l o
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We now state the accelerated NPE method based on the above notion of approximate solutions.

Accelerated Newton Proximal Extragradient (A-NPE) Method:
0) Let zg,y0 € E, 6 > 0 and 0 < 0y < 0,, < 1 such that
o:=0+0, <1, o(14+6) <oyu(l—0) (51)
be given, and set Ag =0 and k£ = 1.
1) If 0 € Of(xk), then stop.

2) Otherwise, compute a positive scalar Ay;; and a d-approximate Newton solution
(Yr+1, ukt1,6k+1) € E X E X Ry of (47) at (Ag11,7) satisfying

200 20,

<\ M — Il < =— 52
I, = k1 || Uk+1 — Ti|| < I, (52)

where

- Ap Akt 1

Ty = — T, 53
¥ Ag + a1 Yk A + ags F (53)

Akt1 + \/)\%H + 4Ag1 Ag

Ok+1 = 9 (54)
3) Choose yg+1 such that f(yr+1) < f(gr+1) and let
Vk+1 = Vg(Ur+1) + Uk+1 — Vi, (Tr+1)s (55)
Ap1 = Ag + ag1, (56)
Lh4+1 = Tk — Ak+1Vk+1-
4) Set k < k+ 1, and go to step 1.
end
Define, for each k,
. L L
ok =&+ S Akllk — Troa (57)

We will now establish that the inexact accelerated NPE method can be viewed as a special case
of the large-step A-HPE framework.

Proposition 6.3. Let o be defined as in (51). Then, for each k > 0, o1 < o and
Vk+1 € (Vg —+ 8€k+1 h) (ngrl) C a€k+1 (g —+ h)(ngrl)v (58)
Ak 1V41 + it — Fll® + 2 k18041 < 0ppa [1Trr1 — Tl

As a consequence of (52) and (55), it follows that: the accelerated NPE method is a special case of
the large-step A-HPE framework stated in Section 3 with f = g+ h and 0 = 20y/L;.
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Proof. The inequality on ox4q follows from (52) and the definition of o in (51). The inclusion
and the other inequality follow from the fact that (yg41,ug+1,€k+1) iS & d-approximate Newton
solution of (47) at (Agy1,Tk), relation (55) and Lemma 6.2 with (x, \) = (Zk, \gs1) and (y,u,e) =
(Yk+1, Ug+1,€k+1)- The last claim of the proposition follows from its first part and the first inequality
in (52). 0

As a consequence of the above result, it follows that all the convergence rate and complexity
results derived for the A-HPE and the large-step A-HPE framework hold for A-NPE method.

Theorem 6.4. Let dy denote the distance of xo to X, and consider the sequences {zx}, {yr}, {Uk},
{vi} and {e} generated by the A-NPE method. Then, for every k > 1, the following statements
hold:

a) ||xp — 4] < do and
372 Ly 1

— J*® S 9 59
f(yk) f 4\/50’@@1457/2 ( )
where o is given by (51);
b) vi € Vg(§x) + O:, h(Ur), and there exists i < k such that
Lid3 Lid}
i=o(42).  a-o(h®). (60)
Proof. This result follows immediately from Theorem 4.1, Proposition 6.3 and the fact that 8 =
20¢/L1. 0

Assuming that we have at our disposal a black-box which is able to compute a -approximate
Newton solution at any given pair (x, \) € Ex®,, the next section describes a line-search procedure,
and corresponding complexity bounds, for finding a stepsize Ax11 > 0, and hence the corresponding
Ty, given by (53)-(54), which, together with a é-approximate Newton solution (Yx41,Ug+1,Ek+1) at
(Ak+1, Tx) output by the black-box, satisfy condition (52).

We note that a simpler line-search procedure has been described in [11] which accomplishes the
same goal under the simpler assumption that the base point Z; does not depend on the choice of

Aot

7 Line Search

The main goal of this section is to present a line search procedure for implementing step 2 of the
A-NPE method. This section contains four subsections as follows. Subsection 7.1 reviews some
technical results about the resolvent of a maximal monotone operator. Subsection 7.2 introduces
a certain structured monotone inclusion problem of which (38) is a special case, and studies some
properties of the resolvents of maximal monotone operators obtained by linearizing the operator of
this inclusion problem. Subsection 7.3 presents a line search procedure in the more general setting
of the structured monotone inclusion problem. Finally, Subsection 7.4 specializes the line search
procedure of the previous subsection to the context of (38) in order to obtain an implementation of
step 2 of the A-NPE method.
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7.1 Preliminary results

Let a maximal monotone operator B : E = E and x € [E be given and define for each A > 0,
yp(A;z) = (I +AB) H(z),  @p(\a) = Alys(Az) —z|. (61)

In subsection, we describe some basic properties of ¢p that will be needed in our presentation.
The point yp(A; ) is the exact proximal point iteration from x with stepsize A > 0 with respect
to the inclusion 0 € B(z). Note that yp(A;z) is the unique solution y of the inclusion

0€ (\B+1)(y)—z=\B(y) +y—a, (62)
or equivalently, the y-component of the unique solution (y,v) of the inclusion/equation
veBy), M+y—z=0. (63)

The following result, whose proof can be found in Lemma 4.3 of [10], describes some basic
properties of the function A\ — pp(A; z).

Proposition 7.1. For every x € E, the following statements hold:
a) A>0— op(\;x) is a continuous function;

b) for every 0 < A<,
A

2
3 ep(Nz) < pp(\a) < (;) p(AT). (64)

The following definition introduces the notion of an approximate solution of (63).

Definition 7.2. Given 6 > 0, the triple (y,v,€) is said to be a 6-approximate solution of (63) at
(A, z) if
veB(y), [ho+y—z|?+2xe <67y — x| (65)

Note that (y,v,&) = (Jk+1, Vk+1,Ek+1), Where Jri1, Vg1 and €x4; are as in step 2 of the Large-
step A-HPE Framework, is a o-approximate solution of (63) with B = 9f at (Ag41,2k), due to
Proposition 2.3(a). Note also that (y,v,e) = (Yk+1, Uk+1,Ek+1), Where ypi1, ug+1 and €4 are as in
step 2 of the A-NPE method, is a o-approximate solution of (63) with B = (Vgz, +0h) at (A\ky1,Tk),
due to the fact that

(Vgz, +9:-h)(y) € 0(9z, + h)(y) € (09, + M (y), Yy cE.

Note also that the conditions (25) and (52) that appear in these methods are conditions on the
quantity A|ly — z||. The following result, whose proof can be found in Lemma 4.1 of [10], shows
that the quantity M|y — z||, where (y,v,e) is a G-approximate solution of (63) at (A, z), can be
well-approximated by ¢p(x;\).

Proposition 7.3. Let x € E, A > 0 and 6 > 0 be given. If (y,v,e) is a d-approximate solution of
(63) at (A, x), then
(L =)y — 2l < pp(Xsz) < (14 6)A|ly — = (66)
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7.2 Technical Results

In this subsection, we describe the monotone inclusion problem in the context of which the line search
procedure of Subsection 7.3 will be presented. It contains the inclusion (38) as a special case, and
hence any line search procedure described in the context of this inclusion problem will also work in
the setting of (38). We will also establish a number of preliminary results for the associated function
pp in this setting.

In this subsection, we consider the monotone inclusion problem

0eT(x):=(G+ H)(x), (67)
where G: DomG CE — E and H : E =3 E satisfy
C.1) H is a maximal monotone operator;
C.2) @G is monotone and differentiable on a closed convex set € such that Dom H C Q C Dom G;
C.3) G’ is L-Lipschitz continuous on {2.

Observe that the monotone inclusion problem (38) is a special case of (67) in which G = Vg
and H = 0h. Also, under the above assumptions, it can be shown using Proposition A.1 of [8] that
T = G + H is a maximal monotone operator.

Recall that, for the monotone inclusion problem (67), the exact proximal iteration from z with
stepsize A > 0 is the unique solution y of the inclusion

0eNG+H)y) +y—u=x, (68)
or equivalently, the y-component of the unique solution (y,v) of the inclusion/equation

ve (G+H)(y), M+y—x=0. (69)

For x € E, define the ‘first-order approximation’ of T, : E = E of T" at x as
To(y) = Go(y) + H(y), Vy€E,
where G : E — E is the first-order approrimation of G at x with respect to € given by
Ga(y) = G(Pa(@)) + G'(Pa())(y — 2).

Lemma 7.4. For every x € E and y € Q,

16() ~ Gl < 2y I

Proof. Use the fact that G(y) — G, (y) is a linearization error, Assumption C.3 and the fact that Po
is non-expansive. ]

Finally, note that when G = Vg and H = 0h, where g and h are as in Section 6, then T, =
Vg + 0h. In view of Proposition 7.3 and the fact that the approximate Newton solutions generated
by A-NPE method are approximate solutions of operators of the form T, = Vg, + dh where the
base point x depends on the choice of the stepsize A, it is important to understand how the quantity
o1, (A; ) behaves in terms of A and z in order to develop a scheme for computing A = A;41 satisfying
condition (52). The dependence of 7, (A;x) in terms of A follows from Proposition 7.1, while its
dependence in terms of x follows from the next result.
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Lemma 7.5. Let x,2 € E and A > 0 be given and define B :==T, and B :=T;. Then,
lop(Xia) — (N @) S AT — || + LA?|& — «|* + 2LA(|Z — z|n. (70)

where
n:=min {pp(X;z), o5\ 7)}.
As a consequence,

pp(N\2) <A@ =zl + LN%Z — ol* + QLA — 2l + 1) p5(X; 7).

Proof. To simplify notation, let y = yp(A;x) and § = y5(A;Z). Then, there exist unique v € B(y)
and ¥ € B(f) such that
MNWAy—x=0 ANo+§—F=0. (71)

Clearly, , ,
ep(Nz) = All,  ep(AT) = A7 (72)

Let u := v 4+ G3z(y) — G(y) and note that the fact that v € B(y) and the first identity (71) imply
that

u € B(y) + Gz(y) — Ga(y) = Tu(y) + Gz(y) — Go(y) = Gz(y) + H(y) = Gz(y) = B(y)

and
M4y—T=+y—az+ (@ —2)+ANu—v)=(T—2)+ ANu—0).

Subtracting the second equation in (71) from the last identity, we conclude that
ANu—0)4+(y—9) = (2 —z)+ AMu—0).
Since u € B(y) and # € B(y), it follows from the monotonicity of B that
(u—10,y—7) >0,
which together with the previous relation and the triangle inequality for norms imply that
Mu=o[| < |2 — 2| + Allu — v,

and hence that
Mo =3[ <[|Z — z[| + 2A[Ju — v,

The latter conclusion together with (72) then imply that
le(X2) = 9N @) = Nl = 5] | < Ao =3l < A[IZ — | + 2X[Ju - v]]. (73)
Now, letting z), = Po(x) and Z, = Po(Z), and using the definition of u, we have

u—v=Gzy) — Guy) = G(Tp) + G'(Tp)(y — Tp) — [G(ap) + G () (y — 2p)]
= [G(%p) + G,(fﬂp)@p —¥p) — G(xp)] + [G/(ip) - G/(xp)](y — xp)
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and hence

A — ]| < MG (@) + G (@) (g — ) — Glay)|| + MG (@) — & () 1y —

AL . . AL -
< SN — mpllP + ALIE = 2llly = )l < SE = 2l + LAIE =l ly — o]

AL . -
= Sz =2+ Lz = zllop(X; 2).
Combining the latter inequality with (73), we then conclude that
lop(Nia) = 9N 2) < A[IIZ - ol + LA|E — 2|* + 2Lep (A 2) @ — 2] -

This inequality and the symmetric one obtained by interchanging x and Z in the latter relation then
imply (70). O

The following definition extends the notion of a d-approximate Newton solution to the context

of (69).

Definition 7.6. Given (\,z) € Ry. X E and 6 > 0, the triple (y,u,e) € E x E x Ry is called a
g-approximate Newton solution of (69) at (A, z) if

we (Got H)y),  [huty—al?+2xe < 62y —af®

Note that when G = Vg and H = 0h, where g and h are as in Section 6, then a g-approximate
Newton solution according to Definition 6.1 is d-approximate Newton solution according to Defini-
tion 7.6, due to Proposition 2.3(a).

The following result shows that é-approximate Newton solutions of (69) yield approximate solu-
tions of (69).

Proposition 7.7. Let (A, z) € Ry4 X E and a 6-approxzimate Newton solution (y,u,€) of (69) at
(A, z) be given, and define v := G(y) +u — G4(y). Then,

L\ ?
veGHEINW CT L), Wty-alP e s (o4 Sly—al) ly-al? ()
and \ )
1 . L o 2
< — — ||y — — < Z gy — .
< (140 + Sh=al) ly—al. o< glu-al (75)

Proof. The first inclusion and the inequality in (74) have been established in Lemma 3.2 of [11].
The second inclusion in (74) can be easily proved using Assumptions C.1 and C.2, the definition of
T, and b) and c) of Proposition 2.1. Moreover, the inequalities in (75) follow either from (74) or
Definition 7.6. [

As a consequence of Proposition 7.7, we can now establish the following result which will be used
to obtain the upper endpoint of the initial bracketing interval used in the line search procedure of
Subsection 7.3 for computing the stepsize Ay satisfying (51).
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Lemma 7.8. Let tolerances p > 0 and € > 0 and scalars 6 > 0 and o > 0 be given. Then, for any

scalar .
Lo 5202\ 3
> -
A_max{\/p<1+ +2>,<2£> }, (76)

vector x € E and &-approzimate Newton solution (y,u,e) of (69) at (A, z), one of the following
statements hold:

a) either, Ny — z|| > a;
b) or, the vector v := G(y) — Gx(y) + u satisfies
ve (G+H)(y), vl<p e<e (77)

Proof. To prove the lemma, let A satisfying (76) be given and assume that a) does not hold, i.e.,

My —zf| < a. (78)
Then, it follows from Proposition 7.7 and relations (76) and (78) that the inclusion in (77) holds and
1 L) La a
foll < 5 (146 + 2y —all )y — ol < o<
and
T
- 2A —2X3 T

O

We now make a few remarks about Lemma 7.8. First, note that condition (77) is a natural
relaxation of an exact solution of (67), where two levels of relaxations are introduced, namely: the
scalar € > 0 in the enlargement of H and the residual v in place of 0 as in (67). Hence, if a triple
(y,u,¢e) satisfying condition (77) is found for some user-supplied tolerance pair (p,&), then y can
be considered a sufficiently accurate approximate solution of (67) and the pair (v,e) provides a
certificate of such accuracy. Second, when the triple (y,u,¢) fails to satisfy b), then (76) describes
how large A should be chosen so as to guarantee that the quantity A||y — z|| be larger than a given
scalar o > 0.

The following result describes the idea for obtaining the lower endpoint of the initial bracket
interval for the line search procedure of Subsection 7.3.

Lemma 7.9. Let 22 € E, (\},29) € Ry} x E and a 6-approzimate Newton solution (y9,uY,eY)
of (69) at (AY,29) be given. Then, for any scalar o such that

0<a<Ay) — 2%, (79)

scalar \° > 0 such that

N0 < a(l—a6)A%

T (L) (L + 200Dy — 2% | + 65 + L(62)* + = Agllay —al, (80)

and &-approzimate Newton solution (y°,u?,e%) of (69) at (x2,A\), we have

1+ < (1-6)AY, (81)
Xy =22 < a (82)
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Proof. First, note that (81) follows immediately from (79) and (80). Let B_ :=T,0 and B} = Ty -

Since a F-approximate Newton solution of (69) at (A\?, 2% ) is obviously a G-approximate solution of
(63) with B = B_, it follows from Lemma 7.3 with B = B_ that

e (\L;2) _ Mep (A3;al)

)‘(lHyg_m(lHS 1—& — (1—6))\0 ’
+

where the last inequality is due to (81) and Proposition 7.1(b) with B = B_, A = A2 and A = M.
Also, Lemma 7.5 with A =\, z = 2% and # = 29, and the definition of 7 in (80) imply that

op_(\52%) < (1+2L69) ¢p, (\);2%) + 0 + L(69)*
a(l—a6)\%

< (142L602) 1+ 6)AY |y} — 251 + 602 + L(62)? < S

where the last inequality follows from the definition of A°. Combining the above two inequalities,
we then conclude that (82) holds. O
7.3 Line search problem and procedure

In this subsection, we describe a line search procedure whose goal is to implement step 2 of the A-
NPE method. For the sake of generality and simplicity of notation, it will be described in a setting
slightly more general than that of (37), or equivalently (38). Namely, we will consider the setting of
the inclusion problem (67) with G and H satisfying conditions C.1 to C.3.

Throughout this subsection, we assume that we have at our disposal the following Newton Black-
Box.

Newton Black-Box: For any given ¢ > 0 and (\,z) € Ry  x E, it computes a o-approximate
Newton solution (y,u,e) of (69) at (A, x).

With the aid of the above black-box, the goal of the line search procedure described in this
subsection is to solve the following line search problem.

Line Search Problem: Given tolerances 6 > 0, p > 0 and £ > 0, bounds a4+ > a— > 0 and a
continuous curve x : [0, 00) — E satisfying the property that, for some constant My > 0 and M; > 0,

lx(s) — z(t)|| < min {]\fo(s —t), My||lx(s) — ZL'(O)H} , Vs >t>0, (83)

the problem is to find a stepsize A > 0 and a g-approximate Newton solution (yx,uy,ey) of (69) at
(A, z(A)) such that

a) either M|yx —z(N)| € [a—, a4], or;

b) the triple (y,v,e) = (yx, va, €x) satisfies (77), where
vy 1= G(Ya) +ux — G (Yn)-

We now state the procedure for solving the above line-search problem.
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Bracketing/Bisection Procedure:

Input: Curve z : [0,00) — E satisfying (83), tolerances & > 0, p > 0 and & > 0, and bounds
oy > a— > 0 satisfying
a_(1+0)<ap(l—0); (84)

Output: stepsize A > 0 and a d-approximate Newton solution (yx,ux,ex of (69) at (A, z()))
such that either a) or b) above holds.

1) (Bracketing stage) compute

1
Lo 5202\ 3
2 = (1456 u +
T max{\/p < +o0+ 5 ) 9 ) (85)

and set x(}r = x()\gr); use the Newton Black-Box to compute a d-approximate Newton solution
(y%,u9,€%) of (69) at (\%,29), and set

v} = GyY) — Gao (93 +ul;

La) if (v9,e9) satisfies [[v)]] < p and €} < &, then output A = A and (yr,ux,en =
(y[}r, ui,e?r), and stop;

1.b) otherwise, compute v := M1AY ||z — z(0)|| and

(1—6)a-Xl

)\9 = N )
(1+0)(1+2Lv0) A% [ly) — 2% || + 0 + L(0)?

2% = a(\Y), (86)

and use the Newton Black-Box to compute a G-approximate Newton solution (y°,u, &%)

of (69) at (\2,20).
2) (Bisection stage) set A = \? and Ay = \%;

2.a) set A = (A_ + A;)/2, use the Newton Black-Box to compute a d-approximate Newton
solution (yx,ux,ex) of (69) at (A, x(X)), and set

vy = G(yn) +ux — Gn)(Yn);

if (vy,ey) satisfies |[vy]| < p and ey < &, then output A and (yy, uy,€)), and stop;
2.b) if Myx — z(N\)|| € [a—, ay], then output A and (y,u, ), and stop;
2.c) if Mjyx — z(N)]| > a4, then set Ay «— A; else set A_ «— A;
2.d) go to step 2.a.

end

Proposition 7.10. If the Bracketing/Bisection procedure does not stop during the Bracketing stage,
then at the end of the Bracketing stage, the following conditions hold:

Myl =2l <an, ALyl — 2l > as
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Proof. Assume that Bracketing/Bisection procedure does not stop during the Bracketing stage. In

view of Lemma 7.8 with o = a4, A = )\?H T = x&, (y,u,e) = (yg,ug,eg) and v = v?r, we conclude

that A% [|y% —2Y | > ay. Observe that (84) implies that a— < o, and hence that A% ||y} —2Y | > a_.
Also, the assumption on the curve z : [0,00) — E and the definition of 7y in step 1.b) implies that

A2 — a2 = X e (A]) — 2] < Allz(A}) — 2(0)]| = MiAT 2 — 2(0)]| = o,

and hence that \? given by (86) satisfies the inequality in (80). Hence, using Lemma 7.9 with
a = a_, we conclude that A% [[y® — 20 || < a_. O

The proof of the following result can be found in Proposition 4.8 of [10].
Proposition 7.11. Assume that z, € T-1(0) = (G + H)~1(0) and let ,x € E be given. Then,
lz — (I + MTz) ™ (@) < |z — 2| + AL||Z — 2.
As a consequence, for every x € E, x, € T=1(0) and A > 0, there holds
or,(Nia) < Mo — | + ALz — ..
We are now ready to give the complexity of the Bracketing/Bisection procedure.
Lemma 7.12. The Bracketing/Bisection procedure makes at most

1+ LM\ 42 (L+ ﬁxﬁ (1+6)a

1 5 MoS
3+ log | CoMoy 0 6)as — (11 6)a

Black-Boz calls, where A%, is as in (85),

Cy iz LF U+ 20%) Nd(ﬂg%) ﬁgii)%d(:c%)?] +90 +L0)”

Yo is defined in step 1.b) of the procedure, and d(zY.) denotes the distance of z%. to T~1(0).

Proof. First observe that the Bracketing/Bisection procedure performs at most two Black-Box call
during the Bracketing stage. Assume that the procedure enters the Bisection stage and let us
estimate the number of Black-Box calls within this stage. Since A = (A_ + Ay)/2, it follows that,
after j bisection iterations, the scalars A_ and A} computed at step 2.c) satisfy

1 1
A=A =500 -2 < 5 (87)

and hence
o) 7)\0 88
j <1 .

Assume now that the method does not stop at the j-th bisection iteration. Then, the values of A_
and A; at step 2.c) of this iteration satisfy

Arllur, =2l > ap, Aflya. —2z(A-) < a-.
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and let 4 := x(\y), v— := x(\_), By :=T,, and B_ := T,_. Hence, applying Lemma 7.3 twice,
one time with B = By, z =z and (y,u,c) = (yr,,ux,,€x, ), and the other with B =B_, x = 2_
and (y,u,e) = (ya_,uxr_,exr_), we conclude that

¢+ =B, (Ar;24) > (1 = 6)ag, - =pp (As2-) <(1+06)a, (89)

On the other hand, it follows from Proposition 7.1(b) with B = B4, z = x4, A=)_and \ = At
and Lemma 7.5 with A = A_, z = x4 and £ = x_ that

)\ 2
o+ =B (Ap;74) < <A+> B, (A7)

< (i*)Q [0+ L6% + (1+2L0)p_))], (90)

where
0:=M_llos —o_|| < Mo(hs —A_), (91)

in view of the property assumed for the curve z(-). Hence, we conclude that

() 1)

A2\ ?
< <A0+) My (14 LMoAS +2Lp-) (Ap — A) + ——S—¢

A 2
Py —p- < </\+) 01+ LO+2Lp_|+

)\0 2 )\0
< (Ag) My (1 + LMo} +2Lp-) (A4 — A=) + 2@@-(& - )

A0\ 2 1
=M A=) Mo |1+ LMN +2( L .
(At )<)\9> 0[+ 0AL + < +M0>\9r><ﬁ]

Combining the latter inequality with (89), we then conclude that

1 <AO+>2M L+ LMo +2 (L+ gk ) (1 + d)a-
< 0

Ar — A — \A\O (1—6)ay —(1+6)a_ (92)

A0

We will now estimate the ratio AS)F/)\Q. First note that Lemma 7.3 with A = )\g, T = 1’3_, B = ngr
and (y,u,e) = (y,u%,e%) and Proposition 7.11 with A = A} and x = 29 imply that

0.,.0
Prg MH2%) N d(al) + (A)Ld())
1-6 - 1—-0 '
The latter inequality together with relations (85) and (80) then imply that

AL (146)(1+2Ly0) AL Iy — 2% + 70 + L(70)?
AL (1-06)a_
o (L+6)(1+2L5) [\Fd(a) + () Ld(23)?] + 0 + L(30)°
- (1-6)2a_

Xyl — 2% <

The result now follows from the above inequality and relations (88) and (92). O
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7.4 Complexity of implementing step 2 of the A-NPE method

In this subsection, we study a special case of the line search procedure introduced in the previous
subsection whose goal is to implement step 2 of the A-NPE method. We will also derive its compu-
tational complexity, and as a by-product the overall complexity of the A-NPE method, in terms of
number of calls to a given optimization Newton Black-Box.

Throughout this subsection without further mentioning, we consider only the version of the A-
NPE method in which o < 1 and yxy1 = Gg+1 for every k > 0, and hence the sequence {yi} is
bounded due to Theorem 3.10.

We assume throughout this subsection that an optimization Newton Black-Box for (37) is avail-
able which, given ¢ and (A, x) € Ry x E, finds a d-approximate Newton optimal solution for (37)
at (A, x), i.e., a triple (y,u,e) € E x E x R such that

uwe (Voo +0:0)(y),  Mu+y -zl +2xe < 62y — 2| (93)

Clearly, by Proposition 2.3(a), it follows that a J-approximate Newton optimal solution for (47) is
a g-approximate Newton solution for (50) in the sense of Definition 7.6, and hence an optimization
Newton Black-Box for (47) is a Newton Black-Box for (50) in the sense of Subsection 7.3. Note
also that the triple (gg+1, uk+1,Ex+1) as in Step 2 of the A-NPE method is a -approximate Newton
solution for (47) at (Ag+1,Tk)-

Consider the curve

_ Ay ap+1(N)
Tr(A) = + 94
b Art a7 T At ara (V) (64)
where
A+ /A2 44
ap1(N) = : (95)

5 )
In order to compute the stepsize Axi1, and the triple (§g+1,ukt1,Ek+1) as in Step 2 of the A-
NPE method, the strategy used is based on invoking the line search procedure described in the
previous subsection to look for a stepsize A\y+1 > 0 and a d-approximate Newton optimal solution
(Ukt1, Ukt 1, €kt 1) a6 (g1, Te(Ag41)) such that

20 5 B 20,
< M1 | Tk+1 — T Mg < —. (96)

L L
and then setting (ag+1,Zk) = (@r+1(Ak+1), Tu(Ag+1)). More precisely, with the aid of the opti-
mization Newton Black-Box at our disposal, we can use the Bracketing/Bisection Procedure of the
previous subsection with tolerances 6 > 0, p > 0 and € > 0, curve z(-) = Zx(-), and bounds
a_ = 20y¢/L, ay = 20,/L to compute a stepsize A\p11 > 0 and a d-approximate Newton optimal
solution (Jx+1, Uk+1,€k+1) at (Ak+1, Zk(Ag+1)) such that

a) either, the residual pair (vgy1,ex+1) (see relation (58)) with viy1 given by (55) satisfy ||vgy1| <
pand gy <&

b) or relation (96) holds, and as a consequence, Ag+1 and (g1, uk+1,€k+1) fulfil the conditions
of step 2 of the A-NPE method;

The following result shows that the curve (94) satisfies property (83) as required by the Brack-
eting/Bisection procedure.
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Lemma 7.13. The curve Ty(-), where T(-) is given by (94), satisfies (83) with

1
My : =2 ——+1)dy, M, =1. 97
0 <‘ T o2 ) 0 1 (97)
Proof. To show the lemma, let s >t > 0 be given. Define
A
ry = gy g

C Ap+apa(N)
where agy1(A) is given by (95), and note that 7(-) is an increasing function. In view of (94), we have
Tk(A) =yr +7(A\)(zk —yk),  VA>0.

and hence
12k (s) — Zr(t)]| = (7(s) — 7() |z — will- (98)
Since 7(-) is increasing and 7(0) = 0, we conclude
1%k (s) — 2e(®)]] < [[Z(s) — Zx(0)]. (99)
Clearly (95) implies that a = aj1()\) satisfies the second-order equation a? — Ay 1a — A\gy1Ax = 0,

and hence
- CL]H_l()\) o )\ o 2
T(A) - - - ’
Ak +ag1(N)  app1(N) 14 /1T + 44,071

where the last equality is due to (95). Differentiating the last expression for 7(\), we conclude that

4ARNT2 1
() = P <5 M0
(1 +/T+ 4Ak/\—1> N Ewy

Hence, by the mean value theorem, we have

. 1 1

T(s) = 7(t) =7(§)(s — 1) < g(s—t) < ;(s-1),
for some £ € (t,s). Combining the last inequality with (98), we then obtain
~ - Tk — Yk
fiats)  mo) = 0y

Now, Theorem 3.6, Theorem 3.10, and the triangle inequality for norms, imply that

1
— 0

The latter two inequalities together with (99) then imply that the curve Z(-) = Zx(-) satisfies (83)
with My and M; given by (97). O

Viewing oy, 0,, ¢ as universal constants, the following result establishes the complexity of the
line search procedure when used to implement step 2 of the A-NPE method.
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Theorem 7.14. Let p > 0 and € > 0 be given and suppose that the Bracketing/Bisection procedure
is used to implement step 2 of the A-NPE method as explained in the paragraphs preceding Lemma
7.13. Then, the procedure performs at most

o (max {log g1 1og p !, log do, log L, log L_l}) . (100)

optimization Newton Black-Boz calls to compute a stepsize Ag11 > 0 and a &-approximate New-
ton optimal solution (Yx+1, Uk+1,€k+1) ot (Ag+1, Tk (Akt1)) such that one of the statements a) or b)
preceding Lemma 7.13 holds.

Proof. Viewing oy, 0., & as universal constants, it follows from the definition of vy in step 1.b of
Bracketing/Bisection procedure and Lemmas 7.12 and 7.13 that the latter procedure when used to
implement step 2 of the A-NPE method will find a stepsize Ag+1 > 0 and a -approximate Newton
optimal solution (Jxy1, uk+1,ek+1) at (Akr1, Zk(Ag+1)) such that either statements a) or b) holds in
at most

O (max {log A, logdp, log L, logd(7x(A\})), log chk(A&) - ka}) .

optimization Newton Black-Box calls, where d(71()\Y)) denotes the distance of Z;(A\%) to X.. Now,
using (85), the fact that ay = 20, /L, Theorems 3.6 and 3.10 and the triangle inequality for norms,
we easily see that the above bound is majorized by (100). O

Assuming that an upper bound on dy is known, the following result describes the computational
complexity (in terms of number of optimization Newton Black-Box calls) for the A-NPE method to
find an iterate y; such that f(yx) — f« < d, for some given tolerance 6 > 0.

Theorem 7.15. Assume that an upper bound Dy on the distance dy from xg to X, is known and
let tolerance § > 0 be given. Consider the A-NPE method with step 2 implemented as explained in
this subsection with tolerances p and & chosen as p = 0/(2Dg) and € = 6/2. Then, an iterate yy
satisfying f(yx) — fr < 6 will be found in no more than

o)

iterations of this method, making no more than

L1d3 2/7
@) <50> max{log 671 logL, log L™t log Do}

calls to the optimization Newton Black-Bozx.
Proof. This result follows immediately from Theorems 6.4(a) and 7.14. O
The following result gives the complexity of computing of an approximate solution of (38).

Theorem 7.16. Consider the A-NPE method with step 2 implemented as explained in this subsection
with given tolerances p > 0 and € > 0. Then, the A-NPE method finds a triple (yi,vi,€x) satisfying

vk € V(i) + 0=, h(), okl <o, en<e
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mn at most

o m{ (3) (%))

iterations of this method, making no more than

2/3 L\Y? 1,\*°
(@) dO/ max {log 5t loge~t log L, log L1, logdo} max <_> , (E_)

calls to the optimization Newton Black-Box.

A

Proof. This result follows immediately from Theorems 6.4(b) and 7.14. O

8 Concluding remarks

In this section, we discuss the relationship between the A-HPE framework and the accelerated inexact
proximal point method studied in [4, 17]. First, although they are presented with different notation,
it can be shown that the exact method in [4] and the exact case of the A-HPE framework, namely
the one in which ¢ = 0 in (5), coincide. The other remarks below concern the inexact case. Second,
instead of using the relative error condition (5), they assume that one of the (or both) residuals
Tht1l = Me+1Vk+1 + Uk+1 — Tk and ex4q are O(1/kP), for some scalar p > 0. Hence, their method is
based on an absolute error asymptotic condition rather than a relative error condition such as the
one, namely (5), used by the A-HPE Framework. Third, aside from the use of different error criteria,
all steps of the A-HPE and the one in [4, 17] are the same with the exception of the update formula
(9). More specifically, instead of (9), they use the formula

_ k41
Tp41 = T — M
+1

(Uk+1 — T,

and also assume that gx11 = yrs1. Clearly, when ri 1 # 0, the two aforementioned formulae, and
hence the respective methods, differ. We believe that the use of the relative error condition and
the update formula (9) play an important role in making the A-HPE Framework a powerful tool
in the design and/or analysis of accelerated methods for convex optimization, as illustrated by the
discussion in Sections 5 and 6.

A Auxiliary technical results

First we state a technical result which proof is simple, and hence is omitted.

Lemma A.1. IfC >0, t1,...,tx >0 and a1,...,ar > 0 are such that

k o
J
=1 J
then
N 7/6
1 1/7
Dot -
1/6 J
j=1 cy j=1



Lemma A.2. For any C >0, ay,...,ar € R and B1,..., 8 > 0, there holds

k k

. o2 _

max Zajsj : Zﬁ]sj <C}=
=0 =0

Proof. The lemma holds trivially when C' = 0. Suppose then that C > 0. Consider the maximization
problem and associated Lagrangean

k k
i
max Zajsj:25j3§§0 , L(s,u):Zajsj+§ C—Zﬁjs?
= = : :

Since the feasible set of this problem is a compact convex set and the objective function is linear,
there exists a solution to this problem, say s*, in the boundary of the feasible set, that is

> By = C, (101)

Moreover, since 0 is an interior point of the feasible set, there exists pu* > 0 such that
VsL(s*,u*) =0,

whence
W Bjs; = aj, j=0,...,n. (102)

If p* = 0, then a; = --- = «a, = 0, and the lemma holds trivially. So, assume that p* > 0.
Multiplying each of the n + 1 equalities in (102) by the corresponding s; and adding the resulting

equalities, we conclude that
n n
WY B =D ays),
§=0 §=0
which, combined with (101) yields
n
wC = Z sy
§=0
Multiplying each of the n+1 equalities in (102) by the corresponding «;/3; and adding the resulting

equalities, we conclude that
n n
2
iy eisi = ailB,
=0 =0

To end the proof, multiply the above equality by C' and use the previous equality. 0
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