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Abstract

In this paper we present a primal interior-point hybrid proximal extragradient (HPE) method
for solving a monotone variational inequality over a closed convex set endowed with a self-
concordant barrier and whose underlying map has Lipschitz continuous derivative. In contrast to
the method of [7] in which each iteration required an approximate solution of a linearized vari-
ational inequality over the original feasible set, the present one only requires solving a Newton
linear system of equations. The method performs two types of iterations, namely: those which
follow an ever changing path within a certain “proximal interior central surface” and those which
correspond to a large-step HPE iteration of the type described in [7]. Due to its first-order nature,
the iteration-complexity of the method is shown to be faster than its 0-th order counterparts such
as Korpelevich’s algorithm and Tseng’s modified forward-backward splitting method.

Keywords: hybrid proximal extra-gradiente, interior point methods, monotone
variational inequality, complexity.
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1 Introduction

The very early papers dealing with iteration-complexity analysis of methods for VIs are as follows.
Nemirovski [9] studied the complexity of Korpelevichs extragradient method under the assumption
that the feasible set is bounded and an upper bound on its diameter is known. Nesterov [12] proposed
a new dual extrapolation algorithm for solving VI problems whose termination depends on the guess
of a ball centered at the initial iterate.

A broad class of optimization, saddle-point, equilibrium and variational inequality (VI) problems
can be posed as the monotone inclusion (MI) problem, namely: finding = such that 0 € T'(x), where
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T is a maximal monotone point-to-set operator. The proximal point method (PPM), proposed by
Martinet [4], and further generalized by Rockafellar [16, 17], is a classical iterative method for solving
the MI problem which generates a sequence {zj} according to

T = ()\kT + I)fl(xk_l),

where A > 0. It has been used as a framework for the design and analysis of several implementable
algorithms. The classical inexact version of the proximal point method allows for the presence of a
sequence of summable errors in the above iteration, that is:

[e.e]

loe = T+ D) Map-)ll Sew, D en < oo
k=1

Convergence results under the above error condition have been established in [17] and have been
used in the convergence analysis of other methods that can be recast in the above framework [16].

New inexact versions of the proximal point method with relative error tolerance were proposed
by Solodov and Svaiter [19, 20, 21, 22]. Iteration-complexity results for one of these inexact versions
of the proximal point method introduced in [19], namely the hybrid proximal extragradient (HPE)
method, were established in [5]. 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 (VI), and monotone inclusion and saddle-point problems, were discussed in
[5] and in the subsequent papers [6, 8].

The HPE framework was also used to study the iteration-complexity of first-order (or, in the
context of optimization, second-order) methods for solving either a monotone nonlinear equation
(see Section 7 of [5]) and, more generally, a monotone VI (see [7]). It is well-known that a monotone
VI over a closed convex set X is equivalent to a MI problem whose corresponding operator is obtained
by adding the point-to-point map F' of the VI to the normal cone operator Nx of its feasible set. The
latter paper presented a first-order inexact (Newton-like) version of the PPM which requires, at each
iteration, the approximate solution of a first-order approximation (obtained by linearizing F') of the
current proximal point inclusion and uses it to perform an extragradient step as prescribed by the
HPE method. Pointwise and ergodic iteration-complexity results are derived for the aforementioned
first-order method using general results obtained also in [7] for a large-step variant of the HPE
method.

The present paper deals with a class of inexact proximal point interior-point methods in which
each iteration can be viewed as performing an approximate proximal point iteration to the approx-
imate system of nonlinear equations 0 = F(x) + u~'Vh(z), where u > 0 is a dynamic parameter
(converging to co) and h is a self-concordant barrier for X. The corresponding proximal equation

0= AF(x) +p 'Vh(z)] +z — z, (1)

whose solution is denoted (in this introduction only) by z(u, A, z), then yields a system of nonlinear
equations parametrized by u, the proximal stepsize A > 0 and the base point z. At each iteration, an
approximate solution for the above proximal system is obtained by performing a Newton step, and
the parameters (u, A, z) are then updated. The resulting method performs two types of iterations
which depend on the way these parameters are updated. On the “interior-point” iterations, only
the parameters p and A are updated and the method can be viewed as following a certain curve
within the surface {z(u, A, 2) : p > 0, A > 0} for a certain fixed z. On the other hand, the second



type of iterations update all three parameters simultaneously and can be viewed as large-step HPE
iterations applied to the original inclusion 0 € F'(x) + Nx(x). We establish here that the complexity
of the resulting method is about the order of magnitude as the one of the algorithm presented in
[7]. Moreover, while the latter algorithm (approximately) solves linearized VIs subproblems at every
iteration, the former method solves a Newton linear system of equations.

It should be noted that prior to this work, [18] presents an inexact proximal point primal-dual
interior-point method based on similar ideas. The main differences between the latter algorithm and
the one presented in this paper are: 1) the algorithm of [18] deals with the special of VI in which
X =R} x R™, and; 2) the algorithm here is a primal one while the one in [18] uses the logarithmic
barrier for the latter set X in the context of a primal-dual setting.

There have been other Newton-type methods in the context of degenerate unconstrained convex
optimization problems for which complexity results have been derived. In [15], a Newton-type method
for unconstrained convex optimization based on subproblems with a cubic regularization term is pro-
posed and iteration-complexity results are obtained. An accelerated version of this method is studied
in [13]. It should be mentioned that these methods are specifically designed for (unconstrained) con-
vex optimization and hence do not apply to the problems studied in this paper.

This paper is organized as follows. Section 2 contains three subsections as follows. Subsection 2.1
reviews some basic properties of the e-enlargement of a point-to-set monotone operator. Subsection
2.2 reviews an underelaxed HPE method for finding a zero of a maximal monotone operator and
presents its iteration-complexity. Subsection 2.3 reviews some basic properties of self-concordant
functions and barriers. Section 3 describes the problem of interest, namely the monotone VI problem,
introduces the proximal interior central surface {x(u, A, 2) | (4, A, z) € Ryp xR, xR"}, and describes
its main properties. This section contains two subsections as follows. Subsection 3.1 introduces the
proximal interior central surface and gives conditions for this surface to approach the solution of
the VI problem. Subsection 3.2 introduces a neighborhood of the proximal interior central surface
and shows that it has the quadratic convergence property with respect to a Newton step applied
to 1. Section 4 contains two subsections as follows. Subsection 4.1 presents an hybrid proximal
extragradiente interior-point algorithm (HPE-IP) for solving the monotone VI problem, and performs
a preliminary analysis of the algorithm. Subsection 4.2 estimates the iteration-complexity of the
HPE-IP algorithm. Section 5 discusses a Phase I procedure for computing the required input for the
HPE-IP algorithm and establishes its iteration-complexity. The Appendix gives the proof of some
technical results.

1.1 Notation

Throughout this paper, we let E denote a finite-dimensional real vector space with inner product and
induced norm denoted by (-,-) and || - ||, respectively. The range and null spaces of a linear operator
A : E — E are denoted by R(A) := {Ah | h € E} and N(A) := {u € E | Au = 0}, respectively.
The space of self-adjoint linear operators in E is denoted by S® and the cone of self-adjoint positive
semidefinite linear operators in E by ST, that is

SE = {A:E — E| Alinear, (Az,z) = (z, Az) Vz € E},
SE = {AcS®|(Az,2) >0 Va € E}.



For A, B € SE, we write A < B (or B = A) whenever B — A € SE‘. The orthogonal projection of a
point z € E onto a closed convex set S C E is denoted by

Ps(z) := argmin{||lz — y|| | y € S}.

The cardinality of a finite set A C N is denoted by #A. For t > 0, we let log™ (¢) := max {log(¢), 0}.
The domain of definition of a one-to-one function F' is denoted by Dom/(F').

2 Technical background

This section contains three subsections. The first subsection reviews the basic definition and proper-
ties of the e-enlargement of a point-to-set monotone operator. The second one reviews an underelaxed
large-step HPE method studied in [18] together with its corresponding complexity results. The third
subsection reviews the definitions and some properties of self-concordant functions and barriers.

2.1 The c-enlargement of monotone operators

In this subsection we give the definition of the e-enlargement of a monotone operator and review
some of its properties.
A point-to-set operator T : E = E is a relation 7' C E x E and

T(x)={veE]|(x,v)eT}

Alternatively, one can consider T’ as a multi-valued function of E into the family p(E) = 28 of
subsets of E. Regardless of the approach, it is usual to identify T" with its graph,

Gr(T) ={(z,v) e EXE|veT(x)}.
An operator T : E = E is monotone if
<U—'l~),x—(i'> 207 V(.Z',’U),((i',f)) EGT(T)a

and it is mazimal monotone if it is monotone and maximal in the family of monotone operators with
respect to the partial order of the inclusion.

A well-known example of a maximal monotone operator is the normal cone operator Nx : E = E
of a closed convex set X C E defined as

_ [0, x¢ X,
NX(:E)_{{UEE’<U,QJ—LE>§O, Vye X}, zeX.

In [1], Burachik, Tusem and Svaiter introduced the e-enlargement of maximal monotone operators.
Here, we extend this concept to a generic point-to-set operator in E. Given T : E = E and a scalar
g, define T° : E =2 E as

T°(z)={veE|{(z—Z,0-0) > —, VZIEE, YoeT(2)}, VaxeckE. (2)
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 < eg, then T (x) C T%*(x) for every x € E;

b) T¢(z) + (T (z) C (T + Tt () for every z € E and e,¢' € R;
c¢) T is monotone if, and only if, T C T?;

d) T is mazimal monotone if, and only if, T = T°;

e) if T is mazimal monotone, {(zk, vk, ex)} C ExE xR, converges to (z,v,€), and vy € T (xy)
for every k, then v € T*(%).

Proof. Statements a), b), ¢) and d) follow directly from definition 2 and the definition of (maximal)

monotonicity. For a proof of statement e), see [2]. O

We now make two remarks about Proposition 2.1. If T" is a monotone operator and ¢ > 0, it
follows from a) and d), that 7¢(x) D T'(z) for every z € E, and hence that T¢ is really an enlargement
of T'. Moreover, if T' is maximal monotone, then e) says that 7" and 7° coincide when € = 0.

2.2 The underelaxed large-step HPE method

In this subsection, we review an underelaxed version of the large-step HPE method presented in [18]
and its corresponding complexity results.
Let T : E = E be a maximal monotone operator. The monotone inclusion problem for 7' consists
of finding « € E such that
0€T(x). (3)

Next we present the underelaxed large-step HPE method for solving (3).
Underelaxed large-step HPE Method:
0) Let xg € E, ¢ >0, t € (0,1], and o € [0,1) be given and set k = 1;
1) if 0 € T(2*~1), then stop; else, compute stepsize A, and (2*,v*,e¥) € E x E x R, such that
v € T (), IAkvrk + 2k — 261 ))* 4 2Xkek < 0|l — 21|

and
Mellzk — ze—1]l > ¢ > 0;

2) choose relaxation parameter t; € [¢, 1] and define 2z = zp_1 — txAgvr and go to step 1.
end

We now make some remarks about the underelaxed large-step HPE method. The special case
in which t = 1, and hence t; = 1 for all k, corresponds to the large-step HPE method introduced
in [7], which in turn is a particular case of the large-step HPE method for smooth operators presented
n [5]. The iteration-complexities of the HPE and the large-step HPE methods were established in [5]
and [7], respectively. In the next result we present the abstract pointwise and ergodic complexity
estimations of the underelaxed large-step HPE method.

Define, for each k,

k k
Ak_zm, =y z fo a= ) e+
=1 =1

<a;z~ — Tk, Uz>]



Proposition 2.2. If T~1(0) is non-empty and dy is the distance of zg to T~1(0), then, for every k,

a) there exists ig < k such that

d? o?d3
loill < ———7 e < 537 CIETTEYEE
ct(l—o)k 2ct3/2(1 — 02)3/2k3/
b) Vg € T[gk},
EAp— < 2dy
Ukl = ct3/2(1 — 02)1/23/2° €k = ct32(1 — 0)2(1 — 02)1/2}3/2"
Proof. For a proof of this result see Proposition 3.4 of [18]. O]

2.3 Basic properties of self-concordant functions and barriers

In this subsection we review some basic properties of self-concordant functions and barriers which
will useful in our presentation. A detailed treatment of this topic can be found for example in [11]
and [14].

Given A € SE a self-adjoint positive semidefinite symmetric linear operator in E, we consider
two types of (semi-) norms induced by A. The first one is the seminorm in E defined as

[l 4 = (Au,u)'/? = ||AYV?u]|, Vu € E.
The second one is defined as
Jully = sup {2(u, h) — (Ah, h) | h € B>, VueE. @

Some basic properties of these norms are presented in Lemma A.1 of the Appendix. We observe that
|| - Iy is a nonnegative function which may take value +o00, and hence is not a norm on E. However,
the third statement of the Lemma A.1 justifies the use of a norm notation for || - ||%.

Definition 1. A proper closed convex function h : E — (—o00, 00| is said to be self-concordant (SC)
if Dom(h) is open, h is three-times continuously differentiable and

3/2

h///(g;)[u7 u,u] < QHUHV%@),

Va € Dom(h), u € E.

If additionally V?h(z) is nonsingular for every x € Dom(h), then h is said to be a nondegenerate
self-concordant function.

Definition 2. A SC-function h is called a n-SC barrier if, for every x € Dom(h), ||[Vh(x)
VT
Lemma 2.3. Let h be a closed convex function such that S*, the set of minimizers of h, is nonempty.

Then, for every v > 0, the function h, defined as h,(x) := h(z) + (v/2)||x — z||?, Vo € E, has a
unique minimizer x;, and it holds

Rr2ha) <

il_r)% :L'; = Pg- (a?)



Proof. From the assumptions it follows that S* is a closed convex set. Let x* = Pg«(Z). Since h,, is
a strongly convex function, it has unique minimizer z}, over E and in particular it holds

* v * — * v * —
h@}) + Sy — 2|2 < h(a®) + 5 [la* — 2|2
Hence, it follows
v * — ES v * — *
Slas—al? = (h@) + Slles - 2l?) - h?)

* K * =12\ *:K * =2
(h@*) + Slla™ = #]2) = h(a") = Zlla* - 2]

IN

Thus, the set {x}, | ¥ > 0} is bounded, and it follows that every accumulation point & of any sequence
{z,, } such that v, — 0 when k — +oo satisfies

W) < h(z®), &=z <[z —2].

From the first above relation if follows that £ € S*, which combined with the second above relation
and the definition of 2* implies & = 2*. Thus, any sequence {z,, } such that v — 0 when k — 400
converges to Pg«(Z), which implies the claim of the lemma. O

The next result gives some basic properties of a SC-function. Below we give a prove for a
degenerate case.

Proposition 2.4. If h is a SC-function and x € Dom(h) is such that HVh(a:)H*VQh(m) < 1, then the
following statements hold:

a) Vh(z) € R(V2h(x)) and for every x™ such that Vh(x) + V2h(z)(zt — x) = 0, we have

2t € Dom(h) and
IVR(2)][52), 2
Al < . .
IVA(zT) IG2p @ty < <1— IVh(z) )

b) h has a minimizer x* over E satisfying

H*VQh(x

IVh(x)

* H*VQh(z)

Moo

Proof. The first inclusion of a) follows from the assumption ||[Vh(z)||52 hz) < 1 and Lemma A 1(Db).
Moreover, the second inclusion and the inequality of a) follows Theorems 2.1.1 and 2.2.1 of [14],
respectively. Also, the first part of b) follows from Theorem 2.2.2 of [14]. We also observe that the
inequality in b) has already been established in Theorem 4.1.13 of [11] under the assumption that h
is a nondegenerate SC-function (see also [10]). We now prove this inequality for the case in which h
is a degenerate SC-function. Define the function h, as

ho (%) = h(F) + gHi“ —z|?, VieE.
Then, Vh,(z) = Vh(z) and V2h,(z) = V2h(x) + vI = V?h(x) and hence
IV ) oz, oy = IV, 0y < IVAE) ey < 1.

7



where the first inequality follows from Lemma A.1(a). In view of the observation made at the
beginning of this proof and the fact that h, is a nondegenerate SC-function, it follows that h, has a
unique minimizer z}, in E satisfying

I () [, 0 V() 2y
* < * < vix < x
75 = allone) < 13t = allvne < T—1op 0 < ToTvhE)

Y

||*V2hl,(x) H*VQh(m)

where the first and third inequalities follow from Lemma A.1(a). Since by Lemma 2.3 z} converges
to the minimizer x* of h closest to x as v — 0, the result follows. O

The following result is equivalent to Proposition 2.4(a), but it is in a form which is more suitable
for our analysis in this paper. For every € Dom(h) and y € E, define

Ly (y) = Vh(z) + V?h(z)(y — o). ()

Proposition 2.5. If h is a SC-function and, x € Dom(h) and y € E are points such that r :=
ly — zllv2n@) < 1, then y € Dom(h) and

2
IVA(y) = Liw () [52ngy) = IVA(y) = Vh(x) = V2h(z)(y - 0)llene, < (1 4 ) NG

Proof. First note that the equality in (6) follows immediately from (5). To show the inequality in
(6), define the function
¢(Z) = (%) — (Lne(y),2) VZ€E.

Then, for every & € Dom(h), it follows from (5) that
V(Z) = VA(E) = Vh(z) = Vh(z)(y — x), V?4(Z) = V*A(3), (7)
and hence

V(@) 240 = IV2(@) (1 = D) 92ny = 1y = @llv2ne < 1, (8)

where the last identity follows from Lemma A.1(b). Since ¢ is also a SC-function and (7) implies
that
Vo(z) + Vie(z)(y - 2) =0,

it follows from (8) and Proposition 2.4(a) that y € Dom(h) and

V() I525(2) ;
Voy)lvegey) < 7
Vo) IT26(,) < (1— IVO(2) 1525y

and hence that (6) holds in view of (7) and (8). O

The next result for the case in which @ = 0 (and possibly Dom(h) unbounded) is proved in
Proposition 2.3.2(i.2) of [14]. The general case in which a € [0, 1) is proved in Theorem 4.2.7 of [11]
under the assumptions that h is a nondegenerate barrier with bounded domain. Here we extend the
general case for SC barriers without assuming neither non degeneracy of the barrier nor boundedness
of its domain. The first part of the proof closely follows that of Theorem 4.2.7 of [11] except that it
relies on Proposition 2.4(b) instead of the boundedness of Dom(h).



Proposition 2.6. Let h be an-SC barrier and lety € Dom(f) and q € E satisfy ||q — Vh(y)H*VQh(y) <
a < 1. Then,
(g,u—1y) <0, Yue€ Dom(h)

where ( )
+a)a
d:=n+ L
1-a
As a consequence, ¢ € N§(y) where X = cl (Dom(h)).

Proof. Define the function ¢ as
¢(x) = —(q,z) + h(z), Vz€E.

Since Vo(z) = —q + Vh(z) and V2¢(z) = V2h(x) for every € Dom(¢), the proximity assumption
of the proposition, Definition 2 and Lemma A.1(e) imply that

||V¢(y)||*v2h(y) <a, Hq||*v2h(y) <n+a. (9)

Since ¢ is a SC-function and it follows from (9) and Proposition 2.4(b) with h = ¢ and = = y that
function ¢ has a minimizer z* satisfying

2% = yllvone) < 1—a

This conclusion together with (9) and Lemma A.1(f) yield

(Vi +a)a

(.5 = 1) < lallGangy I = llvn <

Since Vo(x*) = 0, or equivalently ¢ = Vh(z*), it follows from the special case of this proposition
with a = 0 and y = z* (see the first remark on the paragraph preceding the proposition) that

(¢,u — ") = (Vh(z"),u —a*) <n, Yue& Dom(h).

The first part of the proposition now follows by combining the last two inequalities. The second part
follows from the first one and the definitions of Nx(-) and Ny(-). O

Corollary 2.7. Let a € (0,1), z € Dom(h) and y € E be such that

— X
ly — 2llv2ne@) < 1, lv —zlvne 2
1= ly — zllv2n()

Then, y € Dom(h) C X and Ly(y; x) € N%(y) where § is as in Proposition 2.6.

Proof. The assumptions and Proposition 2.5 imply that y € Dom(h) and
IVR(y) — Ln(y; ) |[v2nz)y < a. Hence, it follows from Proposition 2.6 with ¢ = Lp(y;z) that
Li(y; ) € N5 ()- O



3 The main problem and preliminary technical results

This section describes the main problem and motivates our approach towards obtaining its solution.
It consists of two subsections. The first one describes a proximal interior central surface parametrized
by a triple (u,v,2) € Ri4 x Ry x E and gives conditions on these parameters under which the
corresponding point z(u,v, z) on the surface approaches a solution of our problem. The second
subsection introduces a neighborhood NV, ., . () of z(u, v, z) whose size depends on a specified opening
B € (0,1) and shows that this neighborhood enjoys the quadratic convergence property under a
certain Newton step iterate in the sense that the resulting Newton iterate will be in NV, , »(5%)

Consider the inclusion problem
0€T(x)=(F+ Nx)(x), (10)
where X C E and F : Dom(F) C E — E satisfy
C.1) X is a closed convex set endowed with a 7-SC barrier h such that ¢l (Dom(h)) = X
C.2) F is monotone and differentiable on X C Dom/(F);
C.3) F'is L-Lipschitz continuous on X, i.e.,
|F'(z) — F'(z)|| < L||Z — z||, Vz,7€ X,
where the norm on the left hand side is the operator norm:;
C.4) the solution set X* of problem (10) is non-empty.

We observe that Assumptions C.1 and C.2 imply that the operator T' = F+ Nx is maximal monotone
(see, for example, Proposition 12.3.6 of [3]). From Assumption C.3 it follows

17 (y) = F(x) - Fl(x)(y — 2)|| < glly—xHQ (11)
for any z,y € X.

3.1 Proximal interior map

In this subsection we introduce a proximal interior map which argument is a triple (u,v, z) € Ri4 X
R, + xE and give conditions on these parameters under which the corresponding image point x(u, v, z)
approaches a solution of problem (10).

The classical central path for (10) assigns to each p > 0 the solution z,, of

0= pF(x)+ Vh(z). (12)

Under some regularity conditions, it can be shown that the path u > 0 — z, is well-defined and
x,, approaches the solution set of (10) as p goes to co (see for example [14]). Interior-point path
following methods for solving (10) have been proposed in [14] under the assumption that h satisfies
C.1 and F' is B-compactible with h for some § > 0 (see Definition 7.3.1 in [14]). It is worth noting
that Assumptions C.1-C.3 do not imply that F' is S-compactible with h for any § > 0 even when F

10



is an analytic map. Hence, it is not clear how the interior-point path following methods of [14] can
be used to solve (10) under Assumptions C.1-C.3.

This paper pursues a different strategy based on the following two ideas: i) a parametrized
proximal term is added to Vh; and ii) path following steps are combined with proximal extragradient
steps. Next we discuss idea i). Instead of the perturbed equation (12), our approach is based on the
regularized perturbed equation

0= Gpup:(a) (13)

parametrized by (u,v,2) € R4y x Ry, x E, where G, . : Dom(h) — E is the map defined as
Guuyz(x) = pF(x) + Vh(z) +v(z —2z), Vo € Dom(h). (14)

As opposed to (12), equation (14) has a (unique) solution regardless of whether the solution set of
(10) is empty or unbounded. Throughout this section, we refer to this solution, which we denote
by z(u, v, z), as the proximal interior point associated with (u, v, z). Moreover, we refer to the map
(,v,2) € Ryy X Ryy X E = x(u, v, 2) as the proximal interior map.

The following result describes sufficient conditions on the parameter (u,v,z) which guarantee
that (u, v, z) approaches the solution set of (10).

Proposition 3.1. If {(uk, vk, 2k)} € Ryy X Ryy X E is a sequence such that {zx} is bounded,
limg 00 px/Vk = 00, and for some v > 0,

w>0>0 k=0,1,2,..., (15)
then {x(pk, vk, zi) } is bounded and every accumulation point of {x(puk, vk, zk)} is a solution of (10).

Proof. For any k € N, define

1 k
g = (g, Vg, 2), vk = F(xg) + —Vh(zg), M= M—, €k 1= A (16)
Mk Vi K
and note that the assumptions of the proposition imply that
lim Ay =00, lim g =0. (17)
k—o0 k—o0

Using (16) and the fact that xj satisfies (13) with (u, v, 2) = (ug, vk, 2k ), we conclude that

2L — X
v = k)\k E, (18)

Also the definition of vy in (16) implies
v € (F + N;}’“) (rg) C T (zg), (19)

where the first inclusion is due to the last claim of Proposition 2.6 with y = x, ¢ = Vh(zy), and
a =0, and the fact that (1/px) Ny (-) = Ng(/“k(), and the second inclusion follows from Proposition
2.1 and the definition of 7" in (10).

Now, let 2, := (I+ A1)~ (z). Using the fact that (I+ A7)~ is non-expansive (see for example
Proposition 12.3.1 of [3]), we easily see that {Z;} is bounded. Also, the definition of 2 implies that

2 — Tk
k=
Ak

S T(:i‘k) (20)
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The latter conclusion together with (19) and (2) then imply that

|2 — 2

—e < (O — Vg, T, — Tf) = — " ,

where the equality is due to (18) and (20). Hence,

. n n
|2k — 2kl < VAker = W/jk < \/;

where the equality follows from (16) and the second inequality follows from (15). The latter two
conclusions then imply that the sequence {x} is bounded, and hence that the first assertion of the
proposition holds. In view of (17), (18), and the boundedness of {z;} and {z;}, we then conclude
that limy_,o vx = 0. This conclusion together with (17) and Proposition 2.1(e) then imply that any
accumulation point x* of {x} satisfies 0 € T'(z*). Hence, that the last assertion of the proposition
follows. O]

3.2 A neighborhood of a proximal interior point.

In this subsection, we introduce a neighborhood, denoted by N, , .(8), of x(u, v, z) whose size de-
pends on a specified opening 8 € (0,1). These neighborhoods will play an important role in the
algorithm of Section 4. The main result of this subsection shows that a Newton iteration with re-
spect to (13) from a point = in N, ,,.(8) yields a point 2™ € N, ,,.(8?), thereby showing that these
neighborhoods possess the quadratic convergence property with respect to a Newton iteration.

We first introduce some preliminary notation and results. For v > 0, define the norms

HuHVJ? = HuHV2h(aC)+VI7 ”UH;I = |’uH*V2h(x)+V[7 V’U, € E

When v = 0, we denote the above norms simply by || - || and || - ||%, respectively.
We have the following simple results.

Lemma 3.2. For any x € Dom(h), v > 0 and u,v € E, we have

lullv.e = Vulul + lullz, (vl

[l

z,zsmn{mu;;,ﬁ}, )] < Jullvollolme (21)

Proof. The proof of this result follows immediately from the definition of the above norms and
Proposition A.1. O

Lemma 3.3. For any x € Dom(h), V', v >0 and u € E, we have

v v
Julr < max {1, \/V} fulles o < max {14/

Proof. This result follows from the definition of the above norms and the fact that the assumption
v < v implies that

*
v,x"

5(V2h(a:) + /1) < V2h(z) + vI < V2h(z) + V1.

12



The following result gives a crucial estimate for the size of the Newton direction of G at x in
terms of the size of G(z).

Lemma 3.4. Let x € Dom(h), z € E and p,v > 0 be given and let d, denote the Newton direction
of Guu,. at x. Then, ||dz| . < ||G(x)

[
Proof. To simplify notation, let G := G, .. Using the definition of G, the fact that G'(z)d, +G(x) =
0 and F’(z) is positive semidefinite, and the definition of the norm || - |,,z, we have

ldoll} e = (da, (V2h(@) + v1)dy)
(dg, (WF'(x) + V2h(z) + vI)dy)
= (do, G'(2)dz) = —{da, G(7)) < |lde|lva]| G(2)

IN

¥
v,x*

where the last inequality follows from (21). The result now trivially follows from the above relation.
O

The following result provides some important estimates of a Newton iteration with respect to
G}L,V,Z'

Proposition 3.5. Let x € Dom(h), z € E and p,v > 0 be given. Assume that the Newton direction
dy of G =Gy, at x satisfies ||dz|z < 1 and define 27 =z + d,. Then, 2T € Dom(h),

2
* da ||z

HV}L(,T—F) — Lh,z(flj—i—)Hx_'_ S (lﬂndl”z> ’ (22)

InF @®) + Lae(27) + vzt = 2)|| < & |lda]|?, (23)
and

L 1
(6 < ma { ot s bl en
Proof. Since ||z — x||z = ||dz|lz < 1, the inclusion x+ € Dom(h) and (22) follow from Proposi-

tion 2.5 with y = 2.
Direct calculations show that

WP + L) 4 0t = 2) = Fat) = [Fo) 4 P~ o))

which combined with (11) proves (23).
Using the definition of G, triangle inequality, the second relation in (21), (22) and (23) it follows

IG@ D)+ < NF @) + Lyg (@) +v(@™ = 2)[5 o+ +[[VA(™) = Lyg (@)} .+
< VTP pF@t) + Ly (@) + vt = 2)| + [VA@T) = Lye ()50
plL 2 1 2
< dy dy T
< L0l + Tl
To end the proof of (24) use the above inequality and the first relation in (21). O

The following result introduces the measure which has the desired quadratic behavior under a
Newton step with respect to G, ...

13



Proposition 3.6. Let 0 € [0,1), u,v > 0, € Dom(h), and z € E be given and define

_ uL 1
’y'u,l,(Q) = max {2]/3/27 (1_0)2} . (25)
Let d, denote the Newton direction of G .. at x and define T =x+d,. Then, if
1G()][},. <0,
then ™ € Dom(h) and

Y OIGE D5 e < [ O G@)50] "

Proof. To simplify the exposition, let us denote 7, () simply by 7. Lemma 3.4, the first relation
in (21) and the assumption that |G(z) < 6 imply that

I
v,z

el < ”dmnu,m < |G(z)

¥
= v,z

<6<l

This observation and Proposition 3.5 then imply that 2™ € Dom(h) and

WNGEH; e < APlldallye < IG5

vzt = v, =
L]

We now introduce the neighborhood N, () of a point x (4, v, z) of the proximal interior central
path surface with opening 8 > 0 which will play an important role in the algorithm of Section 4.
Indeed, for a given scalar 8 > 0, define

Nuwz(B) := {z € Dom(h) : Y [|Gpup,z(2)

. _ pnL
|, < B}, where ~,, =max {21/3/2’4} . (26)

The following simple consequence of Proposition 3.6 shows that a Newton iteration takes a point
from the neighborhood A, .. () to the smaller neighborhood N, .(4%) whenever 3 € [0, 1).

Proposition 3.7. Let § € [0,1), (u,v,2) € Ryy x Ryy X E and x € Ny, .(B) be given. Let d,
denote the Newton direction of G, .. at v and set xt =z +d;. Then, z, €N, 7,,yz(ﬂ2).

Proof. Note that (25) and the definition of ~,, in (26) imply that

Y,y = VM,V(1/2) > 4. (27)
The assumption that § < 1 and x € N, .(8) then imply that
g _p_1

G * o< < =< -, 28

I6@la <5~ <7<5 (28)

Hence, the result immediately follows from Proposition 3.6 with § = 1/2. O

The next result shows that after one iteration of Newton’s method from a point in N, , .(5) we
obtain an inexact solution of the proximal system

v e (F+ Nx)(x), (g)qH—x—z:O.

It also provides some bounds which are useful to assess the quality of this inexact solution.
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Proposition 3.8. Let § € [0,1), (¢,v,2) € Ryy x Ryy X E and x € Ny, .(B) be given. Let d,
denote the Newton direction of G, .. at v and set T =x+d,. Then,

a) [IVh(at) = Lo (@), < B%/vuw < B2/4;
b) xt together with the triple (\,v",e™) defined as

1 1 X X
A= H, vt = F(at) + =Ly (a™), e i=— (77 + M) , (29)
v K I 1 —ag
where )
orom ()
1 —|[de |l
satisfy
+ ey (ot 2 + 52
€ (F+ Ny )T, [[Mh+a2t —z)* +2)e <f f—i— (30)
and \f ) 52 )
R R Y R CARaVC ) |
1 1 3
Proof. We first prove a). By (28), Lemma 3.4 and the first relation in (21), we have
B _B_1
dy ||z <|G < <= <= 32
el < Idelle < IG5, < =< G <5 (32)

The definition of 7, , and the above inequality imply

2 2
ay = (”deI) §4deH3;§4<IB) < < 67
1 —|ldz||2 Yp,v Vpv 4
The last two conclusions together with inequality (22) of Proposition 3.5 then imply that a) holds.
Now we prove b). The above two relations together with the fact that 27 = x + d, and Corollary
2.7 with y = 2™ then imply that
Ly (z7) € Ny (=), (33)

where

az(az + /1) (ﬁ2/4)[(ﬁ2/4) +vil

—— V< 4 34
N R UL RSV, CY)

due to the fact that 8 < 1. Note that the definition of v™, relations (33) and (34), and the definitions

of eT and N§'(-) imply the inclusion in (30). Now, using the definitions of v,,, =T, v™, and A,

inequalities (23), (32), and the first relation in (21), we have

0:=n+

1
M2t 2l = B ) + L) + ot - ) (35)
plL 2
< .
_2ywm
2 2 2
< me_”wwm_w(ﬁ>s L
Vv VV \ Y VupVV T AV
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where the last inequality is due to (27). The latter conclusion, the definition of A\ and e*, and (34)
then imply that

1 4 2 2 9 2\ 2
]\Av++x+—z|]2+2>\s+§V{f(j+2[n+63<4+\/ﬁ>ﬂgy(\fn+ﬁ2> .

To end the proof, observe that the first inequality in (31) follows from (35), triangle inequality, and
the definition of \; and the second inequality follows from (34) and relation e™ = §/pu. O

As a consequence of the above proposition, observe that in the case in which the term |z+ — z||
remains bounded, taking  and p/+/v large enough, we are able to obtain approximated solutions of
problem (10), with errors bounds below any preestablished threshold. This could be accomplished,
for example, by using interior-point techniques along a suitable curve belonging to the proximal
interior surface. On the other hand, if term ||x* — z| grows too large, i.e. larger than the last
term of the second inequality in (31), then we could take an underelaxed HPE step in variable z, as
described in Subsection 2.2, which takes z to a point closer to the solution set of problem (10). This
is the main idea behind the algorithm that will be presented in the next section.

4 The HPE interior-point algorithm

In this section we present an underelaxed HPE interior-point algorithm (HPE-IP) for solving the
monotone variational inequality problem (10). This algorithm combines two types of iterations:
after a Newton step for system (13), the algorithm linearly updates parameters p and v and take an
underelaxed HPE large-step, as described in Subsection 2.2, in variable z; when this is not possible,
the algorithm fixes z and linearly updates parameters p and v, which corresponds to an iteration
of a path-following algorithm along a certain trajectory within the proximal central surface. This
section is divided in two subsections. In the first one, we present the algorithm and analyze the
properties of two steps described above. In the second one, we establish the iteration-complexity of
the HPE-IP algorithm using the convergence rate bounds of Subsection 2.2 for the HPE steps, and
a standard complexity analysis for the path-following steps.

4.1 The algorithm and preliminary results

The following algorithm generates a sequence {(xy,vg,ex)} such that vy € (F + N°*)(xy). Clearly
the size of the residual pair (v, ex) measures the quality of 2 as an approximate solution of (10).
The main goal of this section will be to study how fast the residual sequence {(vg,ex)} and a certain
associated ergodic sequence converge to zero.

HPE Interior-Point (HPE-IP) Method:
0) Let 0 € ]0,1), € (0,1), o, > 0, 20 € E and xg € Dom(h) be such that

Zg € NMQ,V@,ZO (16)7 (36)
define
1
poL B(1—p) V2 B(1—p)
= - 4 = 4 _ = 37
Y max{2yg/27 }7 T1 ’Y(ﬁ"‘l)( + O') ’ T2 37\/7—] ) ( )
and set k = 1;
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1) set (.’IJ, 2y My 1/) = (l’k,l, Zk—1, Mk—1, kal) and G = G,u,zl,z;
2) compute the Newton direction d, of G at x and set x+ =z + d, and (v, &™) as in (29);

3.) if Vullzt — 2| < V2(yM+1)/0, then

pm=pd+1)3, vt =v(l+7m)? 2=z (38)
3.b) else
v 7 T v + 2 <M) +.
= V= 2T =z e A 39
1 n)? (1+7)2 L4+72 \v 39

4) let (zk, 2k, t, Vi) = (T4, 24, piy, vy ) and (vg,er) = (v4,e4), set k < k + 1, and go to step 1.
end

We now make a few remarks about the HPE-IP method. First, in view of the update rules for p
and v in step 3.a) or 3.b), we have

() -2 e

Second, recalling the definition of 7, , in (26) and noting the definition of v in (37), it follows from
(40) that
Vg, =7, Vk>0.

Hence, in view of (26), it follows that the definition of the neighborhood N, ., -, (8) simplifies to

Nz (B) = {z € Dom(h) | Gz (@30 < B/7}

Third, noting that z¢ is chosen so that (36) holds, we will show in the results below that the condition
x € Ny 1,2 (B) is maintained in every iteration of the HPE-IP method. Fourth, in those iterations
in which step 3.a occurs, the computation of + and (u*,v") in steps 2 and 3.a correspond to a
path-following iteration with respect to the path

{:c(,u, v,z = tug, v ="ty t> 0} .

More specifically, given that (z,z,p,v) = (g, 2, tk, Vi) satisfies € N,,.(B), it follows from
Proposition 3.7 that the point ™ computed in step 2 belongs to the smaller neighborhood N, . (5%)
and the Proposition 4.2 below shows that the parameters p and v are increased by the uniform factors
(14-71)2 and (1471)2, respectively, in such a way as to keep 2™ in the B-neighborhood of the updated
parameters u™ and vT. Fifth, in those iterations in which step 3.b occurs, Proposition 4.3 below
shows that: i) the update rule for 2™ corresponds to a (underelaxed) large-step HPE iteration, in
variable z, for the operator F' + Nx, and; ii) the update of the parameters (u,v, z) to (ut,vt,z1)
keeps T in the B-neighborhood of the updated parameters p*, v and zT. Sixth, observe that
the above algorithm assumes that an initial quadruple (ug, Vo, o, 20) € Ryy X R4y x Dom(h) x E
satisfying (36) is known. Section 5 describes a phase I procedure, and its corresponding iteration-
complexity, which, for a given triple (uo,v0,20) € Riy x Ry x E; finds a point g € Dom(h)
satisfying (36).

The following result studies how the function |G}, . -(x) changes in terms of the scalars p and

I
v,
V.
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Proposition 4.1. Let z,p € E and positive scalars o, p, u™, v, v be given and define
2t =2—a (g) (F(z) —1—,u_1p) .

Then, for every x € Dom(h), we have

+ +

Gy e @lee < (5 +0’s ) max 1,12V 1Gpa@)ls + [ — 1] v
prwTz vt = L v ) vt v, v,T L
vt . v vttt
0l = Vh@I+ ) 2 1= = | e - .

Proof. Let be Gt (x) = G+ ,+ .+ (). By (14), it follows that

Gt (z) = p*F(x) + Vh(z)+ v (z —2T)

= it P () + Vh(@) + vt [ - 2+ a (g) (F(2) + 1~'p)|

ut s o
= ( + ay) puF(z) + Vh(z) +vi(z —2) + —ap

C%+af>Mﬂ@+VM@+me+<lliaC>VM@
—i—y:ozp+ [V: - (M: +04V:>] v(z —z)

:(ﬂj+yj>m@+(LJ5>vmm+i@@—VM@)

Using triangle inequality, Lemmas (3.2) and (3.3), it follows that

+ * :qu V+ * M+ * VJF *
16+ @)l e = (1 + 0% ) 16 + ] - 1\ IVR@)IE + 0’ llp - VA@);
,u v 1 v
vt ot v
+1l-a)— — — T —z
e e P
+ + +
u v % .o |
< (P4 1.2 e AN
< (%4 Y max {1 [ Gl + |4 —1] va
vt . vt out| v
+allp =A@+ - ) | e,
which clearly implies the conclusion of the proposition. ]

The following result analyzes the situation in which step 3.a) occurs.

Proposition 4.2. For some 5 € (0,1) and po,vp > 0, let p,v >0 and x,z € E be such that

v €Ny (), <“>2=<”>§ (41)

Ho Vo
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Let d, be the Newton direction of G, . at x and define 7 = z + dy, (vF,e") as in (29) and
(ut,vT,2%) as in (38). If the condition /v|zt — z|| < V2(\/7 + 1)/o holds, then the following
statements hold:

a) € Nyuoo(6?) and at € Nyt yr .+ (B);

b) vt € (F+ Nx) (zt) and

o < A7) <u§/2> [62+ V2(/i+ 1)

vt 140 4 o
14+ 3 3/2 ,32 52
et < ((V+)7:3/)2 (VZO ) [77+ ) <4 + ﬁ)] :

Proof. The first inclusion in a) follows from Proposition 3.7. Note that the definition of v, , in (26),
the second condition in (41), and the first two identities in (38) imply that v,+ ,+ = v, = 7. Also,
from the definition of 7 in (37) and the fact that v > 4 and n > 1 it follows

(e ¥2) 808 (VR s0es 1 (Ve
T1_<4+0'> W(\/77+1)§<4+0> = <4+ ) : (42)

By (38) and Proposition 4.1 with x = 27, a = 0 and p = 0 it follows

9

+
* ,U, *
MGt 4 Tt < o [N Graa @) e

# [ =ty 2 | - et - )
<A+ 8 4+ [ +n)° =1y
B (L )~ 1 )+ (1 ) T
<4 | () = L (1 mn 22 a4 )
=8 +n 712+<3+\f>ﬁ+<3+\f>]v(x/ﬁ+1)
<pB+m 1+<3+\f>]7(\/ﬁ+1)=6,

where the second last inequality is due to the fact that 32 < 1 <+, the last inequality is due to (42),
and the last equality follows from the definition of 71 in (37). The second inclusion in a) follows from
the above inequality and the fact that v = y,+ ,+.

Statement b) follows from relation (30) of Proposition 3.8(b), the definitions of u* and v*
combined with the identity in (41), and the assumption \/v|lz* — 2| < V2(y/ +1)/0. O
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The following result analyzes the situation in which step 3.b) occurs.

Proposition 4.3. For some € (0,1) and pg, v > 0, let p,v > 0 and z,z € E be such that (41)
holds. Let d, be the Newton direction of Gp,» at © and define 7 = z + dy, (A, v",e") as in (29)
and (ut,vt, 27) as in (38). If the condition \/v||xT — z|| > V2(/n+ 1) /o holds, then the following
statements hold:

a) A= N, ,V,z(/Bz) and z* € N'LL+,V+,Z+(B)7.

b) vt e (F+ N ) () and

V2 +1)

g

I+ 2t =22+ 22T < 0?2t 2|, Alat — 2] 2 ( 3/2)

Proof. The first inclusion in a) follows from Proposition 3.7(a). Note that the definition of v, , in
(26), the second condition in (41), the first two identities in (39) imply that v,+ ,+ = v, = 7. Using
Proposition 4.1 with z = 2z, p = Lj, »(2") and a = 75/(1 + 72) and relation (39), and noting that

we conclude that
1
NGyt @)t 0 < 75 [fYHGM,u,Z(x*)n;ﬁ]

1 *

2 1 To 9
- 1+ 25 ( (1-1-72)3)7@4_(14-72)35
< B+ 3my/1 = B,

where in the second inequality we used a) and Proposition 3.8(a), and in the last inequality relations
/(1+t)+t/A+t)3<land1—1/(1+1)3 <3t Vt>0.

We now prove b). In view of relation (30) of Proposition 3.7 and the assumption that /v|z™ —
z|| > V2(\/n + 1)/, we conclude that the inclusion in b) holds and

2(y/n+ 1)
oot — 2|2 > 2T

2 CY ot 2 +
> = \/77—1—7 > AT+ 2T —z]|* 4 2XeT.
v

and

a

o™ — 2l = () Valle™ — =) > () L2WIED ( 3/2> VR +1)

where the first equality is due to the definition of A\ in (29) and the last equality follows from
assumption (41). O

The following result follows immediately from Propositions (4.2) and (4.3).

Proposition 4.4. The algorithm is well-defined and, for every k > 0,
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a) :Uk e Nﬂk7yk’zk (6) a'nd xk+l E N/J'k:’yk)zk (62);
b) v € (F + NY)(xk);

¢) if step 3.a occurs at iteration k, then zj = zg_1,

||Uk|| < (1+Tl)2 <V3/2> [ﬁz_’_ ﬂ(\/gﬁ"‘ 1)

)

Vk o 4
(1+m7)? VS/Q B% (B2
< [ e .
€k > V2/2 110 n + 3 4 + \/ﬁ )

d) if step 3.b occurs at iteration k, then

INevr + 2 — 2zp-1|* + 2Aeer < 0||lze — 21|,

\@(\/774‘1)(#0)

3/2
)

el — 2k—1]] >

T2
1+m

2 = Zk—1 — Ak Uk,

where A\ = pg—1/Vi—1.

Observe that iterations in which step 3.b is executed can be regarded as (under)relaxed HPE
iterations in the sequence (zj) with relaxation parameter h/(1 + h).

4.2 iteration-complexity analysis of the IP-HPE method

In this subsection we establish the iteration-complexity of the HPE-IP algorithm using the conver-
gence rate bounds of Subsection 2.2 for the HPE steps, and a standard complexity analysis for the
path-following steps.

More specifically, given a pair of tolerances (p,&) € Ry x R4 we will estimate the number
of steps of the HPE-IP algorithm to obtain a triple (z,v,e¢) € X x E x R, satisfying either the
condition

ve(F+Ny)(2), vl <p e<g (43)
or the condition
v € (F+ Nx)®(z)

We observe that since (F + N%)(x) C (F + Nx)¢(z) for every x € E, the first condition implies the
second one.

Define, for all k € N,

lol <p. e<e. (44)

A = {i <k|step 3.ais executed at iteration i}, (45)
B, = {i<k|step 3.b is executed at iteration i}, (46)
ar = #Ak, bp=#DBy. (47)

where the notations # Ay and # B}, stand for the number of elements of A, and By, respectively.
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Define also - "
2 -1
1+ 7 k Vi1 ( )

and, for those k such that By, # 0, let

t

tA; tA\;
1€ By, 1€ By 1€By,
_ tA; _ _
Ep = Z T[EZ + <JIZ — Tk, V; — vkﬂ
; k
1€ By

Lemma 4.5. The following relations hold for all k € N

(1 + 7p)3% (1 + 7p)%%
ag + Ok,  HE = po (1 + )30 Vi =10 (1 + 72) 20
Proof. The above identities follow immediately from (45)-(47) and the update formulas (38) and
(39). O

The following result describes two threshold values, expressed in terms of Lipschitz constant L,
the self-concordant parameter 7, the tolerance pair (p,£), and the quantities

Lpo

do :=min{|[z0 — 2" : 2" € X™}, ¢o:= 33
2v;

(50)

which have the following properties: if the number of 3.b)-type iterations performed by the IP-HPE
algorithm ever becomes larger than or equal to the first (resp., second) value, then the algorithm yields
a triple (z,v,¢) € X x E x R4} satisfying (43) (resp., (44)). We observe however that there exists
the possibility that the IP-HPE algorithm never performs that many number of 3.b)-type iterations,
and in fact computes the desired approximate solution triple due its performing a sufficiently large
number of 3.a)-type iterations. The latter situation will be analyzed within the proof of Theorem
4.7.

Lemma 4.6. Let a pair (p,&) € Ryy x Ry, be given. Then, there exist indices KY and K& such
that

/
K} =0 <d8\/ﬁ[¢01 max {ﬁ@mp (ﬁ@mg)Q 3} + 1) , (51)

Ky=0 <d§/3 o] (ﬁ max{%, })2/3 + 1> : (52)

m ‘O&‘

and the following statements hold:

a) if ko is an iteration index satisfying by, > K{’, then there is an index i € By, such that the
triple of (z,v,e) = (x;,vi,&;) satisfies (43);

b) if ko is an iteration index satisfying by, > K&, then the triple of (x,v,€) = (Zy, Uk, &x) satisfies
(44), for every k > k.
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Proof. a) Define

b o Vg/2 o2 1/3/2 2/ (1+ Tg)dg
K= maxd & Ry Utmdy | g
p\V2(i+ Do ) 23\ 282(/i + Dpo (1—0o)m

and observe that (51) holds due to the definitions of 75 in (37) and ¢o in (50). Let ko be an
iteration index satisfying by, > K?. In view of b) and d) of Proposition 4.4 and the fact that
2, = zp—1 whenever k € Ay, (and hence k ¢ By,), we conclude that the finite iteration sequence
{(zi,xi,vi,€), i € By, } can be seen as a sequence generated according to the underelaxed large-step
HPE method described in Subsection 2.2 applied to the operator T' = F + Nx with

V2(y1+ Do ; T2

ayg/2 7 l+7

Hence, from Proposition 2.2(a) with 7', ¢, and ¢ as above and k = by, it follows that there exists an
index ¢ € By, such that

o1+ 72)7/3/2 ‘ﬁ e < a*(1+ 7'2)3/2V3/2 dg }
V2(1 = )72(\/7 + 1) o ks T 3R — o2+ Do b

lil| <

The above two inequalities, the assumption that by, > K {’, and the definition of K {’ easily imply that
(z,v,€) = (z,v;,€;) satisfies the two inequalities in (43). Moreover, Proposition 4.4(b) implies that
this triple satisfies the inclusion in (43). Hence, a) follows.

b) Define

b dé/g d? 202/3V0(1 + 72)
K3 = |max 52/37 (1 _ o)4/322/3 2/3 (54)
P23 (1 —o)¥/3e (1 — o) V/3( /i + 123 7,

and observe that (52) is satisfied in view of the definition of 79 in (37) and ¢ in (50). Let ko be an
iteration index satisfying by, > K&. Using the definition of ¥;, and &, in (49) and Proposition 2.2(b)
with T, ¢, and t as above, we conclude that for any k& € N such that By # 0, we have vy, € T (zy,)
and

23/201/3/2(1 + 79)3/2 d? _ 23/201/3/2(1 + 79)3/2 d3

[kl < , &< :
(1— 02)1/2(\mJr 1)#07'23/2 bz/2 (1-0)2(1— 02)1/2(\/;]+ 1)%7_5»/2 b2/2

Statement b) now follows from the last observation, the fact that k& > ko implies by > by,, the
assumption by, > K3, and the definition of K3. O

The following results present iteration-complexity bounds for the HPE-IP algorithm to obtain
approximate solutions of the VIP(F, X), within a certain (p, &)-tolerance. For simplicity, we ignore
the dependence of these bounds on the parameter ¢ and other universal constants and express them
only in terms of L, dy, n, the initialization parameters pg and v, and the tolerances p and &.

The first result gives the pointwise iteration-complexity of the HPE-IP.
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Theorem 4.7. Let a pair (p,&) € Ry x Ry, be given. Then there exists an index
I I 2/3
i = O|d3/n[¢o] max _,< _> +1 55
( VIS Tidon \Virde %9)

vo vt o (£40) b (222 })

such that the triple of (x,v,e) = (x;,vi,€;) satisfies (43).

Proof. Define the constants

/
C1 = (1+m) <i2+ﬁ(‘/ﬁ+1)) (V32>, (56)

o Ho

Cy = (1+¢1)3(n+32<42+\/ﬁ>> ('ﬁf)

10g<1—|—7'1) 1 1 C1 1 (s
K= |KV(1 T1oe [ ZL) Zioe [ 22 .
! { 1( *‘bga—%m>>*‘bgu—%m>nwx{z “§<wm>’3 “§<y3@g>}w

where K? is defined in (53). Now, using the fact that ¢/(14t) < log(1+t) <t for every t > —1, the
definitions of 7, and 7 in (37), we easily see that

and

log(1+71) R
g+ O logliary ~ CWhldoD: (57)

This observation together with (37), (51) and (56) then imply that K; can be estimated according
to the right hand side of (55). To end the proof, it suffices to show the existence of an index i < K;
such that the triple of (z,v,e) = (;,v;, ;) satisfies (43).

Indeed, to proof the latter claim, we consider the following two cases: by, > K? and by, < K?. If
br, > K? then the claim follows immediately from (46) and Lemma 4.6(a) with kg = K. Consider
now the case in which by, < K{’. Since Klb < K, we have that bg, < K. This together with the
first identity in Lemma 4.5 then imply that ax, > 0, and hence that Ax, # (. Let ¢ be the largest
index in Ak, . Observe that ¢ < K; and we clearly have

biSbK1<K{), aiZCLKIZKl—bK1>K1—K{),

where the last equality is due to the first identity in Lemma 4.5. These inequalities together with
Proposition 4.4, Lemma 4.5 and the definition of K; can now be easily seen to imply that
(o (1 +T2)2bi01 (1 +T2)2Ki)01

vl < 2L = < <p
” ’LH =y V0(1+Tl)2ai - Vo(l_i_Tl)?(Kl—Kf) =F

and \
Cy B (1+Tg)3bi02 < (1+7’2)3ch2

Vf/z - 1/3/2(1 torp)a Vg/2(1 + 7p)3UK1=KD)

g; < <é.

The last conclusion together with Proposition 4.4(b) then imply that (x,v,e) = (z;,v;,&;) satisfies
(43). O
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The next result presents the iteration-complexity of the HPE-IP for the ergodic means defined
in-(49).

Theorem 4.8. Let a pair (p,&) € Ry x R4 be given. Then there exists an index

2/3
K, = O <d§/3n1/6[¢01 (qfomax{; ‘;}) +1> (58)

+0 (ﬁ(gbo] max {logJr (Qi)’/@) ,log™ ((b L::I/Q) })
oV,

such that at least one of the following statements hold:

a) there exists an index i < Ky such that the triple (x;,v;,€;) satisfies (43);
b) for every index k > Ks, the triple (Ty, Uy, E)) satisfies (44).
Proof. Define

10g(1—|—7‘1)) 1 (01) 1 Co
Ky:= | K51+ + ax 4 L 1o = log | —=— .
2 { 2 < log(1+ 7)) " logl+m) )28 398 R
where K? is defined in (54) and Cy, Cy are defined in (56). Now, (37), (51), (56) and (57) imply that
K satisfies (58).

It remains to show that either a) or b) holds. Indeed, as in the proof of Theorem 4.7, we consider
the following two cases: bx, > K5 and by, < K. If bx, > K} then b) holds in view of Lemma

4.6(b) with kg = Ko. If on the other hand bg, < K3, it can be shown using similar arguments as in
the proof of Theorem 4.7 that the largest index 7 in Ak, # () satisfies a). O

In view of the complexity bounds of Theorems (4.7) and (4.8), we see that using an initial pair
(10, vp) such that ¢y := L,uo/QVS’/2 is close to 1 (e.g., ¢o € [1,4]) seems to be the best strategy. In the
next section, we will present a Phase I procedure which generates an initial quadruple (xg, zo, fo, o) €
Dom(h) x E x Ry x Ry, for the HPE-IP algorithm satisfying the condition that

®o

min{1, L} € [1,4]. (59)

Note that ¢¢ is divided by the factor min{1, L}. Its goal is to prevent the iteration-complexity of
the procedure from growing as L becomes small. Finally, we observe that the choice of the interval
[1,4] is completely arbitrary and that the procedure can be easily modify for other choices of this
interval.

5 A Phase I procedure

In this section, we discuss a Phase I procedure which, given a pair (7, z0) € R4y x E, finds a triple
(0, v0,x0) € Rip x Ryy x Dom(h) such that the quadruple (xo, 2o, 1o, o) satisfies conditions (36)
and (59), and we also establish its iteration-complexity in terms of its input (2o, 7). As a result,
we will derive the iteration-complexity of the overall method consisting of first applying the Phase I
procedure and then the HPE-IP method.
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We start by describing the Phase I procedure.

Phase I Procedure:

0) Let 8 € (0,1) be given and (g, 29) € Ry x E be given, define the point g = Zo (2, 20) as the
unique solution of

Vh(Zo) + vo(Zo — 20) = 0, (60)
and let
_ ~ [ 85? 3 - Ljig
L:=max{L,1}, f[ip:= mm{ ng , 4HF(§30)H;O,170 } » G0 i= W’ (61)
)
4./M ’
set k = 1;

1) if q}k_l/min{L, 1} > 1 then stop and output (xo, po, 10) = (Tg—1, k-1, Vk—1);

2) else, set (x, v, ) = (Zp_1, fle—1, Uk—1, Pp—1) and compute the Newton direction d, of Gz
at r and set

ptL

+._ + e (1 — = (1 - =
etimatdy, pto=p(l-t), vii=v(l-t), @7 2 (1+)3/2’

(62)

3) let (g, fiks Uk, 01) = (2, ut, v, ¢1), set k + k + 1, and go to step 1.
end

We now make a few remarks about the above procedure. First, (61) implies that bo /min{L, 1} <
4 but most likely will be very small. Second, (62) implies that

5 k-1

Hence, after a finite number of iterations of the Phase I procedure, its stopping criterion will eventu-
ally be satisfied. The following result establishes the iteration-complexity of the Phase I procedure
and shows that its output (zo, po, Vo) satisfies ¢g/ min{L, 1} € [1, 4] where ¢q is defined in (50).

Proposition 5.1. The following statements hold about the Phase I procedure:
a) for every iteration index k, we have Ty—1 € Nu, o 1,20(0) and g?)k_l/min{l, L} <4;

b) the procedure terminates in at most

3/20 1/~ (1
82 " F'(Zo)ll5, 2
logt [ —2 0.0 | 4 q 4
O(ﬁ og ( )+ (64)
iterations with a triple (po, 1o, ©o) € Ryy xRy x Dom(h) satisfying (36), (59) and the estimate
B 3/20 = 1
o + [ Yo H1?($0)Hﬁmio
log — = 1 1].
©8 Vo © ( ©8 ( max{L, 1} + (65)

26



Proof. We prove a) by induction on k. We first prove that a) holds for £ = 1. Indeed, it follows from
(26) and (61) that

o 1= Lf;;g < 4L < dmin{l,L} <4, iy = max{;;gﬁ,él} =4
0
which together with (14) and (60) then imply that

Voo | Go 0,20 (F0) 179 7 = 40l E(Z0) I3 50 < 5,

and hence that Zo € Nj, 5,2 (8) in view of (26). We have thus shown that a) holds for k = 1.

Assume now statement a) holds for the k-th iteration, and hence that Z_1 € N, 5, ;.2 (8) and
drp—1 < 4min{1, L}. We will now show that statement a) also holds for the (k + 1)-st iteration. Let
(z, v, @) = (Th—1, fik—1, Vk—1, Qf;k—l) and define (u*,v ", 27, ¢) asin (62). Observe that Proposition
3.7 with z = 2 implies that T € N}, ., (8%). Since ¢ < 4min{1, L} and the procedure did not stop
at the k-th iteration (see step 1 of the procedure), we must have ¢ = Lu/(20%/2) < min{L,1} <1,
and hence 7, = 4 in view of (26). Using the fact that ¢+ = ¢/(1 — #)'/? and £ < 1/4 due to the
definition of ¢ in step 0 of the procedure, we conclude that ¢, < 4min{L,1} < 4, and hence that
Yyt ot < 4in Vieyv of (26). Now, using Proposition 4.1 with z = 2T, 2 = 29, p = 0 and @ = 0, and
the definition of ¢, we conclude that

o WG @M g < (L= D Gmmla e + i)
< Yl Gz (er)Hz,er + 4t/ < 87 + 4t/ = B,

and hence that x* € Nyt vt 20(B). Thus, due to the definition of (¥4, fix, 7x) in step 3 of the
procedure, we conclude that a) holds for k + 1. We have thus proved a).

To prove b), let K denote the last iteration of the Phase I procedure, i.e., the first iteration index
for which ¢x_1 > min{1, L}. Note that, since ¢ _1/min{1, L} < 4 by statement a), it follows that
the output of the procedure satisfies (59). We will now show that

Assume without any loss of generality that K > 2. In view of the inequality in a) with k = K — 1
and the fact that the procedure did not stop at iteration K — 1, we conclude that

A

bo > o, (67)

mlD{L, 1} > ¢K72 == W =

where the equality is due to (63). Taking logarithms on both sides and using the inequality log(1—t) <
—{, we then conclude that

2 in{L,1 2 in{L,1
K <24 Slog (mm{}) <2+ Flog* (mm({b}) (68)
0 0

which clearly implies (66) due to the definition of # in (61). Now, using (67) and the first three
relations in (61), we easily see that

(69)

$p = min {4min{L, 1}, Lp } Lp

3/20 7~ s T 3/2 o~ s
80 2||F (o) 80 ||F(&0)||

Zo,70 Zo,v0
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which together with (66) can be easily seen to imply (64). To complete the proof, it remains to show
that (65) holds. First note that the update rule and the definition of K implies that vy = 7p(1—1)% !
and hence that

~

Z 1 i _AK-1t _ 4t 8 in{L, 1
logyoz(K—l)log< A)S(K—l) - < ( ) < —+ 10g+<mm{~’}>,
0 114 1—t¢ 3 3 3 oo
where the last two inequalities follow from the fact that £ < 1/4 and (68). Inequality (65) now follows
from the last conclusion, relation (69), and the definition of ¢ in (61). O

The following result gives the overall complexity of the combined method in which the Phase I
procedure is started from an input pair (&, z9) € R4y x E and is followed by the HPE-IP method
started from (zo, 20, 110, ¥0), where (xq, po, vp) is the output of the Phase I procedure.

Theorem 5.2. Let a pair (p,&) € Ry x Ry be given. Consider the combined method in which the
Phase I procedure is started from an input pair (Dg,z9) € Ryt x E and is followed by the HPE-IP
method started from (xg, 2o, o, Vo), where (o, ko, Vo) 1S the output of the Phase I procedure. Then,
the method computes:

i) a triple (x,v,e) satisfying (43) in at most
_3/2) /= [
805" "|1F(Zo) I3, 2
logt 0 v0,T0
O <\/ﬁ og ( max{L, 1} +n (70)

1/6 2/3
Lo (d% s { max{iL, 1}7 n maj;{L, 1} })
p £2/3

+0 (x/ﬁ max {logJr <max{l)L0,p1}\/ﬁ> ,log™ (maﬁ/@l}n) })
VO 3

it) a triple (z,v,¢) satisfying either (43) or (44) in at most

3/20 = 1k
80 "1 F(Zo) 17,
o (ﬁlOng < 0max{L 1}07 S|V
2/3
+0 (dé/Bnl/G <maX{L, 1}max{/1), io}) >

+0 (x/ﬁ max {logJr <maX{ﬂL0;)1}\/ﬁ) ,log*t (ma@i/[;,_l}ﬁ) })
1/0 (3

Proof. First we prove i). It is shown in Proposition 5.1 and Theorem 4.7 that the number of iterations
performed by the Phase I procedure is bounded by (64) and that the number of iterations necessary
for the HPE-IP method to compute a triple (z, v, €) satisfying (43) is bounded by (55). The estimate
(70) now follows from these two observations, relation (59) and estimate (65). (Note that the latter
relation is needed due to the fact that (55) is expressed in terms of v instead of y.)

Using a similar argument with Theorem 4.8 replacing Theorem 4.7, we conclude that ii) also
holds. O

iterations;

iterations.
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The complexity estimates above depend on |[F'(Zo)3, ., where we recall that Z¢ is a function of

the input (2, zp). The next results shows how to bound this quantity in terms of this input.

Proposition 5.3. Let g € (0,1), (9p,20) € xRyt x E be given and let 2o € Dom(h) be as in the
statement of Phase I procedure. Then,

Ly IFGR), ValF'E)

17 (Z0)
22 p)? 7

17
vo,To — )

where 28 = Px(20).

Proof. 1t follows from (60) and Proposition 2.6 with y = %o, ¢ = Vh(Zo) and a = 0 that

(Vh(io), 2 — ) _ 1

_ A P _ A —
<ZO Lo, 2o IE()) 0 5

(=)

Also, using a well-known property of the projection onto a closed convex set, we have
Y P _P - P _~ _P - P~ 2
(20 = @0,29 — To) = (20 — 20,20 — Zo) + (20 — To,2) — To) = ||lzg — Zoll™-

Hence, from the above two conclusions, we conclude that

128 — &0l < ,/%.

The result now follows from the above relation, the fact that (11) and the triangle inequality for
norms imply that

IF @) < I1F(F0) = F(25) = F'( ) (@0 — 20| + 1 F(2) + F' (2 ) (@0 — 2|

IN

L ~ -
S ll20 = Toll* + 1F (=) + 1F" () 170 = 25 Il

and the second relation in (21) of Lemma 3.2. O

A Technical lemmas

Lemma A.1. The following statements hold:
a) if A= B €SE, then |- |la>|lllp and |||} < |- I5;

b) Dom(]|-||*y) = R (A) and, for every w € E and h € E such that Ah = u, there holds

lulls = v/{u, h) = v/ (h, Ah) = ||| a5

c) if A is nonsingular, then Dom (||-||) = E and ||u|}y = ||u|| g1 for every u € R";

d) if {Ax} C SE is a sequence converging to A and such that the matrix A, — A € Sf for every
ke N, then
lim |ull}, = [lulla,  Vu € E;
—+00
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e) the function |||, restricted to R(A) is a norm;
f) for every uw € R(A) and v € E, we have (u,v) < ||ul/%]v] 4.

Proof. (Proof of Lemma A.1.) a) The proof of this statement follows directly from definitions (2.3)
and (4).

b) Assume first that v € R(A), i.e. u = Ah, € R(A) for some h, € E. Since h, satisfies
the first-order optimality condition of the maximization problem (4) and the objective function of
this problem is concave, we conclude that h, is an optimal solution of (4), and hence its optimal
value ||ul|* < 4o0. Assume now that v ¢ R(A) and consider the decomposition u = ug + u, where
uyp € N(A) and u, € R(A). Clearly, (ug,u,) = 0 and ug # 0. In view of the definition of |Jul/*% in
(4), for every t € R, the vector h; := tug satisfies

(lull4)* = 2(u, he) — (Ahe, he) = tlluo||?,

where the equality follows from the definition of h; and fact that ug € N(A), (ug,u,) = 0 and
u = ug + u,. Letting ¢ T oo in the above inequality and noting that ug # 0, we then conclude that
||ul[* = co. We have thus shown that a) holds.

c¢) This statement follows directly from b) and (2.3).

d) For every h € E, define the function pj, : E x S®: = R

pr(u, A) = 2(u, h) — (Ah, h).
Since py, is a linear function for every h € E, the function p : E x S® :— (—o00, 4-00] defined as
p(u, A) = sup{pp(u, A) | h € B},
is lower semi-continuous. This implies that

lullay = plu, A) < liminfp(u, ) = liminf luf, Vu € E.
The assumption that Ay — A € S¥ and statement ¢) imply that [ullsy, < llull’y for every k € N and
u € E, and hence that limsupy_, | [[ul%, < [Jul’ for every u € E. We have thus shown that d)
holds.

e) Choosing Ay, = A+ (1/k)I for every k € N, it follows from d) that the function || - ||% is the
pointwise limit of the norms [|-[[%, , and hence it is easily seen to be a semi-norm on its domain R(A).
Now, let u € R(A) be such that |ul/* = 0. Also, let h, € E be such that Ah, = u. Then, it follows
by b) that ||AY/2h,|| = |lul|, = 0. This implies that A'/2h, = 0, and hence that u = Ah,, = 0. Thus,
e) follows.

f) Let u € R(A) and v € E be given. Assume first that ||v]|4 = 0. Clearly, this implies that
v € N(A). Since the subspaces N (A) and R(A) are orthogonal, we conclude that (u,v) = 0 and
hence that f) holds in this case. Assume now that ||v||4 > 0 and define

h = <u71;> )
[vll%

Since the objective function of (4) evaluated at h is equal to [(u,v)]/||v||4]> and the optimal value
(Jlull%)? of (4) exceeds this value, we conclude that f) holds for this case too. O
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