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Abstract

For convex minimization we introduce an algorithm based on VU-space decomposition.
The method uses a bundle subroutine to generate a sequence of approximate proximal
points. When a primal-dual track leading to a solution and zero subgradient pair exists,
these points approximate the primal track points and give the algorithm’s V), or corrector,
steps. The subroutine also approximates dual track points that are /-gradients needed
for the method’s U-Newton predictor steps. With the inclusion of a simple line search the
resulting algorithm is proved to be globally convergent. The convergence is superlinear if
the primal-dual track points and the objective’s U/-Hessian are approximated well enough.

Keywords Convex minimization, proximal points, bundle methods, VU-decomposition,
superlinear convergence.

1 Introduction and motivation

We consider the problem

zclR™

where f is a finite-valued convex function. A conceptual algorithm to solve this problem is
the proximal point method; see [Mor65] and [Roc76]. Implementable forms of the method
can be obtained by means of a bundle technique, alternating serious steps with sequences of
null steps [Aus87], [Fuk84], [HUL93]. The last decade has produced a “new generation” of
proximal bundle methods, designed to seek faster convergence; see [LS94], [LS96], [QCI7],
[Mif96], [LS97b], [MSQ98], [CF99], [RF00]. Essentially, these methods introduce second-order
information via f’s Moreau-Yosida regularization F'.
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More recently, new conceptual schemes have been developed from an approach that is
somewhat different from Moreau-Yosida regularization. These are based on the VU-theory
introduced in [LOS00] for convex functions; see also [MS99], [MS00b], [MS00a], [Ous00] and
[MMO04]. The idea is to decompose IR" into two orthogonal subspaces V and U depending
on a point in such a way that, near the point, f’s nonsmoothness is essentially due to its V-
shaped graph on the V-subspace. When f satisfies certain structural properties, it is possible
to find a smooth trajectory, tangent to U, yielding a second-order expansion for f. The
very conceptual VU-algorithm in [LOSO00] finds points on such a trajectory, by generating
minimizing steps in the V-subspace. Alternating with these corrector steps are U-Newton
predictor steps that provide for superlinear convergence. However, since such an algorithm
relies on knowing the subspaces V and U and converges only locally, it needs significant
modification for implementation.

In [MS02] we establish a fundamental result for implementability by showing that, near a
minimizer, a proximal point sequence follows a particular smooth trajectory that is called a
fast track. This relation opens the way for defining a VlU-algorithm where V-steps are replaced
by proximal steps that can be estimated with a bundle technique that also approximates the
unknown V and U subspaces as a computational by-product.

Also shown in [MS02] is the result that a convex function with a strongly transversal
primal-dual gradient (pdg ) structure has a fast track; see also [MS00b], [MS03]. A general
function of this type can have a primal-dual track leading to a (minimizing point, zero sub-
gradient) pair; see [MS04]. On the primal track such a function is C?, while the dual track
corresponds to a C' subgradient function defined pointwise as the minimum norm vector in
the subdifferential at a primal track point. For our convex f a primal track is a fast track
which, in turn, is a proximal point track, each of whose points can be approximated arbi-
trarily well by a bundle algorithm subroutine. Since such a subroutine collects subgradients
for constructing a V-(or cutting-plane) model of f it also can approximate a dual track point
corresponding to a bundle iterate where the V-model is sufficiently accurate. To complete
the algorithm’s VU-model combination the dual vector goes into updating a U-(or quadratic)
model of a U-Lagrangian [LOS00] that equals f on the primal track.

Our resulting bundle-based Vi/-algorithm does not need to know pdgstructure or related
tracks to operate nor is existence of such structure needed for showing global convergence.
Minimizing convergence from any starting point is accomplished by embedding a simple
possible line search in the above framework. This algorithm represents a new type of bundle
method as it has a new kind of bundle subroutine exit test that simultaneously involves the
primal and dual (and associated U-basis matrix) iterate estimates (see (14) below).

Another interesting feature of our algorithm is that it also can be considered as a way to
speed up the proximal point method, because it adds a second-order step to each proximal
iterate. This second-order step is done only relative to a U-subspace estimate, unlike second-
order Moreau-Yosida algorithms that employ estimates of Hessians of F' relative to the whole
space. In addition, for global convergence our method does not require line searches on F',
but instead on the natural merit function, f itself, as in [CF99].



This paper is organized as follows. Section 2 gathers together all of the relevant results
concerning VU-theory. In Section 2.3 we review the main properties of proximal points and
give the crucial relation between them and primal track points. Section 3 describes a bundle
subprocedure needed by the main algorithm for computing good approximations of primal-
dual track points. Then, in Section 4, we introduce our VU-algorithm. Section 5 is devoted to
proving both global and superlinear convergence, with the latter under reasonable conditions
contained in assumptions (S)(c)-(e). Some preliminary numerical results are reported in
Section 6. The final section contains some concluding remarks.

Our notation follows that of [MS04] and [RW98]. In addition, given a sequence of vectors
{z1} converging to 0,

— (k= o(|zk]) <= Ve > 0 Jk. > 0 such that ;| < e|z| for all k > k.;

- (e =0(|zk]) <= 3C > 0 such that |(| < C|z| for all & > 1.

For algebraic purposes we consider (sub)gradients to be column vectors. The symbol 0 stands
for subdifferentiation with respect to x € IR™, while V indicates differentiation with respect
to u € R¥™ Y. For a vector function v(-), its Jacobian Juv(-) is a matrix, each row of which
is the transposed gradient of the corresponding component of v(-). Finally, linY denotes the
linear hull of a set Y.

2  VU-theory

We start by reviewing VU-space decomposition and associated U-Lagrangians from [L.LOS00]
and defining primal-dual tracks relative to results from [MS02] and [MS04].

2.1 VU-space decomposition and U-Lagrangians

Throughout this paper we assume that f : IR™ — IR is a convex function. Let g be any
subgradient in Jf(x), the subdifferential of f at x € IR". Then the orthogonal subspaces

V(z) :=lin(df(z) — g) and  U(z) :=V(z)*

written with © = & define the VU-space decomposition at z from [LOS00, §2]. More precisely,
R"=U®V, where V := V(z) and U := U(Z). From this definition, the relative interior of
Of(z), denoted by ridf(Z), is the interior of Jf(z) relative to its affine hull, a manifold that
is parallel to V (cf. [LOSO00, relation 2.1 and Prop. 2.2]).

By letting V be a basis matrix for V and U be an orthonormal basis matrix for I, every
x € IR™ can be decomposed into components x;; and xy as follows:

R'>z = U (U2) + V ([VTV]'Va)
= U Ty + V Ty
= Ty D Ty S ]Rdiml/l X IRdimv .

The reason why V is not assumed to be orthonormal too is because typical V-basis matrix
approximations made by minimization algorithms are not orthonormal.



Given a subgradient g € df(z) with V-component gy = ([VTV]~'VT)g, the U-Lagrangian
of f, depending on gy, is defined by

R¥ MU 54— Ly(u;gy) := min {f(z+Uu+Vv)—g'Vo}.

,UG]RdimV
The associated set of V-space minimizers is defined by
W(u; gy) == {Vv: Ly(u;gy) = f(z + Uu+ Vo) —g"Vo}.
From [LOS00], W (u; gy) is nonempty if g € ridf(x), but this is not a necessary condition; see
[MS99] and [MS00b]. Each U-Lagrangian is a convex function that is differentiable at u =0
with
VI(0;gv)=gu=U"g=U"g forall g df(z).
The case of interest here is when 7 is a minimizer. In this case, 0 € 9f(z), so for all g € 9f(z),
VLy(0;gy) =0, u = 0 minimizes Ly (u; gy), and Ly (0;0) = f(Z).

2.2 Primal-dual tracks

When L(u;0) has a Hessian at uw = 0, this U-Lagrangian can be expanded up to second
order. For the purpose of algorithmic exploitation of a related second-order expansion of f,
we next define and analyze a particular pair of trajectories.

Definition 1 We say that (x(u),y(u)) is a primal-dual track leading to (z,0), a minimizer
of f and zero subgradient pair, if for all v € R¥™ ¥ small enough

the primal track x(u) =2 +u® v(u) and

the dual track v(u) = argmin {\g\Q 19 € 8f(x(u))} , (1)
satisfy the following:
(i) v : REM YU REMY s o O2-function satisfying Vo (u) € Wiy (u; gy) for all g € ridf(z),
(ii) the Jacobian Jy(u) is a basis matrix for V(x(u))*, and
(iii) the particular U-Lagrangian Ly (u;0) is a C2-function.
When we write v(u) we implicitly assume that dim U > 1. If dim U = 0 we define the

primal-dual track to be the point (z,0). If dim U = n then (x(u),v(u)) = (Z+u, V(T +u))
for all u in a ball about 0 € IR". O

Theorem 4.2 in [MS02] combined with Corollary 6 in [MS04] shows that if 0 € ridf(z) and
f has a pdgstructure about Z satisfying strong transversality, as defined in [MS00b], then f
has a primal-dual track leading to (Z,0). The primal track defined here is called a fast track
in [MS02] and the required specialization of Corollary 6 in [MS04] corresponds to g = 0 and
Of equal to the convex function subdifferential df. The class of pdg-structured functions
appears to be rather large, including general max-functions, such as maximum eigenvalue
functions, and integral functions with max-function integrands.



Remark 2 We take this opportunity to point out that Remark 2.3 in [MS02] is incorrect
and should be deleted. This has no effect on any of the results in [MS02]. The fact that

it is incorrect means that g € ridf(x) should not be replaced by g € Of(Z) in part (i) of
Definition 1 (Definition 2.1 in [MS02]).

Whenever condition (i) in Definition 1 holds, from [LLOS00, Corollary 3.5], v(0) = 0, Jv(0) = 0
and

v(u) = O(jul?), (2)

so x(u) is a trajectory that is tangent to U at . Item (ii) in Definition 1 is such a tangency
condition for the entire primal track. As for the dual track, we show in item (v) of the next
Lemma that it is a C! “U-gradient” that is tangent to the primal trajectory.

Lemma 3 Let (x(u),v(u)) be a primal-dual track leading to (z,0) and let H := V2L(0;0).
Suppose 0 € ridf(z). Then for all u sufficiently small the following hold:

(i) x(u) is a C%-function with Jx(u) = U + O(|ul),
(i1) Lu(u; 0) = f(Z +u® v(u)) = f(&) + gu” Hu+ o(|ul?),
(i11) V Ly (u; 0) = Hu + o(|ul),
(iv) x(u) is the unique minimizer of f on the affine set x(u) + V(x(u)),
(v)y(u) is a C -function with v(u) = Jx(u)[Jx(u)T Jx(w)] "'V Ly (u;0) € rid f(x(u)), and
(vi) y(u) = UHu + o(|u|) = UV Ly (u; 0) + o(|ul).

Proof. Since v(u) is C?, so is x(u). Because Jv(0) = 0, Jx(0) = U, and, since Jv(u) is
C*, Jx(u) is the same and item (i) follows. Items (ii) and (iii) follow from expansions of L
and its gradient, since Lz;(0;0) = f(Z), VL(0;0) = 0, and H = V2L;;(0;0). Since Jy(u) is
a basis for V(x(u))*, Theorem 3.4 in [MS02] with By(u) = Jx(u) gives item (iv) as well as
the relation

s(u) € ridf(x(u))  where s(u) := Jx(u)[Jx(u) " Jx(u)] "'V Ly (u;0).
Theorem 3.3 in [MS02] implies that
Ix(u)"g =VILy(u;0) forall g e df(x(u)).

Thus, the V(x(u))*-component of any such g does not depend on g and the minimization in
(1), the definition of v(u), only minimizes the V(x(u))-component of g. Now, since s(u) €
Of(x(u)) has a zero V(x(u))-component, v(u) = s(u). Item (v) then follows from item
(i), because U has full column rank. The expression for Jy(u) in item (i) implies that



Jx()[Jx(u)T Ix(u)]™t = U + O(Ju|). The final result follows, using the expression for v(u)
in item (v) and item (iii). O

The basic algorithm idea in this paper is to minimize f by minimizing the C? function
Lys(u;0) with a Newton or quasi-Newton method. The difficulty with this approach is that
Ly and associated quantities in Lemma3 depending on u are unknown. QOur approxima-
tion/decomposition algorithm defined later addresses this issue by estimating (x(u),~y(u)) in
a manner such that the track parameter u depends on a prox-center x and a prox-parameter
1 as discussed next.

2.3 Relating proximal points to primal track points

Our VU-space decomposition algorithm defined in Section 4 below approximates primal track
points by approximating equivalent proximal points.

Given a positive scalar parameter p, the proximal point function depending on f, is
defined by

: 1 n
pu(z) = argmin,c g { f(p) + §u|p —z[?} for z € R™

In our development we use the following properties, resulting from the above definition and
[Roc76, Prop.1(c)]:

(2) gu(x) == px —pu(x)) € 0f(pu(x)), and 3
(43) if # minimizes f then p,(Z) = Z and |p,(z) — Z|* < |z — Z|* — |z — pu ()]

The following result, showing that primal tracks attract proximal points, constitutes a
fundamental link between proximal point theory and ViU-theory. Since here we let p vary,
via possible dependence on z, this result is an extension of the fixed p results in [MS02,
Theorems 5.1 and 5.2]. It also can be seen as a convex version of Theorem 3.5 in [MS05].

Theorem 4 Let x(u) be a primal track leading to a minimizer T € IR"™, as described in
Definition 1. Suppose 0 € ridf(Z) and for all x close enough to T, p = p(z) > 0 with
w(x)|le —z — 0 as x — Z.

Then, for all z close enough to T,

pu(x) = X(up(z)) = 2 + up(2) © v(uu(x)) where wy(z) == (pu() — T
and u,(r) — 0 as © — 7.

Proof. For x close enough to Z, we write its proximal point using VU coordinates:
pu(z) = T + uu(z) © vp, (x) where u,(z) = (pu(z) — )y and vy, (z) = (pu(z) — Z)y. By
Property (3)(ii), |pu(z) —Z| < |x—Z|, so uu(x) — 0 as © — Z. Furthermore, pu(z)|p,(z) —Z| <
p(x)|z — z| and, since, by assumption, p(z)|x —z| — 0 as x — Z, we have that u(z)(z — z)y,
p(x)vp, (v), and p(x)u,(x) all converge to zero.



Then (2) implies that p(z)v(uu(z)) — 0 as z — Z. As a result, the function w, : R" —
IR4™Y defined by

ou(e) = (@)@~ 2y~ D (o, (@) + vy, (2)

converges to 0 as  — Z. Since 0 € ridf(z), the interior of 0f(Z) relative to its affine hull, a
manifold that is parallel to V (cf. [LOS00, Prop. 2.2]), we obtain that

w:=0@w,(z) €eridf(z) for x close enough to Z.

Thus, from the definition of Ly with (u,g) = (u,(z),w) € R¥™Y x 1id f(z) and Definition 1,

Ly (@) wp()) = FOclun(@)) = " Volu, ().

Since vy, (z) € R¥™Y, Ly, (u#(x); wu(x)> < (@4 up(z) Doy, () —w Vup, (@). As a result,

FOx(up(@))) = w Voluu(@)) < fpu()) —w Vop, (2). (4)

By the definition of the proximal point mapping,

Fou(@)) + Slpul@) = ol < f(clun(@) + 5 xuna)) - 2 5)

Combining the two inequalities above yields, after rearrangement of terms,

0 < & (Ix(uwu(@)) = 2 = |pu(@) = af) + w0V (0(w,()) = v, (). (6)

We now show that the inequality above is in fact an equality. To abbreviate notation, we
drop the argument “(x)” in u,(z), pu(z), v(uu(z)), vp, (), and wy(z), and write instead uy,
Py, v(Up), Vp,, and wy,. First we expand the leading difference of squares term in (6) and use
the fact that x(u,) and p, have the same U-component:

() = 2P~y — 2> = () = p) T Oc(on) + py — 22)
= (Vo) = vp,)) (VOx(up) +p — 22)0)

= () = vp,) VTV (v(w) + vy, — 2z — T))
= o(w) VT Volu,)—vy V' Vo, 4+ 2(0(uy) = vp,) VIV (2 = D)y

v
i

Then

S =2 = o = 2) = S(IVo(w)P = [V, [2) = alo(w) = 0,) VTV (@ - 2)v.



Now, since VTw = ‘_/T‘_/wu, we use the definition of w, to write the second right hand side
term in (6) as follows:

WV (o) = vp,) = (0(u) = v5,) Vw0 = (0(u) = v5,) V Ve,
= (v(uy) = ”pu)TVTV(N(f —z)y - %(v(uu) + UPM))

— M — _ — _
= p(v(uy)—vp,) VIV (Z - x)y—§ (U(UM)TVTV’U(UM) - v;#VTvau).

Using these expressions in the right hand side in (6), we obtain that (6) holds with equality.
Since the inequality in (6) cannot be strict, we deduce that neither the inequality in (4) nor
the one in (5) can be strictly satisfied. In particular, since p, () is unique, from (5) we obtain

that p,(z) = x(uu(z)), i-e., that vy, (v) = v(uu(z)). O

When p is fixed, the above conclusion is extended to prox-regular and -bounded functions
in [MS05] and, with the addition of C?-substructure, in [Har03] and [MS04].

3 Approximating primal-dual track points

It is known that a sequence of null steps from a bundle mechanism can approximate a proximal
point with any desired accuracy. For our VU-algorithm, when a primal-dual track exists, we
also need to approximate points on the dual trajectory v(u) defined in (1) and basis matrices
for the corresponding subspaces V(x(u))*. We now show that a bundle subroutine can provide
such primal-dual approximations via the solution of two quadratic programming problems,
denoted below by x-QP and y-QP.

3.1 The bundle subroutine

Given a tolerance o € (0,1/2], a prox-parameter 4 > 0 and a prox-center z € IR", to find a
o-approximation of p,(x), our bundle subroutine accumulates information from past points
y; in the form

{(F) . € 08} _,

where B is some index set containing an index j such that y; = z. A handier representation
for this data set is given by introducing the linearization errors

ei = e(x,y;) = f(x) — fly;) — g (x —y;) forieB,

which are nonnegative due to the convexity of f. Also, since

)

f(2) = f(yi) + i (z —yi) for all z € R”,
adding 0 = e; — ¢; to this inequality gives

f(z)>f(x)+g/(z—x)—e; forall z€R", (7)



which means that each g¢; is an e;-subgradient of f at z, i.e., g; € O, f(x) for i € B. The
corresponding bundle of information

{er.00 0,70

i€B
is used at each iteration to define a V-model underestimating f via the cutting-plane function

o(2) == f(x) + I?eaiax{_ei +g/(z—x)} for ze R"™

A pure cutting-plane algorithm [CG59], [Kel60] minimizes the polyhedral function ¢ to define
its next iterate. When V # IR", this method can converge extremely slowly and become
unstable, essentially due to its over-estimation of the dimension of V. Bundle methods,
[HUL93, BGLS03|, are stabilized cutting-plane algorithms. In their proximal form they
employ a quadratic term, depending on u, which is added to the model function. In the
bundle context, the prox-parameter y can be thought of as a “tightness” parameter where
larger values give a more compact bundle (see the expression for p in (9) below).

To approximate a proximal point we solve a first quadratic programming subproblem
X-QP, which has the following form and properties; see [BGLS03, Lemma 9.8]:
The problem

1
min {r + 5“‘2) —z: (r,p) e R r > flx) —e; + g/ (p—2) forallic B} (x-QP)

has a dual
mln{‘Zang +Zezaz o; >0 foriebB, Zaz—l} (8)
1€eB iEB
Their respective solutions, denoted by (7,p) and & = (41, ..., & g)), satisfy
. . . 1. . .
T=¢(p) and p=xz——g where §:= Zaigi. 9)
K icB

In addition, &; = 0 for all i € B such that 7 > f(z) —e; + g; (p — =) and

)+ ZO‘Z —ei+ 9] (p Z:ozzeZ — f|g|2. (10)

€8 ieEB

For convenience, in the sequel we denote the output of these calculations by

(5.7) = x-QP (1,2, {(e1, 0:) )



10

The vector p is an estimate of a proximal point and, hence, approximates a primal track
point when the latter exists. To proceed further we define new data, corresponding to a new
index iy, by letting y;, := p and computing f(p) and g;, € df(p). Note that since f(p) is
available, we can compute the V-model accuracy measure at p defined by

£:=f() =) = f(D) -7

An approximate dual track point, denoted by §, is constructed by solving a second quadratic
problem, that depends on a new index set

Bi={icB:i=fx)—eitg (p—a)}u{i}. (11)

The second quadratic programming problem
1 A
min {7’ + §\p —zP:(r,p) e R r > g/ (p—x) forallic B} (v-QP)

has a dual problem similar to (8), but without linearization error terms:

mm{ ‘Zalgz oy >0 foriel”;’,Zai—l}.

ieB ieB

Similar to (9), the respective solutions, denoted by (7, p) and &, satisfy

p—x=—§ where §:= Z&igi. (12)
i€B

Note that 3 is the vector with smallest Euclidean norm in the convex hull of {g; : i € B}.
Lemma 5 below will show that § is an é-subgradient of f at p. Furthermore, a by-product of
the above minimization is a basis matrix [U V] for IR™ such that U has orthonormal columns
and V7§ = 0. Thus, if pu( x) is a primal track point y(u) approximated by p, then the
convex hull of {g; : i € B} approximates 0f(x(u)), so from (1) the corresponding (u) is
estimated by 8, and U approximates a basis matrix for V(x(u))*. See also Definition 1(ii)
and Lemma 3(iv) and (v) for this motivation. The matrix construction is as follows: Let a
nonempty) active index set be defined by Bt := {i € B: 7 = g/ (5 — z)}. Then, from (12),
7r=—g/§foralliec Bact, SO

(9i—90)78=0 (13)
for all such 7 and for a fixed ¢ € l’;’act Define a full column rank matrix V' by choosing the
largest number of indices i satisfying (13) such that the correspondlng vectors g; — g¢ are
linearly independent and by letting these vectors be the columns of V. Then let U be a
matrix whose columns form an orthonormal basis for the null-space of VT with U = I if V
is vacuous.
For convenience, in the sequel we denote the output from these calculations by

(3‘» U) = ’Y-QP({gz‘}iEB)
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The bundle subprocedure is terminated and p is declared to be a o-approximation of p,(x) if

£ < —|5. (14)

=19

Otherwise, B above is replaced by B and new iterate data are computed by solving updated
subproblems (x-QP) and (7-QpP). This update, appending (e; ,g;,) to active data at the
previous (x-QP) solution, ensures convergence to a minimizing point in case of nontermination;
see Theorem 8 in Section 5 below.

Lemma 5 Fach iteration of the above bundle subprocedure, with output data

(37 = x-ar(mo{(€:9)}icn),
(50) = v-ap({g:}ics):

and ¢ = f(p) — 7 satisfies the following:

(i) each g; fori € B is an é-subgradient of f at p;
(ii) 5 is an é-subgradient of f at p;
(ii) plp — pu(@)? < &;

()8 =UUT3, with § =0 if U is vacuous;

(v) 18] < 19| where g = p(x — p);

In addition, for any parameter m € (0,1), satisfaction of (14) implies

ﬂm—ﬂms—%w? (15)

Proof. Since g;, € 0f(p) and é = f(p) — @(p) > 0, gi, € Ocf(P), so the result of item (i)
holds for i = i. From the definitions of p, # and B we have that for all i # i, in B

o(p) =7 = f(x) —ei +g{ (h— ),

so for all such ¢
E=[f(p) — ) = f(p) — flx) +ei— g/ (p— ).
Adding this result to (7) gives

f(z) > f(p)+g] (z—p)—¢ forall ze€R", (16)
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and completes the proof of item (i).

Now item (ii) follows by multiplying each inequality in (16) by its corresponding multiplier
@; > 0, summing these results and then using the definition of § from (12) and the fact that
these multipliers sum to one.

In a similar manner, this time using the multipliers &; that solve dual problem (8) and define
g in (9), together with &;, := 0, we obtain the result that § € 0:f(p). This fact combined
with the Property (3)(i) result g,(x) = p(x —pu(x)) € 0f (pu(x)) and the convexity of f gives

F®)+ 5" (pulx) =p) — & < f(pu(x)) < (D) = gu()" (P — pu(2)),

(9= 9u(®)) " (pu(e) —p) =€ <0.

Then, since the expression for ¢ from (9) written in the form
g=—n(p—x) (17)

combined with the definition of g, () from Property (3)(i) implies that §— g, () = p(pu(x) —
p), we obtain satisfaction of item (iii).

Item (iv) follows from the definitions of V and U and (13), because these items imply the
identity I = UUT + V[V V]~V and the result that V3§ = 0.

Item (v) follows from the minimum norm property of §, because (9), (8), (17) and the
definition of B imply that u(z — p) = § is in the convex hull of {g; : i € B}.

To show that for any m € (0,1) condition (15) holds when (14) holds, first note that, since
o < 1/2, we have 0 <1 — 2. Thus if (14) holds then & < [(1 — 2)/u]|$|*>. This inequality
together with the definition of £, (10) and the nonnegativity of a;e; gives

f5) — flz) = : + el W
— 2 _ d-e- — 1A 2
= 9 lezé i€ M’g’
< [(1— )/l —;\grz.

Finally, combining this inequality with item (v) gives (15). O

In bundle terminology, (15) corresponds to declaring p to be a “serious step” rather than
a “null step”; see [HUL93, Ch. XIV-XV] for more details.

The main algorithm depending on the above bundle subprocedure is defined next.

4 The VU-algorithm

Now we consider an algorithm depending on the VlU-theory outlined in Section2 and the
potential primal-dual track point approximations from Section 3. When the tracks exist, the
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algorithm moves approximately along the primal track by making a i/-Newton predictor step

followed by a corrector step, or V-step, coming from a bundle subroutine proximal point

estimate.

Each U-step is an approximate Newton-step for minimizing Ly(u; 0). The k™ one corresponds

to a certain v and depends on:

— an gg-subgradient s; approximating v(u) = UV Ly (u; 0) + o(|ul),

— a matrix Uy approximating a basis for V(x(u))", and

— amatrix Hj, approximating V2 Ly, (u; 0) (if relevant second order information is not available,
a quasi-Newton method could be used).

This U-step is followed by the V-step numbered k+ 1. The sum of these two steps gives what
we call a “candidate” primal track point pg_ ;. This candidate is declared “good enough” if
it satisfies an f-value descent condition that is essentially testing for descent of L;; see (18)
below. To deal with “bad” candidates, and ensure convergence to some minimizer from any
starting point, a possible line search is included. Nonsatisfaction of the descent condition
results in a second bundle subroutine run in a major iteration.

Algorithm 6

Initialization. Choose positive parameters €,y and m with m < 1. Let pg € IR" and gg €
0f(po), respectively, be an initial point and subgradient. Also, let Uy be a matrix with
orthonormal n-dimensional columns estimating an optimal U-basis. Set sg := gg and k := 0.

Stopping test. Stop if |si|? < e.

U-Hessian. Choose an ng X nj positive definite matrix Hj, where ny is the number of columns
of Uk

U-Step. Compute an approximate U/-Newton step by solving the linear system

HyAu = —Uy s for Au = Auy € R™.

Set xi+1 = pr + UpAug, = pi — UkﬂlglUkTSk.
Candidate primal-dual track data. Choose pigy1 > p, opq1 € (0,1/2], initialize B and run the
following bundle subprocedure with z = z7_;:
Compute recursively

(p) T) = X-QP (:uk-l—lv x, {(eiv gi)}iglg)’
¢ = f(p)—r, Bgiven by (11), and
(50) = var({9}ies)
until satisfaction of (14) with (o/u) = (0kt1/Mk+1)-
Then set (sg+1,pg+1,sg+1,U,g+1) = (¢,,3,0).
Candidate evaluation and new iterate data determination. If

f(Pri1) — flor) < — Bk (18)

24541
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then declare a successful candidate and set

($k+1,5k+1,pk+1,8k+17Uk+1) = ($2+1a5z+1api+1,32+1,U1§+1>~

Otherwise, execute a line search on the line determined by py and pf_ ; to find zx1 thereon
satisfying f(zps1) < f(pg); reinitialize B and rerun the above bundle subroutine, but with

x = Tjy1, to find new values for (,p, s, U), then set (5k+1,pk+1, Sk41, Uk+1) =(&,p, 8, U)

Loop. Replace k by k+ 1 and go to Stopping test.

Remark 7 The following items concerning Algorithm 6 should be noted.

(4)

(i)

(iid)

An overall stopping test also should be placed inside the bundle procedure. For example,
to be consistent, it could be of the following form:

Stop if max{|3|?, Hé} <e.
o

As for the methods in [FQ96], [LS97b], [MSQ98], [CF99], this algorithm also can be
considered as a way to speed up the proximal point method. Instead of setting the next
iterate to be an approximation of a proximal point, here xy ,, is set equal to such an
approximation plus a non-null ¢/-step. Note that we do not make a Newton-step in the
full space IR™ as is done in the methods in the above four references. This means that
we take advantage of nonsmoothness to reduce the dimension of the space for which
second derivatives need to be estimated.

To have a U-quasi-Newton method, Hy1 should be chosen to be positive definite, close
to Hy, and close to satisfying the secant equation

Hy Uy 1 (P — pi) = Ug 1 (Sk1 — Sk) - (19)

A way to deal with the case when the U-matrix changes dimension would be to use
a limited memory method [GL89], [LN89], [BNS94], [KON98| which stores a certain
number of past difference vectors p; — p;j_1 and s; — sj_1 for j < k41 and determines
Hy. 11 by projecting all of them using U, 1.

In addition to the stated possible line search it first may be beneficial to redefine xf,
to be some other point on the half-line from p, in the direction UpAwug. This change
could be very helpful if a directional derivative underestimate at xj,_ ; does not satisfy
a Wolfe increase condition [BGLS03, Sec. 3.4]. If not satisfied, then f(zf, ;) < f(px)
and safeguarded quadratic extrapolation could be executed to find a point satisfying
such a derivative increase condition. Then xj  ; would be redefined, if necessary, to
be a search point found with least f-value. If np = n then a more sophisticated line
search should be executed to attempt to get f(zf,,) sufficiently smaller than f(py).
Information gained from this could go into the choice of g1 and initialization of B.
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(v) For the purpose of early detection of a smooth function with dim U = n a termina-
tion test for the bundle procedure, based on (18), could be included inside the bundle
procedure as follows: Immediately after xf , and g1 are generated the bundle sub-
procedure would initialize the index ¢4 so that y;, = xf,, and g;, is a subgradient of
f at this point, as well as including i in the initialization of B. Then, if

19, |2,

m
f(yz+) - f(pk) < _Tk-i-l

the bundle procedure would be terminated and followed by the setting

(1o Phsrs 515 Ukn) 1= (0,9 g1y 1

so as to generate a successful candidate satisfying (18) and the subsequent results given
below in (20), (21) and (22). This setting does not have a proximal point interpretation,
but it does have a primal track one, since when dim U = n the primal track is a full-
dimensional ball about Z.

(vi) The line search required when pf_ ; is not a successful candidate can be executed very
simply by choosing zxy1 = argmin{f(pr), f(pj1)}, a choice that is similar to an
ordinary serious step. However, a more expensive line search based on [LM82] has
the possibility of finding a better setting for zy,1 with better bundle initialization
information.

(vii) The following reasoning shows that whether or not pf,_; is a successful candidate

f(or41) — for) < — |skt1]? - (20)

2k 41

In the successful case, (20) is the same as (18). Otherwise, (15) and Lemma 5(v) with
(1, 2,9, 8) = (Wk+1, Tt 15 Pk41, Sk+1) imply that

FPrer) = f(wpsr) < — |42

2
Sk+1
2Mk+1 | + ‘ )

2p0k 41

and the line search gives f(zg11) < f(pr), so (20) also holds in the unsuccessful case. A
necessary, but not sufficient, condition for the unsuccessful case is f(zf ;) > f(pr). O

5 Convergence properties of the algorithm

Throughout this section we assume that ¢ = 0 and that Algorithm 6 does not terminate.
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5.1 Global convergence

We first show that if some execution of the bundle procedure defined in Section 3 continues
indefinitely, then there is convergence to a minimizer of f.

Theorem 8 If the bundle procedure does not terminate, i.e., if (14) never holds, then the
sequence of p-values converges to p,(x) and p,(x) minimizes f. If the procedure terminates
with § = 0, then the corresponding p equals p,(x) and minimizes f. In both of these cases

pu(@) = € V(pu(z)).

Proof. The recursion in the bundle subprocedure replacing B by B (i.e., appending
(i, gi,) to active data at the previous (x-QP) solution) satisfies conditions (4.7) to (4.9)
in [CL93]. By Proposition 4.3 therein, if this procedure does not terminate then it generates
an infinite sequence of é-values converging to zero. Since (14) does not hold, the sequence of
|5|-values also converges to 0. Thus, item (iii) in Lemma5 implies that {p} — p,(x). Then
the continuity of f and Lemma5(ii) gives

f(z) > f(pu(x)) for all z € IR™.

The termination case with § = 0 follows in a similar manner, since (14) implies € = 0 in
this case. In either case, by the minimality of p,(x), 0 € f(pu(x)). From Property (3)(i),
gu(z) = plz — pu(x)) € 0f(pu(x)), so differencing these two subgradients at p,(x) gives
0 — u(x —pu(x)) € V(pu(z)) and the final result follows, since p # 0. O

If either case in Theorem 8 above holds then there is a minimizer Z = p, () such that
T —x € V(x), so the net move from z to Z is in a subspace on which the V-approximation
(i.e., cutting-plane) aspect of bundling should be very efficient. However, this issue is an open
question except in the n =1 case; see [LM82] and [Mif91].

From here on we assume that all executions of the bundle procedure terminate. Then
nontermination of Algorithm 6 with € = 0 implies that infinite sequences

{(,uka Uk)7 (xia Ei)])iv 527 Ulg)a (‘T]w €ks Pk Sk, Uk)}

are generated such that, for all k, s, = UpU} sj is not the zero vector, (20) holds and, from
Lemma 5(ii) and (14) with (u,0,é,p,8) = (tk, Ok, €k, Pk Sk)5
fok) +sp(z—pk) —ex < f(z) forallzeR" and (21)
Ok
e < — sl (22)
223

Our next theorem shows minimizing convergence from any initial point without assuming
the existence of a primal track.
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Theorem 9 Suppose that the Algorithm 6 sequence {pu} is bounded above by fi . Then the
following hold:

(i) the sequence {f(pr)} is decreasing and either {f(pr)} — —oo or {|si|} and {ex} both
converge to 0;

(ii) if f is bounded from below, then any accumulation point of {py} minimizes f.

Proof. Since |si| # 0, (20) implies that {f(pr)} is decreasing. Suppose {f(pr)} # —oc.
Then summing (20) over k and using the fact that C > 2@ for all k implies that {|s;|} — 0.

Then (22) with o}, < 1/2 and py, > p > 0 implies tligic {ek}u—> 0, which establishes (7).

Now suppose f is bounded from below and p is any accumulation point of {pg}. Then,
because {|si|} and {ex} converge to 0 by item (i), (21) together with the continuity of f
implies that f(p) < f(z) for all z € IR" and (ii) is proved. O

In order to obtain convergence of the whole sequence {py}, we need the concept of a
strong minimizer:

Definition 10 We say that T is a strong minimizer of f if 0 € ridf(Z) and the corresponding
U-Lagrangian Ly (u;0) has a Hessian at w = 0 that is positive definite. a

A first consequence of Z being a strong minimizer, following from positive definiteness of
V2Ly(0;0), is that w = 0 is the unique minimizer of Lz (u;0). This result, together with
[LOO01, Thm.1], implies that z is the unique minimizer of f. In addition, from [Roc76,
Thms. 27.1(d)-(f) and 8.4]

for any o > f(Z) the level set {z € R": f(z) < a} is compact. (23)

Corollary 11 Suppose that T is a strong minimizer of f, as in Definition 10 and that the
Algorithm 6 sequence {uy} is bounded above by fi. Then {py} converges to . If, in addition,
the sequence

{H,'} is bounded, (24)

then {xf_ 1} and {xx} both converge to T and {sj,,} converges to 0 € IR".

Proof. Since Z is a strong minimizer, it is the unique minimizer of f, f is bounded from

below by f(z), and {z : f(2) < f(po)} is compact by (23). Thus, {px} is bounded and, from
item (ii) in Theorem 9, any accumulation point of {py} is Z.
Now suppose (24) holds. Then, since each U}, has orthonormal columns, the sequence {zf, ; —
pr} = {~UyH; 'U/ s1.}, if infinite, converges to 0 € IR™ because, by Theorem 9(i), {s;} does
the same. Thus, {2} } has the same limit as {p}, namely Z. Next consider any infinite
subsequence of {z 1} such that x341 # zf,, ;. From the line search definition of x4

f(@) < f(zr1) < f(pe) < f(po),
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so, as in the above proof for {py}, this subsequence of {xyi1} converges Z, which then
holds for the entire sequence, because {zf_ ,} — #. This also implies the final result that
{8541} — 0 because, from (15) and Lemma5(v) with (z,p,9,5) = (2,1, P11 Tig1> Shs1)
and 10 = i1 < fi

F@) = fa5) < F@h) — Flag,) < — 5

c 2 m, . 2
P < —— .0
2ihi1 |9k+1’ > 2la|3k+1‘

5.2 Superlinear convergence

For our local convergence analysis we need some technical results that are rather involved.
We give their proofs in Appendix A. In this subsection we summarize these intermediate
results before giving our main result on rate of convergence.

We first discuss the assumptions needed to show superlinear convergence. The initial
set of suppositions is related to existence of primal-dual tracks, and other basic algorithmic
requirements:

(S)(a) There exists a primal-dual track (x(u),7v(u)) leading to (Z,0), as described in Defini-
tion 1, with T a strong minimizer, as in Definition 10.

(S)(b) The Algorithm 6 sequences satisfy the following;:
(i) {ux} is bounded above by f;
(if) {H, '} is bounded, i.e., (24) holds;
(iii) {ox} — 0 as k — oo, for example, by choosing o1 < 1/(k + 2).

Combining these assumptions with Theorem 4 and Corollary 11 in a straightforward manner
gives the following primal track related results:

Lemma 12 Suppose that (S)(a), (S)(b)(i) and (ii) hold. Let u,(z) be the function defined
in Theorem 4 and, for all k sufficiently large, let uy, := wy, (vx) and uf_ = uy, (25,)-
Then for all k sufficiently large

(1) pu() = T + up(z) © v(uu(x)) for (u,x) equal to (px, xx) and to (pri1, 25y, ) and

(i) {ur} and {uf,,} both converge to 0 € R*™ 4. -

In addition to (S)(a)-(b), we make the following algorithm assumptions stating how
well the dual track points y(u) and corresponding U-basis and -Hessian matrices need to
be approximated. Since we are interested in a step from pg, depending on zy, to pi , via
rf 1, we introduce the following notation to be used with (u,z) equal to (ux, %) and to
(Mhy1, 75, ) as in Lemma 12(i):

(ﬁu(a:), §M(x)) = (p,§), output from x-QP/~-QP satisfying (14). (25)



(S)(c)

(S)(d)

(S)(e)

19

For all k sufficiently large and for (i, ) equal to (g, k) and to (pry1,25, ;) the v-Qp
output §,(x), correspondingly equal to s; and to s, 41, satisfies

$u(®) = v (up(2)) = o([5u(2)]) + oun()[) (26)
where wu,(z) is defined in Theorem 4.

For all k sufficiently large nir = dim U and there exists a dim U x dim U orthogonal
matrix Qi with the corresponding product sequence {U,Q} } converging to U.

For all k sufficiently large [QrHrQ[ — V?Ly(0;0)]ur = o(|sk|) + o(|ug|) where uy =
Uy, (1) as in Lemma 12.

Remark 13 Some comments on the assumptions above are in order:

(4)

(iii)

If (S)(b)(iii) holds and if the approximation of v(u,(x)) by 5,(x) is as good as that
of g, () by gu(x) := p(x — pu(x)) in the sense that

u(@) = 1 (up(2)) = O(|gu(z) — gu(2)])

then (26) in (S)(c) holds. This follows, because Lemma5(iii) and (14) combined with

@u(fvl) = 9u(®) = p(pu(r) = pu(x)) imply [g,(x) — gu(2)] < Vol5u(x)], and (S)(b)(iii)
implies 0 — 0 as x — 7.

(S)(d) allows an accumulation matrix of {Uy} to be a basis matrix for & other than
U, which then equals UQ for some orthogonal matrix Q (i.e., satisfying QTQ = I).
This supposition means that all accumulation matrices of the bounded set {Uj} are
orthonormal basis matrices for «. The matrix U@}, is intended to approximate a basis
matrix for V(p,, (zx))* similar to Jy(uy) which, by item (i) in Lemma 3, converges to
U linearly in ug. (S)(d) only asks for convergence with no particular speed thereof.

Assumptions (S)(d) and (e) are consistent with the quasi-Newton equation (19), be-
cause inserting I = Q@ ;Qr+1 into this equation and multiplying by Qg1 on the left
gives the equivalent quasi-Newton equation

(Qrt1He+1Q111) Ukt1@ps1) " (Prs1 — pk) = (Ur1@Qpyr) " (k41 — s1) .0

The following proposition summarizes some technical results following from our assump-
tions. These involve accuracy of primal track point approximation and a strengthening of
(S)(b)(iii) to ensure candidate success. They depend on the definition of p,(x) in (25) and
that of u,(z) in Theorem 4.

Proposition 14 Consider the sequences generated by Algorithm 6 with k sufficiently large
for the results of Lemma 12 to hold.
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(i) If (S)(a)-(c) hold, then py () — pu(x) = oljuu(w)]) for (1,7) equal to (s, k) and to
(M1, TG4 1)
(ii) If (S)(a)-(e) hold, then pf_  — & = o(|uyl).
(i) If (S)(a)-(e) hold and opy1 < min{1/(k+2), |sk|?/|s0l?} for all k > 0, then (18) holds
and pg+1 = Piyq-
Proof. The three stated items correspond, respectively, to Lemmas 17(iii), 18(ii), and 19

in Appendix A. 0O
We conclude this subsection by giving our main rate of convergence result.

Theorem 15 Suppose that (S)(a)-(e) hold. Then for all k sufficiently large
(1) Piyr — T = ol|pr — 7[) and
(ii) if, in addition, o1 < min{l/(k+2),|sk|?/|s0|?}, then ppi1 — T = o|pr — Z|), i.e., the

sequence {pr} converges to T superlinearly.

Proof. Since p,—Z = pp—pu, (Tk) P, (k) —T = P —Dp, (k) FurBv(uy), by Lemma 12(i)
with (p, ) = (pg, z1), its U-component can be written as (py — Z)y = (Pk — Py, (k) Ju + Uk
By Proposition 14(i), (px — pu, (@k))u = o(Jukl), so, |(px — @)u| = |o(|uk|) + ug|. Combining
this with Proposition 14(ii) gives the ratio

Pey1 =T offux])
|(pe — Z)ul  [o(|ur]) + ugl

which converges to 0 as up, — 0. So, pf,; — % = o(|(px — Z)y|) and the first result follows,
because |(pr — T)y| < |px — Z|.
The second result then follows from Proposition 14(iii). O

6 Preliminary numerical results

In order to begin validation of our approach we wrote a MATLAB implementation of a simpli-
fied version of Algorithm 6, suitable for objective functions of the form

f= meajc f; where J is finite and each f; is C? on IR™.
J

For each bundled subgradient g; we use a gradient of f;, at y; where j; is an active index such
that f;,(yi) = f(yi). In order to test these max-functions with good second order information
we do the following: When s; = § in the algorithm then the matrix Hy is set equal to
Uy O, Uy, where H' is the Hessian of f;, at y; and the multipliers &; correspond
to § via (12). Here we are mainly testing to see if primal-dual points and associated basis
matrices can be approximated well enough. Future work will deal with less precise U/-Hessian
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estimation. When this setting of Hj is not positive definite the n; x njg diagonal matrix
min{1/k,|sk|} is added to it.
For our runs we used the following functions:

— F2d, the function in [L.S97a], defined for 2 € IR? by F2d(z) := max {%(x% + 23) — 19, acg};

— F3d-Uv, four functions of three variables, where v = 3,2, 1, 0 denotes the corresponding
dimension of the U-subspace. Given e := (0,1,1)" and four parameter vectors 5” € R*,
for z € IR?

1
F3d-Ur(z) := max {2(37% a5+ 0.123) — ez — BY, 22 — 3xy — BY, 20 — B, 10 — 62’} ,

where 3 := (-5.5,10,11,20), % := (-5, 10,0, 10) , 8! := (0,10,0,0) and 8° := (0.5, -2,0,0);
— MAXQUAD, the piecewise quadratic function described in [BGLS03, p. 131].

Table 1 shows some additional relevant data for the problems, including the dimensions
of V and U, the optimal values and solutions, and the starting points.

Table 1: Problem data

Name n dimY dimU f(z) T Starting point

F2d 2 1 1 0. (0,0) 7+ (0.9,1.9)
F3d-U3 | 3 0 3 0. (0,1,10) 7 + (100, 33, —100)
F3d-U2 | 3 1 2 0. (0,0,10) Z + (100, 33, —100)
F3d-U1 | 3 2 1 0. (0,0,0) z + (100, 33, —100)
F3d-U0 | 3 3 0 0. (1,0,0) 7 + (100, 33, —100)
MAXQUAD | 10 3 7 -0.8414083 see [BGLSO03, p. 131] | all components equal to 1

For comparison purposes, we also solved these problems using N1Cv2, the proximal bundle
method from [LS97b] (with quadratic programming subproblems solved by the method de-
scribed in [Kiw86]), available upon request at http://www-rocq.inria.fr/estime/modulopt/
optimization-routines/nlcv2.html.

The settings of the Algorithm 6 parameters are € := 1078, m := 10~! and Uy equal to the
n x n identity matrix. We take o), := 1/(k* + 1) and py, to be a safeguarded version of the
reversal quasi-Newton scalar update in N1cv2; see [BGLS03, §9.3.3]. More precisely,

Wi+1 := min (10,uk,max (nglcv%max (H;O-lﬂk)>) for k> 1, p1 :==4, p:=0.01py, and

NIV l9(px) — 9(pr—1]>
* (9(ox) — 9(Pr—1)™ (P& — P_1)




22

. o : 5lg(po)|?
with pi equal to the k' serious step point and p; 1= ————.

|f(po)|

The stopping test in N1CV2 is chosen to correspond to the one in Algorithm 6 with the
above setting of €. Both codes use a bundle management strategy that keeps only active
elements.

For N1CV2 pgyqq = HEJ%C\Q

For Algorithm 6, after zf_ | is generated, B is initialized by appending an index corre-
sponding to zf,_ ,-data to the B-set associated with (p, 8) = (pk, k) as defined in Section 3. If
Pf,1 is not a successful candidate then the simple setting 1 := argmin{f(px), f (P}, 1)} is
made. Then, if xg 14 = Pk (Pfiy1, resp.) Bis reinitialized by appending an index corresponding
to pf,,-data to the B-set associated with py(pf,, resp.).

Our numerical results are reported in Table 2 below. For each run of both algorithms,
we give the total number of evaluations of f and one gradient (and one Hessian in the case
of Algorithm 6) and an accuracy measure equal to the number of correct optimal objective
value digits after the decimal point.

Table 2: Summary of the results

F2d

F3d4-U3

F3d4-U2

F3d4-U1

F3d-U0

MAXQUAD

#f/g

Acc

#f/g  Acc

#f/g Acc

#f/g Acc

#f/g  Acc

#f/g Acc

ALG6 20 9 ) 16 24 10 15 13 20 12 79 14
Nlcv2 | 30 4 45 6 43 4 31 4 45 6 156 8

For all six functions Algorithm 6 generated final basis matrix approximations having the
correct VU dimensions as given in Table 1.
In order to obtain a good picture of superlinear convergence, for the MAXQUAD function we

% } where fiet = —0.8414083345964012 is

our best known function value. For each algorithm Figure 1 on the next page shows relative
errors generated by 79 function evaluations. For Algorithm 6 this number of evaluations
generates 6 primal track estimates pg, while for N1CV2 it gives 25 serious step points pg. The
plots with a logarithmic vertical scale clearly show linear convergence of the p; sequence for
N1cv2 and superlinear behavior for Algorithm 6.

These favorable results demonstrate that it is worthwhile to continue development of the
VU-algorithm. This will entail adding line searches and then determining good choices for
ur (not depending on N1cv2), o and Hy.

computed and plotted relative errors {‘

Concluding remarks

This paper has provided a minimization algorithm based on combining a V-model of the
objective with a U-model of a corresponding subspace Lagrangian. These two basic models are
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number of Py iterates

Figure 1: Relative errors for 79 MAXQUAD function evaluations

connected both theoretically (by proximal point and primal-dual track theory) and practically
(via a bundle subroutine that approximates related primal-dual track points). The method
can operate well on the large class of pdg-structured objective functions and at least converge
for more general convex functions. These are two among the several advantages of a bundle-
based approach. Moreover, the algorithm does not need explicit knowledge of existing pdg-
structure in order to exploit such a framework. It is broadly applicable, as many constraints
can be handled with penalty functions and it can be extended for solving large scale problems
by aggregating ([Kiw83], [CL93], [HUL93|) its x-QP-subproblem constraints and/or using
a limited memory quasi-Newton method for estimating the U/-Hessian; see Remark 7(iii).
However, including either one of the last two techniques most certainly will result in the loss
of superlinear convergence. Thus, large scale problems with known separable structure should
be handled, instead, by decomposition techniques [BGLS03, Ch. 10]. These produce a smaller
dimensional, typically nonsmooth, outer objective function whose evaluation separates into
independent optimization subproblems that, if necessary, can be solved in parallel with a
grid of computational devices. Our algorithm is especially suited for this kind of objective
function because it requires only one subgradient value with each function evaluation and the
class of pdg-structured functions contains many “infinitely-defined” max-functions. Another
way to view this algorithm is as an extension of a quasi-Newton method to the nonsmooth
convex case where, via exact penalty functions, nonsmoothness also encompasses constrained
problems, for example those with conic functions [LVBLI8]. This will be a subject of future
work dealing with finding general pdg-structured functions satisfying conditions (S)(c)-(e).
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Appendix A: Technical results for superlinear convergence

The initial set of suppositions, (S)(a)-(b), combined with Lemma 12 give the following
primal track related results:

Lemma 16 Suppose that (S)(a), (S)(b)(i) and (ii) hold and let {uy} and {uf ,} be the

zero-convergent sequences from Lemma 12 . Then for all k sufficiently large

() f(Puy (xx)) — f(or) = Pk — P (x1)|O(Jur]), and

(50) F B s (051)) = P (0)) < ~BAanin (D)2 + O (Juf 1 2) + o)
where Amin(H) is the smallest eigenvalue of H = V2L4(0;0).

Proof. Lemma 12 with (u, x) = (p, x5) and the definition of x(u) imply that p,, (z%) =
T+ up @ v(ug) = x(ug) so, by Lemma3(v), y(ur) € 0f(pu,(2r)). By convexity of f,

S () + v (ur) " (P — Py (21)) < fpk) -

Thus,
S (k) = f (o) < v (ur)l [Pk — Dy (211

and item (i) then follows because, from Lemma3 (vi), y(ux) = O(Jug])-

Writing Lemma 3(ii) for the primal track points py, ,, (wf ) and py, (z) yields, respectively,
FOpri (2541)) = F(Z) + %(UE—H)THUEH + o(|ui+1|2) and f(py, (zx)) = f(Z) + %UZHW; +
o(Jug|?). Therefore,

1 _ 1 _
FPuir (@541)) = F P (@) < =5 Amim (F) || = 0|k ) + S Amaw () || + ([0 *)

where A\pqe(H) is the largest eigenvalue of H. This implies the inequality in (ii) and completes
the proof. O

By means of additional assumptions, (S)(b)(iii)-(c), concerning adequate approximation
of dual track points y(u ), we now show correspondingly accurate approximation of the primal
track points p,, (x)) and give a related result to be used later on for showing candidate success.
These results are all in terms of the unknown primal track quantities uy and uf_ , that are
useful for rate of convergence analysis, rather than their linearly-related computed quantities
sk and sy, 1, that are good for rate of computational progress observation.
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Lemma 17 Suppose that (S)(a)-(c) hold and let {uy} and {uj_ ,} be the zero-convergent
sequences from Lemma 12. Then for all k sufficiently large and for (u,x) equal to (ug, k)

and to (jix41, 25, ,)
(i) Su(z) = O(Juu(2)]),
(i) (@) = v(up(x)) = oJuu(x)]),
(iii) pu(x) — pu(x) = oJuu(x)]), and
(i) if op1 = O(|s[*) then |p§yy — Py (1) = O(Jur)O(|ug 44 ])-

Proof. For large k and (u,x) equal to (ug,xr) or to (pri1,7%, ), (26) in (S)(c) and
Lemma 3 (vi) with v = u,(x) gives

Su(@) —o([3u()]) = ~(uu(@)) + ofun(z)])
= O(lup(2)]) + of|uu(x)]).

This implies that item (i) holds, which together with (26) gives item (ii).

In addition, for such (u,z) values and corresponding o values, Lemma 5(iii) and(14), and
B> pogive

[3u(2)]? <

(@) = pu(@)* < (@), (27)

tm‘ Q
\7;[0‘ q

which together with (S)(b)(iii) and item (i
Moreover, for (s, 2, 0) = (ik+1, 25,41, Ths1)

implies the validity of item (iii).
27) becomes

~~ —

. Ok+1 |
|p,uk+1 ($2+1) - p#k+1 ($i+1)|2 < 7‘Sﬂk+l (xi+1)|2a

which implies, by item (i) with w,, , (zf;) = uj,, that

[Pk41 — Pupiq (Ths1)

< —V”j* O(Juf41)- (28)

Finally, if o511 = O(|sg|?) then, from item (i), this time with (1, z) = (g, xx) and wy, (v) =

ug, we have ,/or+1 = O(|ug|) and, so, item (iv) follows from (28). O

Next we append suppositions (S)(d) and (e), concerning adequate approximation of basis
and Hessian matrices, to obtain the main lemma for showing superlinear convergence. Its
first part shows that QU, ~v(ux) and its approximant QU s; behave like the U-gradient
V Ly (ug; 0) that, by Lemma 3(iii), equals Huy + o(|ug|). The second part is concerned with
the u-rate of convergence of the candidate data.
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Lemma 18 Suppose that (S)(a)-(e) hold and let {uy} and {uj_,} be the zero-convergent

sequences from Lemma 12. Then the sequences {UyHy U/} and {UxH, Q] } are bounded
and for all k sufficiently large

(i) QrU v (u) = Huy + o(ug|), and
(i) x5, — & = o(|ugl), uj,y = o(Jug|), iy — T = o(Jukl|), and sf | = o(|ug|).

Proof. Since the matrices Uy and Q) have orthonormal columns, assumption (S)(b)(ii)
implies that {UyH, U]} and{UxH; 'Q{} are bounded.
By assumption (S)(d), QxU; — U, so by Lemma3(vi) with u = wuy, item (i) holds for all
k sufficiently large.
To show item (ii) we write xf_ ; from Algorithm 6 using notation (25) and Lemma 17(iii):

w1 = D (@) = UkHy U 8, () = puy () = UHy Uy 3y () + ofug) (29)

where uy, = uy, (). We now rewrite the second right hand side term above, using succes-
sively, Lemma 17(ii), Q  Qk = I together with the boundedness of {Uka_lUkT}, and item (i)
together with the boundedness of {UyH, 'Q] }:

UpHy U 3 (2x) = U U y(we) + UHi Uy o(ju)
= UpH, ' (QF Qr)U v (ur) + of|ux|)
= UpH, 'Q] Huy, + o(|ug]).

In turn, this last expression can be rewritten using (S)(e) together with Lemma 17(i), the
expression Hy Q] QrHy = I, and (S)(d):

UrH, ' Qf Huy, + o(jug|) = (UpHy ' Qf)QrHrQf up + of|ux|)
= Uug + o(|ug).

As a result, from (29) we obtain
i1 = Dy, (1) — Ui + o(Jug)-
Now subtract z and use Lemma 12 item (i) to obtain

i —T = (u, ® v(ug)) — Uug, + o(|ug)
= o(|ul),

where the last equality follows from (2) and the fact that U is the left basis matrix for the @
decomposition.

We now show the last three equalities in item (ii). Note that py, . (zf,,) — % = o(|ug|), by
Property (3)(ii). From Lemma12(i) with wu,,  (25,,) = uf 1, Pup, (Thpy) — T = ufy ©
v(ujyq). Thus, |uf | < [pu.,, (z5L1) — Z| and, hence, uj, ; = o(|ug|). Next, since pf_ | —7 =
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Pht1 — Prgess (Thogr) +Pppr (05 1) — T and pfy = Dy, (254) 5 it follows from Lemma 17(iii)
that pj 1 —Z = o(|uf,|)+o(|ug|) = o(|ug|). Finally, from Lemma 17(i), sf; = 84,,, (¥5,,) =

O(luf41]) = offuxl). D

In order to have pf_ ; be a successful candidate, we can strengthen assumption (S)(b) (iii)
by choosing 041 to be bounded above by a constant multiple of |s;|? as follows:

Lemma 19 Suppose that (S)(a)-(e) hold and o1 < min{1/(k + 2),|sk|?/|s0|?} for all
k> 0. Then for all k sufficiently large, (18) holds and pyx11 = pj. ;-

Proof. We start by writing f(pf, ;) — f(px) as the sum of three difference terms:

(F0E ) = FPuns @550)) + (FPprs (@550) = F P (@))) + (F P (@) = F(0r))-

Next we proceed to bound each one of the three terms. Let Ly be a Lipschitz constant for f
on a large enough ball about Z. Then

‘f(piﬂ) - f(pﬂkﬂ(xi-i-l))‘ < Lf’pi-i-l - p#k+1(xz+l)’
= LyO(|lur])O(|ug 4 )
= O(lug|)o(|uxl)
= o(lu]?),

where we used op41 < |[sp[?/|so|? together with Lemma 17(iv), and the fact that uf , =
o(|ux|) by Lemma 18(ii). The bounds for the other terms are given by Lemma 16. By item
(ii) therein and the Lemma 18 result uf_ , = o(|ug|),

f(pﬂk+1 (332+1)) - f(pﬂk(xk)) < _zAmzn(HﬂukP + O(‘UE-HP) + 0(|Ul<:|2)
= —3min(H)ur|* + Oo(Jur])?) + o(|ux|?)
= 3 Amin () ugl* + o(|ug[?).
While, by item (i) of Lemma 16 and Lemma 17(iii) with (u,x) = (pg, 1) and py, (1) = pr,

F o (@r)) = F(or) < 1ok = Dy, (1) |O(ure]) = o(|ur)O(Jur]) = ofur?)

Altogether, we obtain the inequality

F i) = F0R) <~ Amin (BDual? + o).

By Lemma 18, s |* = |o(Jux|)|* = o(|ug|?). Therefore, since pupiq1 > p,

1 _
st l” < —5)\rm'n(ltf)|wc|2 + of|ugl?) -

F(Phi1) — for) + ST

Since the right hand side of this inequality is dominated by the negative term — %)\mm(f_l ) |ug|?
as ur — 0, inequality (18) is satisfied for k sufficiently large and the result is established. O



