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A BUNDLE METHOD FOR A CLASS OF BILEVEL NONSMOOTH
CONVEX MINIMIZATION PROBLEMS*

MIKHAIL V. SOLODOVT

Abstract. We consider the bilevel problem of minimizing a nonsmooth convex function over the
set of minimizers of another nonsmooth convex function. Standard convex constrained optimization
is a particular case in this framework, corresponding to taking the lower level function as a penalty
of the feasible set. We develop an explicit bundle-type algorithm for solving the bilevel problem,
where each iteration consists of making one descent step for a weighted sum of the upper and lower
level functions, after which the weight can be updated immediately. Convergence is shown under
very mild assumptions. We note that in the case of standard constrained optimization, the method
does not require iterative solution of any penalization subproblems—not even approximately—and
does not assume any regularity of constraints (e.g., the Slater condition). We also present some
computational experiments for minimizing a nonsmooth convex function over a set defined by linear
complementarity constraints.
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1. Introduction. We consider a class of bilevel problems of the form

(1.1) minimize  f1(x)
’ subject to x € Sy = argmin{ fa(z) | z € R"},

where f1 : R” — Rand f; : R — R are convex functions, in general nondifferentiable.
The above is a special case of the mathematical program with generalized equation
(or equilibrium) constraint [20, 7], which is

minimize  fi(x)
subject to z € {zxeR"|0eT(z)},

where T' is a set-valued mapping from R™ to the subsets of ™. The bilevel problem
(1.1) is obtained by setting T'(x) = df2(x), € R™. In the formulation of the problem
considered here, there is only one (decision) variable z € R", and we are interested
in identifying specific solutions of the inclusion 0 € T'(z) (equivalently, of the lower
level minimization problem in (1.1)); see [7]. Problems of the form of (1.1) are also
sometimes referred to as hierarchical optimization; see, e.g., [12, 4].

Note that, as a special case, (1.1) contains the standard convex constrained opti-
mization problem

minimize  fi(x)

(1.2) subject to ¢;(z) <0, i=1,...,m,
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where g : R" — R™ is a (nonsmooth) convex function. Indeed, (1.2) is obtained from
(1.1) by taking fo(x) = p(x), where p : R™ — R is some penalty of the constraints,
e.g.,

(1.3) fa(w) = p(x) =Y _ max{0, g;(z)}.
i=1

In this paper, we show that the bilevel problem (1.1) can be solved by a properly
designed (proximal) bundle method [15, 11, 3], iteratively applied to the parametrized
family of functions

(1.4) F,(x) =cfi(z) + fo(z), o >0,

where ¢ varies along the iterations. Specifically, if z¥ € R” is the current iterate
and o > 0 is the current parameter, it is enough to make just one descent step for
F,, from the point x*, after which the parameter o3 can be immediately updated.
We emphasize that at no iteration is the function F,, minimized to any prescribed
precision. Once the descent condition is achieved, the parameter can be updated
immediately and we can start working with the new function Fy, . For convergence
of the resulting algorithm to the solution set of (1.1), parameters {ox} should be
chosen is such a way that

(1.5) Jim o3, =0, ;ak = +00.

The requirement that o must tend to zero is natural and indispensable, as can
be seen from the case of standard optimization (1.2). To this end, it is interesting to
comment on the relation between our method and the classical penalty approximation
scheme [8, 23]. The penalty scheme consists of solving a sequence of unconstrained
subproblems

(1.6) minimize F,(z), =z € R",

where F, is given by (1.4) with f; being a penalty term p, such as (1.3). (In the
literature, it is more common to minimize o~ 1F,(z) = fi(z) + o~ !p(x), but the
resulting subproblem is clearly equivalent to (1.6).) As is well known, under mild
assumptions optimal paths of solutions x (o) of penalized problems (1.6) tend to the
solution set of (1.2) as 0 — 0. We emphasize that the requirement that penalty
parameters should tend to zero is, in general, indispensable. To guarantee that a
solution of (1.6) is a solution of the original problem (1.2) for some fized o > 0 (i.e.,
exactness of the penalty function), some regularity assumptions on constraints are
needed (e.g., see [3, section 14.4]). No assumptions of this type are made in this paper.
The fundamental issue is approximating x (o) for some sequence of parameters o —
0. It is clear that approximating x(oy) with precision is computationally impractical.
It is therefore attractive to trace the optimal path in a loose (and computationally
cheap) manner, while still safeguarding convergence. In a sense, this is what our
method does: instead of solving subproblems (1.6) to some prescribed accuracy, it
makes just one descent step for F,, from the current iterate z* and immediately
updates the parameter. We emphasize that this results in meaningful progress (and
ultimately produces iterates converging to solutions of the problem) for arbitrary
points ¥, and not just for points close to the optimal path, i.e., points close to z(o%).
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We therefore obtain an implementable algorithm for tracing optimal paths of penalty
schemes.

We next discuss the relationship of our algorithm to the existing literature. For
the bilevel setting of (1.1), we believe that our proposal is the first method which is
completely ezplicit. In some ways, it is related to [4], where a proximal point method
for (1.1) has been considered, and (1.5) is referred to as slow control. However, as
any proximal method, the method of [4] is émplicit: it requires solving nontrivial
subproblems of minimizing regularizations of functions F,, at every iteration, even if
approximately. By contrast, the method proposed in this paper is completely explicit:
each iteration is a serious (or descent) step for the current Fy, , constructed by a finite
number of null steps in a way which is essentially standard in nonsmooth optimization.

The special case of standard optimization deserves some further comments. We
next discuss bundle methods applicable to problems with nonlinear constraints, such
as (1.2) above. When the problem admits exact penalization, one can solve the
equivalent unconstrained problem of minimizing the exact penalty function; see [14,
18]. However, as already mentioned above, exact penalization requires regularity
assumptions on constraints, such as the Slater condition (existence of some z € "
such that ¢;(z) < 0 for all ¢ = 1,...,m). We stress that no assumptions of this type
are needed for our method. For example, our method is applicable to minimizing a
nonsmooth function subject to (monotone linear) complementarity constraints

where @) is an n X n positive semidefinite matrix. Those constraints can be modeled
in the form (1.2) as

Complementarity constraints do not satisfy constraint qualifications, no matter how
they are modeled, which makes this class of problems particularly difficult. We shall
come back to problems with complementarity constraints in section 4, where some
computational experiments are presented.

The methods in [21, 22] and [15, Chap. 5] do not use penalization but enforce
feasibility of every serious iteration. In particular, they require a feasible starting
point, which is a difficult computational task (in the case of nonlinear constraints).
In addition, regularity of constraints is still needed for convergence. Bundle methods
which do not use penalty functions and do not enforce feasibility are [19, 9, 24, 13].
The methods in [24, 13] share one feature in common with the one proposed here: they
apply bundle techniques to a dynamically changing objective function, except that
the function is different (underlying [24, 13] is the so-called improvement function,
which goes back to [21, 15, 1]). The methods of [24, 13] require the Slater condition,
while those in [19, 9] do not. However, [19, 9] (as well as [21, 17, 18]) need a priori
boundedness assumptions on the iterates to prove convergence. For our method, we
assume only that the solution set of the problem is bounded.

For the standard optimization setting (1.2), this paper is also somewhat related to
[5], where interior penalty schemes are coupled with continuous-time steepest descent
to produce a family of paths converging to a solution set. However, concrete numerical
schemes in [5] arise from implicit discretization and, thus, result in implicit proximal-
point iterations, just as in [4]. Nevertheless, it was conjectured in [5] that an economic
algorithm performing a single iteration of some descent method for each value of oy,
could be enough to generate a sequence of iterates converging to a solution of the
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problem. This is what the presented method does, although we use exterior rather
than interior penalties and consider the more general nonsmooth setting (as well as
the more general bilevel setting). A related explicit descent scheme for the smooth
case has been developed in [25].

Our notation is quite standard. By (z,y) we denote the inner product of = and
y, and by || - || the associated norm, where the space is always clear from the context.
For a convex function f : " — R, its e-subdifferential at the point z € R" is denoted
by O:f(z) = {g € R" | f(y) > f(z) + (9,y —z) — ¢ for all y € R}, where ¢ € R,.
Then the subdifferential of f at x is given by 0f(z) = do f(x). If S is a closed convex
set in N”, then Pg(z) stands for the orthogonal projection of the point x € R onto
S, and dist(z, S) = || — Ps(z)]| is the distance from z to S.

2. The algorithm. As already outlined above, the conceptual idea of the algo-
rithm is quite simple. If z¥ € R is the current approximation to a solution of (1.1)
and o > 0 is the current parameter defining the function F,, in (1.4), an iteration
of the method consists of making a descent step for F, relative to its value at zk.
After this, the value of o, can be changed immediately. Since the function F,, is
nonsmooth, the computationally implementable way to construct a descent step is
the bundle technique [15, 11, 3]. We next introduce the notation necessary for stating
our algorithm.

Bundle methods keep memory of the past in a bundle of information. Let 2* be
the current approximation to a solution and let 4, i = 1,...,¢ — 1, be all the points
that have been produced by the method so far, including the ones which have not
been accepted as satisfactory (so-called “null steps”). Generally, {z*} is a particular
subsequence of {y‘}. For an iteration index £, we shall denote by k(¢) the index of
the last iteration preceding the iteration ¢ at which z* and o) have been modified.
Whenever k and ¢ appear in the same expression, we mean that k = k(¢).

Let us denote the function and subgradient values of f; at the points y?, i =
1,....0 —1, by fi = f1(v"), ¢¢ € 0f1(y"), and similarly for fo. Since (oxg} + g3) €
OF,, (y*), this information can be used to define a cutting-planes approximation ¥,
of the function Fj, , as follows:

%)
We(y) := max {owfi+ fi+ (ongl + 95,y —y")}
= opfi(a®) + fo(2¥)
(2.1) +max {~(onel + ) + (ong] + ghoy —ab) |

where the second expression is centered at z* and uses the linearization errors at 1
with respect to z*:

(2.2) ebti=f,(a") = fi— (gl 2" —yH) >0, p=1,2.

We note that the second representation of ¥y in (2.1) is better suited for implemen-
tations, due to lower storage requirements. As is readily seen from the definition of
e-subgradients, it holds that

(2:3) 9p € Oeri fp(a®), p=1,2,
and

(2.4) (ngi + g;) € 8(0k€11c,i+€12c‘¢)ng (l‘k)
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The linearization errors in (2.2) have to be properly updated every time x* changes.
Choosing a proximal parameter ji; > 0, we generate the next candidate point y*
by solving a quadratic programming (QP) reformulation of the problem

1
2.5 in { U - — 22y
(2.5) yrg;%n{ (@) + suelly — 2" }

We note that the resulting quadratic program possesses a certain special structure,
for which efficient software has been developed [16, 10]. The iterate y* is considered
good enough when F,, (y) is sufficiently smaller than F,, (") (the so-called “serious
step”; this will be made precise later). If y* is acceptable, then we set z¥*! := 3¢
choose new oy,1, and proceed to construct a descent step for Fy, . Otherwise, a so-
called “null step” is declared and the procedure continues for Fy, , using the enhanced
approximation Wy, .

In order for the basic idea outlined above to be practical, some important details
have to be incorporated into the design of the method, as discussed next.

The number of constraints in the QP reformulation of (2.5) is precisely the number
of elements in the bundle. Obviously, one has to keep this number computationally
manageable. Thus, the bundle has to be compressed whenever the number of elements
reaches some chosen bound. Reducing the bundle amounts to replacing the cutting-
planes model (2.1) with another function, defined with a smaller number of cutting
planes, which we shall still denote by W,. This has to be done without impairing
convergence of the algorithm. For this purpose, the so-called aggregate function is
fundamental [3, Chap. 9], which we shall introduce in what follows.

It is convenient to split the information kept at iteration ¢ into two separate
parts. One is the “oracle” bundle containing subgradient values at (some of!) points
y',i=1,...,—1, and the associated linearization errors (recall (2.3) and (2.2)):

Bgracle c U{(eg,l c §R+7g; c 8627.]01)(3:]“)’ p= 1,2) }

i<l

Note that here, the bundle Bgmde is not required to contain information at all the
previous points (this is reflected by the use of the inclusion, rather than equation,
in the definition above). The other part is the “aggregate” bundle, obtained from
solutions of the QP subproblems. This bundle contains certain special e-subgradients
at z¥, to be introduced in Lemma 2.1 below. For now, we formally set

By U{(é’;’i € Ry, gy € 0.rifp(a®), p= 172)},
i<l
without specifying how exactly those objects are obtained. Note that here there may
no longer exist any previous point y°, i < ¢, for which g; €af,(y)), p=1,2.
The information in B¢™"¢ and B;?Y defines a cutting-planes approximation of
Fy, given by

Uy(y) = o fi(z¥) + fo(2¥)

+max{ max {—(akelf’i + e + (ongl + gb,y — sck>} ,

. ~Roracle
1€B]

(2.6) max {=(oref + 25 + (ongh + ghoy — ) | |
1 ¢ -
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where by i € Bg"“!® we mean that there exists an element in the set By"*“' indexed by
i; and similarly for B;?. Although this notation is formally improper (the bundles are
not sets of indices), it does not lead to any confusion while simplifying the formulas.

We next discuss properties of the solution of QP subproblem (2.5) with ¥, given
by (2.6). The following characterization is an adaptation of [3, Lemma 9.8] for our
setting.

LEMMA 2.1. For the unique solution y* of (2.5) with W, given by (2.6), it holds
that

() o = — L(ovi + 35

(ii) g;l; = ZieB;’"““le )‘fg; + ZieB;}yg )\fg;ﬂ p=12,

where X >0, \* >0 and Zielsgmcle )\f + Ziengg )\f =1;
(i) (oxg! +35) € OWe(y"); A

(iv) g5 € 8é§,zfp(xk), where et = ZieBgracle Alekt + Ziesgf’g AeERt p=1,2;

(v) (ordt +9%) = §° € Deri Fy, (a%), where 80 = bt 4 &bt

() 28 = By (2b) — Wy(yf) — L1302 > 0.

Proof. The assertions can be verified following the analysis in [3, Lemma 9.8], and
taking into account the special structure of the function Fy, and of its approximation
U,. We omit the details. |

We note that A’ and A\? in Lemma 2.1 are the Lagrange multipliers associated
with y* in the quadratic program reformulation of (2.5) (or the problem variables, if
one solves the dual of this quadratic program, as in [16]). In any case, A’ and A are
available as part of the solution to (2.5). The quantities §£7 é’;ﬁ p = 1,2, defined
in Lemma 2.1 are precisely the ones that appear in the definition of By?9 (except
that B,Y contains information computed at iterations previous to the ¢th; at the first
iteration we formally set B, = (). We are now ready to introduce the aggregate
function, already mentioned above:

lre(y) = onfi(a®) + fo(@®) = (one)" +57) + (0wt + G5,y — 2¥),
where
(2.7) Gp € Ot fp(a®), p=1,2,
and consequently,
(2.8) (ok1 +95) € Oy, ety art Fory (),

As already noted above, this function is defined directly from the quantities available
after solving (2.5).

As pointed out in [6, eqs. (4.7)—(4.9)], to guarantee that a bundle technique would
be able to construct a descent step for F,,, with respect to its value at x* (assuming
z¥ is not a minimizer of F,,) one can actually use any cutting-planes models ¥,

satisfying (for all y € R™) the following three conditions:

Uy(y) < Fy, (y) for all £ > 1 and all k,
le(y) < Wuyq(y) for those £ for which y¢ is a null step,
oufi+ f5+ (ongt + 95,y —y") < W,i(y) for those £ for which ¢ is a null step.

The last two conditions mean that when defining the new bundles, it is enough for
Bgﬁde to contain the cutting plane computed at the new point y* (i.e., the subgradi-

ents g, g%, and the associated linearization errors elf’e7 6129,4) and for B;Y9 to contain
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the last aggregate function Iy ¢ (i.e., the e-subgradients ¢{, 4, and the associated élf’g,
ég’e). In particular, at any iteration, the bundle can contain as few elements as we
wish (as long as the two specified above are included). This fact is crucial for effective
control of the size of subproblems (2.5). Finally, to make sure that the first condition
above holds for all k, the linearization and aggregate errors have to be properly up-
dated every time x* changes to #**1 (in particular, to ensure the key relations (2.4)
and (2.8)). As is readily seen, the following formulas do the job:

(2.9)
enthi = ebi 4 f(zF 1) — fo(a¥) + (g, 2 — M), p=1,2, forie By,

Eptli = ghi g f (P Hh) — f(a?) 4 (gh, 2% — 2R 1), p=1,2, for i € ByY.

We are now ready to formally state the algorithm.

ALGORITHM 2.1 (bilevel bundle method).

Step 0. Initialization.
Choose parameter m € (0,1) and an integer |B|maez > 2.
Choose z° € R" and ag > 0, By > 0. Set y° := 2% and compute fz?,gg,
p=12. Setk=0,¢=1, 62’0 :=0, p=1,2. Define the starting bundles
Byracte .= {(€99, 49, p=1,2)} and B := 0.

Step 1. QP subproblem.
Choose iy > 0 and compute y* as the solution of (2.5), where U, is
defined by (2.6). Compute

1

. . 1. .
9" = pe(a® —yh), ' =F, (a%) = Wu(y') — — 1§, G =M+ 2
e He

1g°11%.
Compute f}f,gg, p=1,2. Compute e’;’é, p=1,2, using (2.2) written with
i=4.

Step 2. Descent test. If

(2.10) Fo (y') < Fy, (a*) — méy,

then declare a serious step. Otherwise, declare a null step.

Step 3. Bundle management.
Set Byace == Bgrecle and By = By*. If the bundle has reached the
mazimum size (i.e., if |BgA U B = |Blmas), then delete at least

two elements from Bgra® U By, and append the aggregate information
(éf;k,ﬁg, p=1,2) to BY].
In any case, append (eg’é,gﬁ, p=1,2) to Bz’ﬁdc.

Step 4. If Descent test was satisfied,
set 1 = ¢ and choose 0 < o1 < 0 and 0 < By < Br.
Update the linearization and aggregate errors using (2.9).
Set k =k+ 1 and go to Step 5.

If
(2.11) max{¢"*, |||} < Brow,

choose 0 < op11 < o and 0 < Bri1 < Bk.
Set ¢+t =gk k =k +1 and go to Step 5.
Step 5. Set £ =0+ 1 and go to Step 1.
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The role of checking condition (2.11) is to detect the situation when the point x*
happens to be a minimizer of the function Fy, (or is almost a minimizer; recall Lemma
2.1(v)). If it is so, we immediately update the parameter 0. This is reasonable, since
we are not interested in minimizing F,,. The case of #¥ being a minimizer of F,,,
however, is very unlikely to occur, since for no iteration k the function Fj, is being
minimized with any prescribed precision. This is also confirmed by our numerical
experiments in section 4, where we ignored the safeguard (2.11) in our implementation.

The algorithm does not have an overall stopping test. In the unconstrained case,
a reliable stopping test is one of the important advantages of bundle methods (as
compared, for example, to subgradient methods). However, lack of a stopping test
in our setting cannot be considered to be a drawback of the algorithm. Indeed, a
bilevel problem does not admit an explicit optimality condition. Actually, the same is
in general already true for constrained optimization without a regularity assumption
on the constraints (except for some special cases, of course). As a result, there is no
explicit way to measure violation/satisfaction of optimality in (1.1), and, consequently,
lack of a stopping test is inherent in the nature of the problem.

We note that there is certain freedom in updating or not updating the parameter
o after every iteration. While our goal is to show that we can update it after a
single descent step, note that, in principle, we are not obliged to do so (oj+1 = ok
is allowed, unless (2.11) holds; in the latter case, #* almost minimizes F,, and it
does not make sense to insist on further descent for this function). For convergence,
it would be required that o) not go to zero too fast, in the sense of condition (1.5)
stated above. In the case of the standard optimization problem (1.2), this condition
allows a natural interpretation. In order to be able to trace the optimal penalty path
x(o) with such a relaxed precision (making just one descent step for each penalized
subproblem (1.6)), we should not be jumping too far from the target z(oy) on the path
to the next target x(og11) as we move along. On the other hand, if oy, is kept constant
over a few descent iterations, this allows for a more rapid change in the parameter
for the next iteration, while still guaranteeing the second condition in (1.5). This is
intuitively reasonable: if we get closer to the optimal path, then the target can be
moved further. In our numerical experiments in section 4, we have used the simplest
generic choice of o, = 0¢/(k+1). We have experimented with some other options (for
example, keeping the parameter unchanged for some iterations), but found that this
does not make much difference (for our test problems). We shall discuss this further
in section 4.

3. Convergence analysis. In our convergence analysis, we assume that the
objective function f; is bounded below; i.e.,

—oco < fi =inf{fi(x) |z € R"}.

Since we also assume that the problem is solvable, the function f5 is automatically
bounded below, and we define

—00 < fo =min{fa(x) | z € R"}.

For the subsequent analysis, it is convenient to think of Algorithm 2.1 as “applied”
to the shifted function

(3.1) Fp(z) = o(fi(2) = i) + (f2(2) = f2),

instead of the function F, given by (1.4), as stated originally. We can do this because
Algorithm 2.1 would generate the same iterates whether F, were given by (3.1) or



250 MIKHAIL V. SOLODOV

(1.4). Indeed, the two functions have the same subgradients and the same difference
for function values at any two points. Hence, the cutting-planes models (2.6) for the
two functions would differ by a constant term (not dependent on y). This means that
solutions y* of QP subproblems (2.5) would be the same, as well as the quantities
§" and &%, which are defined by those solutions. Therefore, the relations in (2.10)
and (2.11), which are guiding the algorithm, also do not change. From now on, we
consider that the method is “applied” to function F,, defined by (3.1) (even though the
function from (1.4) is used in reality, of course). This is convenient for the subsequent
analysis and should not lead to any confusion.

We proceed to prove convergence of the algorithm.

ProPOSITION 3.1. Let f1 and fy be convex functions.

If for consecutive null steps it holds that i > pe+1 > pe > 0, then Algorithm 2.1 is
well defined and either (2.10) or (2.11) (or both) hold infinitely often. In particular,
the parameter oy, is updated infinitely often.

Proof. Let k be any iteration index and consider the sequence of null steps applied
to the current (fixed over those null steps) function F,,. By properties of standard
bundle methods (e.g., [3, Thm. 9.15]), it holds that either the descent test (2.10) is
satisfied after a finite number of null steps, or z¥ is a minimizer of F,,. In the latter
case, it further holds that §, — 0 as £ — oco. Hence, g — 0 and é** — 0 as £ — oo.
This means that the condition (2.11) would be satisfied after a finite number of null
steps.

We have therefore established that either (2.10) or (2.11) is guaranteed to be
satisfied after a finite number of null steps. This shows that the method is well
defined and updates o infinitely often. ]

We next prove that the generated sequence {z*} is bounded and its accumulation
points are feasible for problem (1.1).

PROPOSITION 3.2. Let f1 and fa be convex functions such that fi is bounded
below on R"™ and the solution set Sy of problem (1.1) is nonempty and bounded.

Suppose that [ > e > 1 > 0 for all iterations £, that per1 > e on consecutive
null steps, and that o, — 0 as k — oo.

Then any sequence {x*} generated by Algorithm 2.1 is bounded and all its accu-
mulation points are feasible for problem (1.1); i.e., they belong to So.

Proof. If the serious step descent test (2.10) is satisfied only a finite number of
times, it is readily seen that there exists some iteration index kg such that z* = %o
for all k > ko (because x* is changed only at serious steps, i.e., when (2.10) holds).
Hence, in this case {z*} is trivially bounded.

Assume now that (2.10) is satisfied infinitely often. In what follows, we consider
the subsequence of indices k at which (2.10) holds, i.e., at which x* changes. But
to simplify the notation, we shall not introduce this subsequence explicitly. Here,
we can simply disregard all the iterations at which z* remained fixed. We can do
this within the current analysis of boundedness of {z*}, because those iterations
merely changed o) (and the only assumption for the latter used below is that it
should be nonincreasing—the property which holds for any subsequence of {o} by
the construction of the method).

For each k, let (k) be the index ¢ for which (2.10) was satisfied (in particular,
okl =yt By (2.10), it holds that

mok) < Fo, (xk) — I, ($k+1)
= ok (f1(z*) = fi) = ok(fr(z"T1) — f1)
+ (f2(a®) = f2) = (f2(a"T1) = fo).
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Summing up the latter inequalities for £ =0, ..., k1, we obtain that
mY Sk < 0o(fi(@®) = fi) + D (k41 — o) (fi(@*) = 1)
k=0 k=0

=0k (@) = fi) + (f2(a°) = f2) = (f(a™ ) = o)

< ao(f1(z%) = fi) + (f2(2°) = J),
where we have used the facts that, for all k, f(z*) > f1, f2(2¥) > fa, and 0 < 0441 <
0. Letting k1 — oo, we conclude that
(3.2) Z%k) <m ™ oo(f1(2®) = f1) + (f2(2°) — f2)) < +oo.
In particular,
(3.3) Sey — 0 as k — oo,

Take any T € S7 # ). Using Lemma 2.1(i), we obtain that

) 2 _ 1.
2"+ = &|* = [la* — 2| = ——(g*", " — z) + —5—[]g"V|?

Foe(k) (k)

2
<m*—wW+(Emuw<nxﬁv+ﬁﬂ“+ fwwﬁ
He(k) 21re(k)

2
= [la* — 2> + ——6s)

He(k)
+ 2 k(1) = H@) + f2(@) — o))
He(k)
F_ g4 2 L I
(3.4) Sl =3l 4 b + 7 (@)~ A)

where the first inequality is by Lemma 2.1(v), and the last is by the fact that fo(Z) <
f2(z%), since z € Sy C 5.
We next consider separately the following two possible cases:
Case 1. There exists ko such that f1(z) < fi(z¥) for all k > kz
Case 2. For each k, there exists k3 > k such that f1(z) > fi(z*3).
Case 1. For k > ko, we obtain from (3.4) that

2
(3.5) 2"+ — 2] < ||l=* - 2|* + ﬁée(m

Recalling (3.2), we conclude that {||z* —Z||?} converges (see, e.g., [23, Lem. 2, p. 44]).
Hence, {z*} is bounded.
Case 2. For each k, define

ix = max{i < k| f1(7) > fr(z")}.

In the case under consideration, it holds that i — oo when k — oo.
We first show that {«’*} is bounded. Observe that

Si={z €S| filz) < f1(2)}
= {z € R" | max{fa(x) — fo, f1(x) — f1(Z)} < O}.
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By assumption, the set S is nonempty and bounded. Therefore, the convex function
¢ R =R, @(x) = max{fa(x) - fo, fr(z) — f1(2)}

has a particular level set {x € R" | ¢(x) < 0} which is nonempty and bounded. It
follows that all level sets of ¢ are bounded (see, e.g., [2, Prop. 2.3.1]), i.e.,

Ly(e) ={z e R" [ §(x) < ¢}

is bounded for any ¢ € .
Since fi(x) — f1 > 0 for all z € ™ and 0 < og41 < o, it holds that

F

Ok+1

(x) < Fp () for allz € R".
Hence,

0 < Fyp,, (2" < F,, (a2 < F, (2),

k41

where the third inequality follows from (2.10). The above relations show that {F,, (z*)}
is nonincreasing and bounded below. Hence, it converges. It then easily follows that
{f2(z*)— f2} is bounded (because both terms in F,, (z*) = oy (f1(2%) — f1)+(fa(2*) —
f2) are nonnegative).

Fix any ¢ > 0 such that fo(2*) — fo < ¢ for all k. Since fi(z%) — f1(z) <0< ¢
(by the definition of the index ix), we have that z°* € Ly(c), which is a bounded set.
This shows that {2} is bounded.

By the definition of i, it further holds that

Hence, from (3.4), we have that
) . 2
a7 — 2> < [|a" — 2> + Z60s), i=1irn+1,....k
i

Therefore, for any k, it holds that

k—1
_ i - 2
¥ =2l < o' — P+ 5 37 by

=i +1
—_— p—
(3.6) <l 2P+ > by
b £
1=1r+1
Recalling that i, — oo, by (3.2) we have that
(3.7) > by =0 ask— oo

i=ip+1

Taking also into account the boundedness of {z%*}, the relation (3.6) implies that the
whole sequence {z*} is bounded.

We next show that all accumulation points of {z*} belong to S,. For each k,
either (2.10) or (2.11) holds. Regardless of whether both conditions hold infinitely
often or only one does, it is easy to see that

(3.8) g™ 0 and MR L0 ask — oo,
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where (3.3) is used if (2.10) holds infinitely often, and (2.11) is used directly.
Let z € R be arbitrary but fixed. By Lemma 2.1(v),

(3.9) o f1(x) + fa(x) > ok fr(a®) + fa(a®) + (50, 2 — a¥) — BB

Let 2 be any accumulation point of {z*}. Using boundedness of {z*}, the continuity
of f1 and fs, the fact that o), — 0 and (3.8), and passing onto the limit in (3.9) along
the subsequence which converges to °°, we obtain that fa(z) > fo(2°°), where z € R"
is arbitrary. Hence, z*° € S5. O

The rest of the proof is done separately for the following two cases: the number
of serious steps when (2.10) is satisfied is either infinite or finite.

THEOREM 3.3. Let fi1 and fa be convex functions such that fi is bounded below
on R™ and the solution set Sy of problem (1.1) is nonempty and bounded.

Suppose that i > e > 1 > 0 for all iterations ¢, and that pey1 > pe on consecu-
tive null steps.

If serious step descent test (2.10) is satisfied an infinite number of times and we
choose {0y} according to (1.5) and {Bx} — 0 as k — oo, then dist(x*,S1) — 0 as
k — oo, and all accumulation points of {x*} are solutions of (1.1).

Proof. Take any T € S;. We again consider separately the two possible cases
introduced in the proof of Proposition 3.2:

Case 1. There exists ko such that fi(z) < fi(a*) for all k > k.
Case 2. For each k, there exists k3 > k such that f1(z) > fi(z*3).

Case 2. Recalling that i, = max{i < k| f1(Z) > fi(z%)} so that fi(z%) < f1(Z),
by the continuity of f; it holds that fi(z*>°) < f1(Z) for any accumulation point
x> of {x'*}. Since all accumulation points of {z*} belong to Sy (as established in
Proposition 3.2), it must be the case that all accumulation points of {z } are solutions
of the problem. In particular,

(3.10) dist(z*,51) — 0 as k — oo.

For each k, define ¥ = Pg, (z%*). Using (3.6) with Z = z* gives
dist(z*,81)% < ||2* — 7%

. 92 =
< dist (¢, S1)* + i Z Ou(s)

i=ip+1

Passing onto the limit in the latter relation as k — oo, and using (3.7) and (3.10), we
obtain that dist(z*, S;) — 0.

Case 1. As has been shown in Proposition 3.2, in this case the sequence {||z* —Z||}
converges for any € S;. Therefore, if we establish that {#*} has an accumulation
point 2> € Sy, it would immediately follow that {||z* — z>°||} — 0; i.e., the whole
sequence {z¥} converges to > € S.

Suppose first that (2.11) is satisfied only a finite number of times. Suppose further
that there is no accumulation point of {z*} which solves (1.1). Since, by Proposition
3.2, all accumulation points are feasible for (1.1), the second assumption means that
liminfy, .o fi(z¥) > f1(Z), where € S;. In particular, there exists ¢+ > 0 such that
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f1(Z) < fi(x*) —t for all k > ky. We then obtain from (3.4) that for k > kg, it holds
that

_ _ 2 2t
2" — 2| < |l2* — 2))* + S8y — =0
i i

2 o A &
<t —z)? + = Z bpiy — — Z 0;.
F it P ilraa
Passing onto the limit when k£ — oo in the latter relation, we obtain

t (o) 2 o0
Z oi < |lz* -z + = Z be(iys
i=ka—1 i

i=kga—1

=Y

which is a contradiction, due to (3.2) and (1.5). Hence, liminfy .. fi(z¥) = f1(Z).
Since {x*} is bounded, it must have an accumulation point z°° such that f;(z>) =
f1(Z). As *° € S5, this means that 2> € 5.

Finally, suppose that (2.11) is satisfied an infinite number of times. Consider the
subsequence of indices k for which (2.11) holds (we shall not specify it explicitly) and
let £(k) denote the associated index ¢ in (2.11). We have that

(3.11) max{o, 'eH P o "} < B, B — 0.
Taking any = € S5 and using Lemma 2.1(v), we have that
o fi(@) + fa(x) > o fi(z") + fola®) + (5P, & — 2F) — 85
Since fo(x) < fo(x*) for any = € So, we obtain
(3.12) fi(z) > fi(z®) + (051" W)z — ab) — o tek bR,

Hence, passing onto the limit in (3.12) as k — oo along some subsequence converging
to x> and taking into account (3.11), we conclude that fi(x) > fi(z*°) for any
x € Sy. Therefore, x> € S; also in this case, which concludes the proof. ]

It remains to consider the case of a finite number of serious steps in Algorithm
2.1. As already discussed above, this is rather unlikely to occur. Actually, as the next
result shows, it can happen only if we hit an exact solution of the problem, which is
generally an exceptional situation.

THEOREM 3.4. Let f1 and fa be convex functions such that f1 is bounded below
on R™ and the solution set S1 of problem (1.1) is nonempty and bounded.

Suppose that L > pe > o > 0 for all iterations £, and that ey > e on consecu-
tive null steps.

If the serious step descent test (2.10) is satisfied a finite number of times and we
choose {or} — 0 and {Br} — 0 as k — oo, then there exists an iteration index ko
such that z* = x*o for all k > ko and z* € S;.

Proof. Since z* is changed only when (2.10) holds, it is readily seen that z* = x
for all k > ko. By Proposition 3.2, we have that zF0 € S,.

By Proposition 3.1, we have that for all k > kg, oy, is updated when (2.11) holds.
For each k, let £(k) denote the index ¢ for which (2.11) is satisfied. We have that

ko

(3.13) max{o, &R o g MY < B, By — 0.
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Taking any x € So and using Lemma 2.1(v), we have that
o f1(@) + fa) = o fr(@®) + fo(a) + ("W, @ — aho) — W),
Since fa(x) = fo(z*0) for any x € Sy, we obtain
(3.14) fi(z) > fi(zFo) + <0;1§€(k),x — xhoy — olzlék’z(k).

Hence, passing onto the limit in (3.14) as k — oo and taking into account (3.13), we
conclude that fi(z) > fi(z%0) for any x € So. Therefore, z¥0 € S}, as claimed. |

4. Computational experiments. In this section, we report on some numerical
experiments for the problem of minimizing a piecewise quadratic convex function
over a set defined by monotone linear complementarity constraints. Specifically, we
consider the problem

minimize max;—1_{(A%z, ) + (M, z) + I}

(4.1) subject to Qr4+¢ >0, >0, (z,Qx+¢q) <0,
where Q and A7, j = 1,...,1, are n x n positive semidefinite matrices; ¢ and ¥,
j=1,...,1, are vectors in ®"; and ¢/ € R, j = 1,...,1. This problem is converted to

the setting of the paper by choosing

fi(z) = jinlax l{(Ajm,z> + <bj,:c> + cj},

fo(z) = Zmax{—xi,()} + Zmax{—(@x +q)i, 0} + max{(Qx + ¢, z), 0}.

i=1 =1

The code is written in MATLAB, essentially by making modifications to a more-or-less
standard unconstrained proximal bundle code. Runs are performed under MATLAB
Version 7.0.0.19901 (R14). The test problems were constructed by first generating a
feasible point T of (4.1), and then a function f; for which Z is optimal. Details are
presented next.

The process starts with defining an nxn positive semidefinite matrix @ of rank r <
n, whose entries are uniformly distributed in the interval [—5,5]. We next generate a
point Z, with each coordinate having equal probability of being zero or being uniformly
distributed in [0,5]. Finally, we define ¢ = —QZ + 7, where a coordinate of 7 is zero if
the corresponding coordinate of T is positive, while other coordinates of § have equal
probability of being zero or uniformly generated from [0,5]. As can be easily seen,
such T is a feasible point for problem (4.1). It does not satisfy strict complementarity
and, typically, is not an isolated feasible point (here, it is important that @ is a
degenerate matrix). Obviously, Z is an unconstrained minimizer of the function fs,
ie, T € 5.

Next, we construct a function f; such that  is a minimizer of f; over Ss. As the
constraints in (4.1) do not satisfy a constraint qualification, we can only overestimate
the tangent cone T, (Z) to Se at Z, which gives underestimation of its dual:

(4.2) (Ts,(2))" D K = cone ({—¢' | 2; =0} U{-Q; |5 =0} U{g+(Q+Q")z}),

where €’ is the ith element of the canonical basis of 1", @; is the ith row of the matrix
@, and cone(X) stands for the conic hull of the set X in R".
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We shall construct the needed function f; by defining antigradients of pieces of
f1 active at T as some elements belonging to the right-hand side of (4.2). This would
guarantee the optimality condition

(4.3) 0 € 9f1(7) + (Ts,(7))",

even though the set (T, (Z))* is not fully known. First, we generate symmetric n X n
positive semidefinite matrices A7, 7 = 1,...,[, with random entries distributed in
[—5,5]. Choosing the number Iy < [ of pieces of f; active at Z, we next define

V=247, W eK, j=1,...,1l,

where elements u/ of K are generated by taking random coefficients in [0, 1] for all
vectors in the right-hand side of (4.2). The elements b/, j = ly+1,...,[, are generated
randomly.

It remains to make sure that the first [y pieces in the definition of f; are active
at z. To this end, we compute

c=5+ AH{&X#(A%E,&E) + (¥, 2)},
J=1,...,

and set

Cj:67<Aj‘i'7a_7>7<bjaj>a jzlv'-'JOa

d=0, j=l+1,...,L

It can be seen that for the point Z, the maximum in the definition of f; is attained
for indices j = 1,...,lp, and that f1(Z) = & By the previous constructions, we have
that (4.3) holds, and thus Z is a solution of (4.1). Furthermore, the optimal value of
this problem is ¢c.

Our code is a slightly simplified version of Algorithm 2.1, in particular in the fol-
lowing two details. First, instead of an aggregation technique to control the bundle,
we use simple selection of active pieces; i.e., after every iteration we discard those
cutting planes which correspond to zero multipliers in the solution of the QP sub-
problem. Second, we ignore the safeguard (2.11) that detects when the current point
z* is almost a minimizer of F,,., and so o} needs to be reduced (even if a serious
step has not yet been constructed). As already discussed above, since at no iteration
F,, is being minimized to any specific precision, this situation is unlikely to occur
prematurely if o is updated after each serious step. This intuition was confirmed by
our experiments. We observed that optimality is achieved only asymptotically, and
so the standard bundle stopping test,

(4.4) ebt <t and  ||gf]? < to,

can be used without any harm. But, of course, one has to be aware that this stopping
test cannot be fully reliable in our setting. In our experiments, we set t; = 1072 and
to = 1074, as it is often difficult to get more precision from a nondifferentiable opti-
mization code in a simple MATLAB implementation. We start with 20 = (2,...,2),
and set m = 107! in the descent test (2.10). The proximal parameter s, in (2.5) is
changed at serious steps only by the safeguarded version of the reversal quasi-Newton
scalar update; see [3, section 9.3.3]. More precisely,

g1 = min {er, max{fix 1,62}
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TABLE 4.1

Summary of numerical experiments.

257

Convergence (out of 20) “Failures” (out of 20)
n=>5 18 cases 38.3 oracle calls 2 cases 100 oracle calls
rankQ=4 | Ry =22%107%° Ry =12%10"% | Ry =4.1%10% Ry =22%10"*%
n=>5 19 cases 32.2 oracle calls 1 case 100 oracle calls
rankQ=2 | R1 =62%107% Ry =81%10"% | Ri =3.2%10"% Ry =11%10"°
n =10 12 cases 109.5 oracle calls 8 cases 200 oracle calls
rankQ =8 | Ry =28%1075 Ry =14%10"% | R{ =2.2%10"% Ry =33%10"°
n =10 14 cases 89.9 oracle calls 6 cases 200 oracle calls
rankQ =5 | Ri =3.7%107% Ry =42%10"5 | Ry =7.2%10"* Ry =5.3%10"*
n =10 16 cases 60.6 oracle calls 4 cases 200 oracle calls
rankQ=2 | R =9.8%10"%* Ry =54%10"6 Ry =2%10"2 Ry =31%10"°

where jix1 is the value prescribed by [3, section9.3.3], and ¢; = 10, c; = 1071,
Subproblems (2.5) are solved by applying the MATLAB QP routine gp.m to the dual
formulation of (2.5).

For updating the weight parameter, we use the simple generic choice

(4.5) o = oo/(k+1).

For lower dimensions (say, n = 5), when fewer iterations are expected, we start with
o9 = 10. For higher dimensions (say, n = 10), when more iterations are typically
needed, we start with o9 = 20. We have experimented with other possibilities, like
keeping o}, fixed over some number of serious steps, as well as with some more involved
strategies. While improvements are possible, at this time we did not find them signifi-
cant enough, with respect to the simple (4.5), to warrant their description. Generally,
our experiments are intended for merely verifying that the proposed algorithm works
and in a reasonable way. We did not spend much time on tuning various parameters
to obtain an efficient code. To achieve this, as a first step, one should dispense with
the generic qp.m MATLAB QP solver, which is known to be problematic (and was ob-
served to be a limitation for our experiments as well). Instead, some good specialized
solver (e.g., based on [16, 10]) has to be employed.

Our results are summarized in Table 4.1. We report on problems of dimensions
n =5 and n = 10, with various degrees of degeneracy of matrix @), i.e., for different
values of rank @ = r < n. Note that the number of constraints in (4.1) is 2n + 1.
For each pair of n and r the results are averaged over 20 runs. For all the problems,
[ =5 and [y = 3; i.e., f1 is defined by a maximum of five quadratic functions, with
three of them being active at Z. We found that moderate variations of [ and Iy do not
change much of the average behavior of the method. We thus keep them fixed in our
report, to simplify the table. We report the number of times (out of 20 runs) that
convergence had been declared according to the stopping rule (4.4), and the number
of times this did not happen (declared as a failure) after a maximum allowed number
of calls to the oracle (i.e., evaluations of f1, f2, and of their subgradients). In the case
of n = 5, the maximal number of oracle calls is 100, and in the case of n = 10, it is
200. For both outcomes, we report the average number of oracle calls at termination
(which is redundant in the case of failures) and the average of the relative accuracies
achieved with respect to the optimal value ¢ of problem (4.1) and of the (in)feasibility
measure (the optimal value of f;, which is zero). Specifically, in Table 4.1, we denote

Ry =|(fi(=") = 9)/(fia®) = &), Rz = fo(a®)/ fa(a®),

where 2* is the last serious iterate before termination.
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We note that even in the cases of “failure” the method actually makes reasonable
progress to the solution of the problem, as evidenced by the values of Ry and R in
Table 4.1. We believe that a more careful implementation, including a better QP
solver, should improve the accuracy (especially in higher dimensions) and eliminate
“failures” of nonsatisfaction of the stopping rule (4.4). To this end, we observed that
in most cases, the values of Ry and Ry (which measure actual proximity to solution)
are very satisfactory, and close to those reported at termination, well before the
stopping rule (4.4) is activated or the maximum number of oracle calls is reached. To
some extent, this is quite normal for bundle methods, as they have to generate enough
information in order to “recognize” optimality of the current point. For example, even
starting with z° = Z, about 20 oracle calls were required in our experiments before
the method stopped according to (4.4). But in some cases, even when the values in
the stopping test (4.4) are already quite close to the required tolerances relatively
early, it proves difficult to get more precision and satisfy (4.4). As already stated,
we believe that the QP solver used in our implementation is likely the main reason
we are not able to progress to higher accuracy with respect to stopping test (4.4).
In any case, we believe that Table 4.1 shows reasonable behavior of Algorithm 2.1,
even in our simple implementation, on problems with complementarity constraints
(which is a difficult class of problems). Finally, we observe that degeneracy of the
matrix @ defining complementarity constraints is not a problem for our algorithm at
all. Actually, problems with higher degeneracy of () appear even easier to solve. We
conjecture that the reason for this is that, in the case of high degeneracy of @, the
feasible set of (4.1) is larger and the function f; is easier to minimize. This may make
the overall problem easier to deal with in our setting.

5. Concluding remarks. We have presented a bundle method for solving a
nonsmooth convex bilevel problem, which includes standard nonsmooth constrained
optimization as a special case. The attractive feature of the method is that it is
completely explicit. In particular, it does not require an iterative solution (not even
approximate) of any optimization subproblems with general structure. Moreover, in
the case of optimization, no constraint qualifications are required for convergence.

Acknowledgment. The author thanks Claudia Sagastizabal for her MATLAB
unconstrained bundle code, which served as the basis for the implementation of Al-
gorithm 2.1.
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