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EXACT PENALIZATION AND NECESSARY OPTIMALITY
CONDITIONS FOR GENERALIZED BILEVEL PROGRAMMING
PROBLEMS*

J. J. YET, D. L. ZHU*, AND Q. J. ZHUS

Abstract. The generalized bilevel programming problem (GBLP) is a bilevel mathematical
program where the lower level is a variational inequality. In this paper we prove that if the objective
function of a GBLP is uniformly Lipschitz continuous in the lower level decision variable with respect
to the upper level decision variable, then using certain uniform parametric error bounds as penalty
functions gives single level problems equivalent to the GBLP. Several local and global uniform para-
metric error bounds are presented, and assumptions guaranteeing that they apply are discussed. We
then derive Kuhn—Tucker-type necessary optimality conditions by using exact penalty formulations
and nonsmooth analysis.
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1. Introduction. We consider the following mathematical programming problem
with variational inequality constraints (which is called the generalized bilevel program-
ming problem (GBLP)):

(1) GBLP  minimize f(x,y) subject to xz € X and y € S(z)

where f: R"*™ — R, X is a nonempty and closed subset of R", and for each z € X,
S(x) is the solution set of a variational inequality with parameter x,

S)={yeU(z): (F(z,y),y—2) <0 VzeU(x)}.

Here U : X — R™ is a set-valued map and F : R"*™ — R™ is a function. Throughout
this paper, we make the blanket assumption that GrS := {(z,y) : z € X,y € S(x)},
the graph of S, is not empty.

One can interpret the above problem as a hierarchical decision process where there
are two decision makers and the upper level decision maker always has the first choice
as follows: given a decision vector x for the upper level decision maker (the leader),
S(x) is viewed as the lower level decision maker’s (the follower’s) decision set, i.e.,
the set of decision vectors that the follower may use. Assuming that the game is
cooperative (i.e., the follower’s decision set S(z) is not a singleton), the follower allows
the leader to choose the lower level decision from S(z). Having complete knowledge
of the follower’s possible reactions, the leader selects decision vectors x € X and
y € S(x), minimizing his objective function f(x,y).
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If F(x,y) is the partial gradient of a real-valued differentiable function (i.e.,
F(z,y) = =Vyg(z,y), where g : R*™ — R is differentiable in y and U(x) is convex),
then the variational inequality with parameter z,

(2) (F(z,y),y —2) <0 Vz € U(x),

is the first-order necessary optimality condition for the following optimization problem
with parameter x:

(3) P,  minimize, g(z,y) subject to y € U(x)

(see, e.g., [13]). Furthermore, if g(x,y) is pseudoconvex in y (i.e., (Vyg(z,y),y —
z) < 0 implies g(x,y) < g(x,z) for all y,z € U(x)), then a vector y € U(z) is a
solution to (2) if and only if it is a global optimal solution to (3). In this case,
the mathematical programming problem with variational inequality constraints (1)
is the classical bilevel programming problem (CBLP), or Stackelberg game (see, e.g.,
[1, 6, 17, 26, 29, 30, 31, 32]),

CBLP minimize f(z,y) subject to x € X and y € ¥(x),

where X(x) is the set of solutions for the problem P,. The correspondence between
lower level problems breaks down if F' is not the partial gradient of a function with
respect to y. Since problem (1) includes problems that are not classical bilevel pro-
gramming problems, we call problem (1) a generalized bilevel programming problem
(GBLP). The problem has been studied under the name “mathematical programs
with equilibrium constraints” by other authors (see [12] and [19]).

In this paper we assume that

Ux) ={y € R™: c(z,y) <0},

where ¢ : R"™™ — R? is a function. Throughout this paper we assume that f,c, and
F are continuous. Under these assumptions, it is known [12, Lem. 1] that the solution
set S(x) of the variational inequality with parameter x is closed. Refer to [12] for the
results on the existence of solutions for GBLP and CBLP.

Reducing a (generalized or classical) bilevel programming problem to a single level
optimization problem is a useful strategy from both theoretical and computational
points of view. There are several equivalent single level formulations for the GBLP.
The Karush-Kuhn—Tucker (KKT) approach is to interpret the variational inequality
constraint y € S(x) with y being a solution of the following optimization problem:

minimize (F(z,y), z) subject to z € U(x),

and to replace this minimization problem by its KKT necessary optimality conditions.
These conditions are also sufficient if the feasible region U(z) is convex. Assuming
that U(x) is convex, ¢(x,y) is differentiable in y and one of the usual constraint qual-
ifications, such as the Mangasarian—Fromowitz, condition is satisfied by the system of
constraints ¢(z,y) < 0 in terms of variable y at a feasible point (z*,y*). Then (z*,y*)
is a solution to the GBLP if and only if there exists u* € R? such that (z*,y*,u*) is
a solution to the following problem:

KS minf(z,y)
s.t. F(z,y) + Vyc(z, u=0,
() (u, el ) = 0,
u>0,c¢(z,y) <0,
re X,ye R™.
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To handle general GBLPs and CBLPs where U(x) may or may not be convex,
the value function and the gap function can be used to derive equivalent single level
problems. Consider the CBLP. Define the value function V(z) : X — [—o00, 00| by

(5) V(x) := inf{g(z,y) : y € U(x)}.

Then, for any z € X, we have

(6) g(x,y) —V(z) >0Vy € U(x), and g(z,y) — V(z) =0 if and only if y € 3(x).
Thus, CBLP is equivalent to the following single level optimization problem:

VS minf(x,y)
() <0,
r e X,y€e R™.

Following [14] and [25], define the gap function Go(z,y) : X x R™ — [—00, 0] by
(8) Go(z,y) == sup{(F(z,y),y — 2) : z € U(2)}.

It is easy to see that, for any x € X,

(9) Go(z,y) > 0Vy € U(x) and Go(z,y) =0 if and only if y € S(z).
Hence GBLP is equivalent to the following single level optimization problem:

GS minf(z,y)
(10) s.t. Go(x,y) =0,
c(z,y) <0,
re X, yeR™,

Using the single level equivalent formulations KS, VS, and GS (see (4), (7), and
(10)), one can derive Fritz John-type necessary optimality conditions for the origi-
nal GBLP or CBLP. (See, e.g., [30] for the derivation of Fritz John-type necessary
optimality conditions for CBLP.) In deriving Kuhn-Tucker-type necessary optimal-
ity conditions, however, we need to find constraint qualifications. Unfortunately,
the usual constraint qualifications such as the Mangasarian—Fromowitz condition,
never hold for problems VS and GS. To see this, for convenience, we assume that
U(x) = R™, X = R" and that g(z,y),V(x), and Go(z,y) are Lipschitz continuous.
Now suppose that (z*, y*) is a solution of GBLP. Then (6) and (9) imply the inclusions
0 € d(g(z*,y*)—V(x*)) and 0 € IGy(z*,y*), respectively. These imply that there al-
ways exist abnormal multipliers for problems VS and GS. This is equivalent to saying
that the Mangasarian—Fromowitz condition will never hold (see, e.g., [30, Prop. 3.1]
for the equivalence). This phenomenon is intrinsic in bilevel problems. Even when
using the KKT approach, the usual constraint qualifications will never hold for KS as
long as the lower level problem is constrained. The following is a precise statement
of this fact.

PROPOSITION 1.1. Let (z*,y*,u*) be a solution of KS. Suppose that I := {0 <
i <d:c¢(z*,y*) = 0} # 0. Then the Mangasarian—Fromowitz condition does not
hold at (z*,y*, u*).
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Proof. The complementary slackness condition (4) implies that u} =0 Vi € I¢ :=
{0 <i<d:e¢z*,y*) #0}. So

ci(z®,y*) =0, iel
and
—u; =0, iel
are active constraints for KS at («*, y*,u*). Set

Ei(m7y7u) = Ci(xay)a

¢i(z,y,u) = —uy,
and
h(z,y,u) = (u, c(z,y)).

Suppose that there exists a vector v € R**™*% such that

n+m
(v, Ve (2%, y*,u*)) = Z v;Vci(z™,y*) <0Viel
j=1
and
<U7V/C\i($*7y*,u*)> = —Ungm+i < 0Vie Ica

where Vc;(z,y) denotes the gradient of ¢; with respect to the jth component of the
vector (x,y). Then

(v, VR(z",y", u"))

n+m
= Zm Z vjVjci(x*,y*) + Z vn+m+i0i(x*,y*) < 0.
iel  j=1 iele
Thus, the Mangasarian—Fromowitz condition cannot hold at (z*, y*, u*). 0

The difficulty here is obviously due to the equality constraints (4), (7), and (10),
which reflect the bilevel nature of the problem.

The partial calmness condition is identified in [30] as an appropriate constraint
qualification for problem VS. It is also proved that the existence of a uniformly weak
sharp minimum is a sufficient condition for partial calmness, and a parametric linear
lower level problem is always partially calm.

Recently, using the theory of exact penalization for mathematical programming
problems with subanalytic constraints and the theory of error bounds for quadratic
inequality systems, Luo et al. [19] successfully derived various penalty functions for the
single level equivalent mathematical programming problem KS. By using the theory
of parametric normal equations, Luo et al. [19] also obtained some necessary and
sufficient stationary point conditions for GBLP.

In this paper we use the uniform parametric error bound as a tool to establish
(local or global) exact penalty formulations of several single level mathematical pro-
gramming problems (including KS, VS, and GS) that are equivalent to GBLP. Since
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the exact penalty formulations move the troublesome equality constraints (4), (7),
and (10) to the objective function, we can get Kuhn—Tucker-type necessary optimal-
ity conditions under the usual constraint qualifications. The concept of a uniform
parametric error bound generalizes the uniformly weak sharp minimum defined in
[30]. Thus, the uniform parametric error bounds derived in this paper provide many
more exact penalty formulations than those in [30] for VS. Using the uniform para-
metric error bound as a tool, the conditions we derived in this paper are very general
and distinct (cf. Theorem 6.5) from the ones derived in [19].

The paper is arranged as follows. In the next section we introduce uniform para-
metric error bounds and show that they provide local and global exact penalty for-
mulations of GBLP. In section 3, we discuss several useful uniform parametric error
bounds. Kuhn—Tucker-type necessary optimality conditions for problem GBLP associ-
ated with various uniform parametric error bounds are derived in section 4. In section
5, the relationships between various uniform parametric error bounds are discussed
and some examples are given showing that the various equivalent single level opti-
mization formulations with uniform parametric error bounds and their corresponding
necessary optimality conditions complement each other. In section 6, we show that
uniform parametric error bounds can be used to derive exact penalty formulations for
KS.

2. Partial calmness and exact penalization. In this section we introduce
uniform parametric error bounds and show that they are useful in deriving exact
penalty formulations for GBLP.

Consider the following mathematical programming problem:

MP minimize f(x)
subject to  h(z) =0,
9(z) <0,
zeC,

where f : R — R, h: R® — R, g : R — R™ are lower semicontinuous and C' is a
closed subset in R™. The corresponding perturbed problem is

MP(e) minimize fx)
subject to  h(x) =€,
g9(x) <0,
x e,

where € € R. The following definition was introduced in [30].

DEFINITION 2.1 (partial calmness). Let * solve MP. The problem MP is said to
be partially calm at x* provided that there exist constants p > 0,6 > 0 such that, for
all e € 6B and all x € x* 4 6B that are feasible for MP (€), one has

f(@) = f(@") + plh(z)] = 0.

Here B denotes the open unit ball in R™. The constants p and § are called the modulus
and radius, respectively.

The partial calmness condition is similar to, but different from, the calmness
condition introduced by Clarke and Rockafellar (see, e.g., [5]; see also Definition 4.1)
in that only the equality constraint h(x) = 0 is perturbed.

The concept of calmness was shown to be closely related to “exact penalization”
in [5, Prop. 6.4.3]. More precisely, if 2* is a local solution of MP and the problem MP
is calm at z*, then z* is a local solution for a penalized problem. In the following
proposition we show that the concept of partial calmness is equivalent to local exact
penalization.
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PROPOSITION 2.2. Assume that f is continuous. Suppose x* is a local minimum
of MP and MP is partially calm at x*. Then there exists u* > 0 such that x* is a
local minimum of the following penalized problems for all p > p*:

MP,, minimize  f(x) + plh(x)]|
subject to  g(x) <0,
zeC.

Any local minima of MP,, with > p* with respect to the neighborhood of x* in which
x* s a local minimum are also local minima of MP.

Proof. Suppose that z* is a local minimum of MP but not MP,, for any p > 0.
Then, for each positive integer k, there exists a point z; € z* + (1/k)B C C and

g(xr) < 0 such that

(11) f(ze) + Elh(ze)| < f(27).

Since z* is a local minimum of MP, the above inequality implies that |h(zx)| > 0.
Therefore,

F@) = flar).

(12) 0 < [h(zp)] < %

Taking the limit as k goes to infinity in (12), one has
|h(zk)] — 0 as k — oc.

But then the inequality (11) contradicts the hypothesis that MP is partially calm at
x*. Thus for some p* > 0, * must be a local minimum of MP,,-

It is obvious that a local minimum of MP,- must be a local minimum for MP,,
whenever p > p*.

Conversely, let © > p* and z, be a local minimum of MP,, in the neighborhood
of * in which z* is a local minimum. Then

flxy) + plh(z,)| = f(z¥) since z* is a local minimum of MP,,,
1 . . « .
< flap) 4 (b)) sinee ) (utpt) >
which implies that

(1 — 1) h(,)] < 0.

Therefore, h(x,) = 0, which implies that z, is also a local minimum of MP. O
Remark 2.3. Notice that in the above result, no continuity assumption is required
for the function h(z). When the function h is continuous, it is easy to see that if MP
is partially calm at a solution z* of MP with modulus p and radius €, then there
exists a & < & such that z* is a §-local solution to the penalized problem MP,; i.e.,

f(@) + plh(z)| > f(@*) VoeCst g(z) <0,z €x*+6B.

Therefore, in our definition of partial calmness, the restriction on the size of per-
turbation € € 6B can be removed when h is continuous, and it then corresponds to
the definition of calmness given by Burke [2]. Furthermore, the infimum of p* in
Proposition 2.2 can be taken as the modulus of partial calmness.
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For any = € X,y € R™, define the parametric distance function

ds()(y) == nf{[ly — 2 : z € S(z)}

to be the distance from the point y to the set S(z). The GBLP is equivalent to
a mathematical programming problem involving a parametric distance function con-
straint:

DP minimize f(z,y)
subject to  dg(y(y) =0,
c(z,y) <0,
re X,ye R™

It is known (see [5, Prop. 2.4.3]) that if the objective function of a constrained
optimization problem is Lipschitz continuous then the distance function is an exact
penalty term. In what follows, we extend this result to the mathematical programming
problem with variational inequality constraints, GBLP. The constraint implied in the
parametric distance function is, in fact, in the lower level decision variable. It is
natural that we only need to assume that the objective function is locally Lipschitz
in the lower level decision variable uniformly in the upper level decision variable to
prove the exact penalty property of the parametric distance function. We need the
following definition.

From now on we shall use N(z) to denote a neighborhood of z.

DEFINITION 2.4. Let (z*,y*) € R*™™. The function f(z,y) is said to be locally
Lipschitz near y* uniformly in x € N(z*) if there exists L > 0 and a neighborhood
N(y*) of y* such that

|f(z,y) = flx,y)l <Lly —yl  Vy',y e Ny*),z € N(z").

The following result generalizes Proposition 2.4.3 of Clarke [5] to GBLP. We omit
the proof of the global result, since it is essentially the same as the local one and the
converse part of the proof in Proposition 2.2.

THEOREM 2.5. Let (z*,y*) be a local solution of problem DP. Assume that f
is locally Lipschitz near y* uniformly in x on a neighborhood of x* with constant L.
Then problem DP is partially calm at (z*,y*) with modulus L.

Furthermore, let (z*,y*) be a global solution of GBLP and assume that f(x,-) is
Lipschitz continuous in y with constant L > 0 uniformly for all x € X. Then (z*,y*)
is a global solution of the penalized problem

DP, minimize  f(x,y) + pdsz)(y)
subject to  c(xz,y) <0,
reX,ye R™

for any i > L, and any other global solution of DP,, for any p > L is also a global
solution of GBLP.

Proof. Let 6 > 0 be such that (z*, y*) is a local solution of DP in (z*,y*)+26B C
X xY. Forany 0 < e < 8, let (x,y) € (x*,y*) + 6B be feasible for DP,; i.e.,
ds)(y) = € and c(z,y) < 0, (x,y) € (z*,y*) + 6B. Since S(z) is closed, one can
choose a y' € S(z) such that ||y’ — y|| = €. Since (z,y’) is feasible for DP and

1(z,y") = @ ) < [[(z,y") = (@9 + [[(z,y) — (=" y7)]|
<e+6 <26,

we have

(13) flz,y) > fla*,y").
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Since f(z,-) is locally Lipschitz near y*,

(14) f(xa y) - f(xay/) > —Le.

Combining (13) and (14) yields

fle,y) = f(2",y") + Le > 0;

i.e.,, DP is partially calm at (z*,y*) with modulus L. O

Theorem 2.5 shows that the distance function provides an exact penalty equivalent
formulation for GBLP under very mild conditions. However, the parametric distance
function is usually an implicit nonsmooth function of the data in the original problem.
It is difficult to compute or estimate its Clarke generalized gradient.

To overcome this difficulty, we shall use the parametric distance function dg,)(y)
establishing some equivalent exact penalty formulations of GBLP. These equivalent
formulations have penalty functions with computable Clarke generalized gradients.

We call a function r(z,y) : R*™™ — R a merit function provided

(15)  r(x,y) >0 VY(x,y) € GrU and r(z,y) =0 if and only if (z,y) € GrS.

A merit function is called a uniform parametric error bound for the inclusion y € S(z)
with modulus 6 > 0 in the set () C GrU if it satisfies

(16) dS(z)(y) < (ST(.Q?,Q) V(m,y) € Q
A merit function provides the following equivalent formulation of GBLP:
RP minimize flx,y)
subject to  r(z,y) =0,
c(z,y) <0,
reX,ye R™
Its corresponding penalized problem is
RP, minimize flx,y) + pr(z,y)
subject to  ¢(z,y) <0,
re X,ye R™.

Next we show that if r(z, y) is a uniform parametric error bound and f is Lipschitz
near y* uniformly in z, then there exists i > 0 such that the problem RP,, is an exact
penalty equivalence of RP. As in Theorem 2.5 we omit the proof for the global result.

THEOREM 2.6. Let (z*,y*) be a local solution of problem GBLP and r be a
uniform parametric error bound with modulus & > 0 in a neighborhood of (x*,y*).
Suppose that f is locally Lipschitz near y* uniformly for all x in a neighborhood of x*.
Then there exists p* > 0 such that (z*,y*) is a local solution of the penalized problem
RP,, for all p > op* and any local solution to RP, with p > ou* with respect to the
neighborhood of (x*,y*) is also a local solution to RP.

Furthermore, let (z*,y*) be a global solution of GBLP and r be a uniform para-
metric error bound in GrU. Assume that f(x,-) is Lipschitz continuous with constant
L > 0 uniformly for all x € X. Then (z*,y*) is a global solution of RP, for all
> 6L, and any other global solution of RP,, for all p > 6L is also a global solution
of GBLP.

Proof. Being a local solution of GBLP, (z*,y*) is also a local solution of DP. DP
is partially calm by Theorem 2.5. Thus, by Proposition 2.2, there exists a u* > 0
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such that (z*,y*) is also a solution to DP .. Hence, for all (z,y) in a neighborhood
of (z*,y*) which are feasible for RPgs,«, one has

f@®,y") +op™ -r(x®,y*) = f(a*,y") + 1" - ds@~(y") since y* € S(z*),
< f(5,y) + 1" sy () since (7,57 solves DP,.,
< flz,y) + 6u* - r(x,y) by inequality (16).

Therefore, (z*,y*) is also a local solution of RPs,+. The proof for the converse is
similar to that of the converse part of Proposition 2.2. 0

Remark 2.7. As in Remark 2.3 when the uniform parametric error bound r is
continuous, the constant p* in Theorem 2.6 can be taken as the modulus of partial
calmness, which is the Lipschitz constant of f(x,-) by virtue of Theorem 2.5.

Sometimes a uniform parametric error bound is not nicely behaved but its square
is; e.g., \/ || is not Lispchitz continuous near 0 but |z| is. Therefore, we are interested
in the following formulations which are equivalent to GBLP when r(z,y) is a merit
function.

RSP minimize f(z,y)
subject to  r2(x,y) = 0,
c(z,y) <0,
ze X,ye R™
Its penalized problem is
RSP, minimize f(z,y) + pr?(z,y)
subject to  ¢(z,y) <0,
re X,ye R™.

Although the penalty term r2(z,y) might be better behaved, it is smaller than 7(x,y)
for all (z,y) that are close to (z*,y*). Hence, to formulate an equivalent exact penalty
formulation for the problem RSP, one needs to impose a stronger condition on f. The
following definition gives such a condition.

DEFINITION 2.8. Let ©g € X. The mapping f(z,y) : R* Xx R™ — R is up-
per Hélder continuous with exponent 2 near every y € S(x) uniformly for x in a
neighborhood of x¢y provided there exists L > 0 such that

f@y) = flzy) > =Ly —yl> VY € N(y),y € S(z),x € N(x).

The constant L is called the modulus.

We prove that r%(z,y) provides an exact penalty formulation for GBLP if 7(x, %)
is a uniform parametric error bound and f is upper Holder continuous with exponent
2 near every y € S(x) uniformly in z in a neighborhood of z*.

THEOREM 2.9. Let (z*,y*) be a local solution of the problem RSP. Assume that
r is a uniform parametric error bound with modulus 6 in a meighborhood of (z*,y*)
and that f is upper Hélder continuous with exponent 2 and modulus L > 0 near every
y € S(x) uniformly in x in a neighborhood of x*. Then (xz*,y*) is a local solution
of the penalized problem RSP, for all p > 6°L, and any local solution to RSP, with
w > 6%u* in the neighborhood of (x*,y*) is also a local solution to RSP.

Proof. Let o > 0 be such that (z*,y*) is a local solution of RSP in (x*,y*) +
a(6+1)BC X xY. Forany e, 0 < €2 < a, let (z,y) € (2*,y*) + aB be such that
r2(z,y) = ¢, c(x,y) < 0. Since S(x) is closed, one can choose y'(z) € S(x) such that
ly — v (@)|| = ds@)(y) < or(z,y) = Se2. Since (z,y/(z)) is feasible for RSP and

)

Iz, 9 (@) — (", ") < (2,9 (@) — (2, )] + [z, y) — (=", y7)
<éber +a<a(b+1),
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we have
flz,y' () > f(2",y").
Therefore

flx,y) — fa",y")
> f(x,y) — f(z,y'(x)) by optimality of (z*,y"),

> Ly -9 (2)? by upper Holder continuity of f,

= —L(ds() (),

> —L&%r*(z,y) since r(x,y) is a uniform parametric error bound,
= —L&%

i.e., RSP is partially calm at (z*,y*) with modulus 6°L. The rest of the proof is
similar to the converse part of Proposition 2.2. a

3. Some uniform parametric error bounds. In this section we discuss some
useful uniform parametric error bounds. We start with two definitions.

DEFINITION 3.1. Let Q C R™. A mapping F(x,y) : R™ X R™ — R™ is called
strongly monotone with respect to y uniformly in x € Q with modulus p > 0 provided

(F(o,y) — F(z,2),y — 2) > plly — 2|* Vy,z € U(z),z € Q.

DEFINITION 3.2. Let Q C R™. The mapping F(z,y) : R* x R™ — R™ is called
pseudostrongly monotone with respect to y uniformly in = € Q with modulus p > 0
provided

(F(z,y),2 —y) 20 dmplies (F(z,2),z —y) > pllz — y||* Vy,z € U(z),2 € Q.

3.1. Uniformly weak sharp minima for the lower level optimization
problem.

DEFINITION 3.3 (see [30]). A family of parametric mathematical programming
problems {(Py) : © € X} as defined in (3) is said to have uniformly weak sharp
minima in Q C GrU if there exists an 6 > 0 such that

(17) ds(2)(y) < 6(g9(z,y) = V(x)) Y(z,y) € Q,

where X(x) is the solution set of the lower level optimization problem P,. The constant
6 s called the modulus of the uniformly weak sharp minima.

By virtue of (9), g(z,y) — V() is a merit function. When ¥(z) = S(z) (e.g.,
when U(x) is convex, g(z,y) is pseudoconvex and differentiable in y), g(z,y) — V(z)
is obviously a uniform parametric error bound.

The next result follows easily from a result about regular points due to loffe
(Theorem 1 and Corollary 1.1 of [8]).

PROPOSITION 3.4. Let (z*,y*) be an optimal solution of the CBLP. Suppose that
g(x,y) is Lipschitz continuous in y uniformly in v € X with constant Ly > 0. Assume
that there exist o > 0 such that for any (z,y) € GrU satisfying y € S(x) and any

§€oyg(x,y), n€ (Lyg+1)0dgq)(y) (orn € Ng@y(y)),

1€ +nll > o
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Then

ds(z)(y) < (1/0)(9(x,y) — V(x)) V(z,y) € GrU.

Consider the bilevel programming problem where the lower level problem is the
following parametric quadratic programming problem:

. 1
QP, ming(z,y) := {y, Px) + v, Qy) + p'z + ¢’y
st.yeQ, ={yeY:Azx+ By —b<0}.

Here Q € R"™ ™ is a symmetric and positive semidefinite matrix, p € R", ¢ € R™,
P € R™*"™: A and B are d x n and d x m matrices, respectively, and b € R?.

The next proposition gives a sufficient condition for the family of parametric
quadratic programming problems {QP, : x € R"} to have uniformly weak sharp
minima.

PROPOSITION 3.5. Assume that there exists a constant M > 0 such that for all
(x,y) € GrS, every element z of (N(y,) + span(Vyg(z,y))) N B can be expressed
as

z=nVyg(,y) +¢,
where |n] < M and ¢ € N(y, Q). Assume
(18) ker(Vyg(x,9))" C span(Vyg(z,9)) + N(y, Q) VY (2,y) € GrS
or, equivalently,
(Vyg(@, 9) NT(y, Q) C ker(Vyg(z, 7)) V (z,y) € G,

where § is any element in S(x), At := {y € R™ : (y,x) = 0 Vz € A} denotes the
subspace perpendicular to A, span(d) represents the subspace generated by the vector
d, T(y,C) is the tangent cone to the set C' at y, and ker(A) is the nullspace of the
matriz A. Then {QP, : © € X} has uniformly weak sharp minima.

Before proving the above result we first state the following description of the
solution set of a convex program given in Mangasarian [21].

LEMMA 3.6. Let S be the set of solutions to the problem min{g(y) : y € Q} where
g: R" — R is a twice continuously differentiable convex function and € is a convex
subset of R"™. Let g€ S. Then

S={yeQ:Vyg(y) =Vg(y),(Vg(y),y — y) = 0}.

It follows that for QP,, the solution set S(x) is
S(x) = N{y: (Vyg(z.5),y —§) =0} N{y : Vig(z,§)(y — y) = 0}.
Since 2, is a polyhedral one has
(19) T(y, S()) = T(y, ) N (Vyg(x,§))" Nker(Vig(x, 7))

by virtue of Corollaries 16.4.2 and 23.8.1 of Rockafellar [28].
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Proof of Proposition 3.5. By virtue of Theorem 2.6 of Burke and Ferris [4], it
suffices to show that for all x € X,y € S(x), there exists an o > 0 such that

92(@,y;d) > a|d]| Vd € T(y,Q) N N(y, S(x)),
where g4 (z,y; d) is the directional derivative of g with respect to y in the direction d.
Note that (19) and (18) imply that
N(y,S(z)) = N(y, ) + span(Vyg(z, 5)) + ker(Vyg(z, )™
= N(y, Q) + span(Vyg(z, 7).
Since d € T(y, ;) N N(y, S(z)), one has
ldll = sup{(z(x),d) : z2(x) € BN N(y,S(x))}

< sup{(nVyg(z,9) +&,d) : [n| < M, & € N(y, Q)}

< M(Vyg(x,9),d) = M(Vyg(x,y),d) = Mgs(x,y; d).
The first inequality follows from the assumption, and the second equality follows from
Lemma 3.6. Setting a = 1/M completes the proof. 0

The following bilinear programming problem with parameter z is a special case
of QP,.

BLP, min(y, Pz) + p'z + ¢’y
s.t. Ax+ By —b <0,
y € R™.

Proposition 3.5 has the following simple consequence.

COROLLARY 3.7. The bilinear programming problem BLP, has a uniformly weak
sharp minima if there exists a constant M > 0 such that for all (z,y) € GrS, every
element z of (N(y,Q) + span(Pzx + q)) N B can be expressed as

z=n(Px+q)+¢&

where |n| < M and £ € N(y, Q).

The following example shows that the assumption in Corollary 3.7 cannot be
omitted.

Ezxample 3.8. Consider the problem

minz + y
st. 0<z <1,y €argmin{—zy:x+y—1<0,y >0}.

The solution set of the lower level problem is

{01 ifz=o0,
S(x)_{l—x if0<z <L

The value function of the lower problem is

0 if x =0,
V(x)_{ —z(l—z) if0<z<l

It is easy to check that the assumption in Corollary 3.7 is not satisfied and there is
no uniformly weak sharp minimum. In fact, if we replace the constraint 0 < z <1 by
0 < e <z <1, then the assumption in Corollary 3.7 is satisfied, and uniformly weak
sharp minima exist.
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3.2. A standard gap bound. Consider a parametric variational inequality
with nonseparable and linear constraints, i.e.,

(20) U(x) = {y € R™|c(x,y) = Ax + By —b < 0},

where A and B are d x n and d x m matrices, respectively, and b € R?. In this
case, Vg € X, yo € U(xp) solve the variational inequality with parameter xg (see
(2)) if and only if there exists \g € R? such that (zo,yo, \o) satisfies the following
complementarity system:

F(x0,y0) + B" o = 0,
(Azo + Byo —b)TAg =0,
AIQ+By0 —bSO,)\O > 0.

If the gradients of the binding constraints in the variational inequality (2) at (zo, yo),
i.e., those Vy¢;(zo,y0) such that ¢;(xo,y0) = 0,5 € {1,2,...,d}, are linearly indepen-
dent, and the strict complementarity condition

(21) Aoi >0 <= Ci(.’lio,y()) =0, Vi € {1,2,...,d}

holds, then the variational inequality (2) with parameter = has a unique solution y(x)
for all z in a neighborhood of g, and the above complementarity system has a unique
solution (y(z), A(z)) for all z in a neighborhood of zy. Furthermore, the functions
y(x) and A(z) are Lipschitz continuous, and the strict complementarity condition (21)
is satisfied in a neighborhood of zy (see, e.g., Friesz et al. [10]).

The following result due to Marcotte and Zhu [25] shows that the gap function
defined by (8) can serve as a uniform parametric error bound under certain conditions.

PROPOSITION 3.9. Assume that X is a compact, convex subset of R" and U(x)
defined as in (20) is compact. Let the mapping F be strongly monotone with respect
to y uniformly in x € X, and let V,F be Lipschitz continuous in y uniformly in x.
Suppose xog € X. If the linear independence and strict complementarity conditions
hold at yo = y(xo), then there exists a constant 6 > 0 and a neighborhood of (xo,yo)
such that

ds@)(y) < 6Go(z,y)  Y(x,y) € GrU N N(xo,%0)-

Now we consider a parametric variational inequality with separable and linear
constraints; i.e., U(z) = {y € R™|By < b} is a convex polyhedron. In this case we
can weaken the assumptions of Proposition 3.9.

We need the following definition due to Dussault and Marcotte [7].

DEFINITION 3.10. Let F be a continuous, monotone mapping from a convex
polyhedron X C R™ into R™ and denote by VIP(X,F) the variational inequality
problem associated with X and F'; i.e., find x* in X such that

VIP(F, X) (F(z%), 2" —z) <0 for all x in X.

We say that VIP (F, X ) is geometrically stable if, for any solution x* of the variational
inequality, (F(x*), x* —x) = 0 implies that x lies on the optimal face, i.e., the minimal
face of X containing the (convez) solution set to VIP (F, X ).

The following result due to Marcotte and Zhu [25] gives a useful error bound.
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PROPOSITION 3.11. Assume that X is a convex polyhedron, U(x) = {y : By—b <
0} is compact, and the mapping F is strongly monotone with respect to y uniformly
imx € X. Let xg € X and assume that there exists a neighborhood of xg such that
VIP(F(z,-),Y) is geometrically stable inside that neighborhood. Then there exist some
neighborhood N (xg) of xg and a positive number § > 0 such that

ds(z)(y) < 0Go(z,y) Vy € U(z),z € N(zo).

3.3. A square root standard gap bound. The following result gives a uni-
form parametric error bound in terms of the square root of the gap function Gy.

PRrROPOSITION 3.12. Assume that the mapping F is pseudostrongly monotone
with respect to y uniformly in x € N(xo) with modulus p. Then one has

dsin)(y) < {j‘ VGolz,y)  VyeU(x).z € N(xo).

Proof. Let y(x) € S(x). Then, by the definition of S(x), one has

(Fz,y(x)),y —y(x)) 20 vy e U(x).

Since y(z) € U(x), it follows from the pseudostrong monotonity of F' and the definition
of Gy that, for all z € N(xo) and y € U(x), one has

plly(@) —ylI* < (Fz,y),y —y(x)) < Golx,y),
from which the result follows readily. a

3.4. A square root differentiable gap bound. Recently, Fukushima [11] gave
an optimization formulation of a variational inequality based on the differentiable gap
function defined as

1
22 Ga ) = F ) Y T - - z ’
(22) (@) = max {(Fidy =2 = 5 o213}
where o > 0 is a given constant, || - ||as denotes the elliptic norm in R™ defined by

lzllas = (2, Mz)2, and M is a symmetric positive definite matrix. It is easy to see
that the differentiable gap function G, satisfies condition (15). The following result
gives a uniform parametric error bound based on v/G,.

PROPOSITION 3.13. Suppose U(x) is conver and xg € X. Let the mapping F be
pseudostrongly monotone with respect to y uniformly in x € N(xg). Then there exists
6 > 0 such that

ds()(y) < 6y/Ga(z,y)  Vy€U(x),x € N(w).

Proof. Let y(z) € S(z). Then, by the definition of S(z), one has

(F(z,y(2),y —y(x)) =20  VyeU(x).

Since y(x) € U(x), it follows from the pseudostrong monotonity of F' that, for every
x € N(xg) and y € U(x),

(F(z,y),y —y(x)) > plly — y()[.
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Let y¢ = y + t(y(z) — y) for ¢t € [0,1]. By the convexity of U(x), y; € U(x) for any
y € U(x). It follows from the definition of G, (x,y) (see (22)) that

Galw,9) 2 (Fa,y)y— 9 — o Iy~ wilis
= UE G y)y—y@) — oy -yl

t2|| M
> (0= "0 ) Iy = vl

Letting ¢ = min{1, H%LH} gives

Ga(,y) = olly — y(@)|I*,

where

A
ap ifM§||QH~

_ My e, > 1M
U_{<u22a>1u_ :
2™l

This proves the result. d

3.5. A projection bound. The following projection characterization of y €
S(x) is well known (see, e.g., [15]).

LEMMA 3.14. An arbitrary vector y € Y is a solution of the variational inequality
with parameter x if and only if it satisfies

h(z,y) =y — projy () (y — F(z,y)) =0

where projy () (2) is the orthogonal projection of a vector z onto the set U(x).

It follows from the above lemma that any vector norm of h(x,y) satisfies condition
(15). The following result is a parametric version of [27, Thm. 3.1]. The proof is
omitted since it is essentially the same as that of [27, Thm. 3.1].

PROPOSITION 3.15. Let g € X. Assume that the mapping F is strongly mono-
tone with respect to y uniformly in N(x¢) with modulus p, and F is Lipschitz contin-
uous in y with constant Ly > 0 uniformly in x € N(x¢). Then we have

(23) ds(2)(y) < (Lr +1) /)M, y)| Yy e U(z),z € N(z).

Remark 3.16. An important special case of GBLP is one where F(x,y) = Qx +
My+qand U(x) = R, the nonnegative orthant in R™. In this case, finding a solution
y € R™ to the parametric variational inequality (1) reduces to the parametric linear
complementarity problem of finding a y € R™ satisfying

y=0,Qe+My+q=0,{y,Qr+ My+q) =0.
The uniform projection error bound holds when M is a P-matrix (see Mathias and

Pang [24]) and when M is an Rp-matrix. (See Mangasarian and Ren [23] and Luo
and Tseng [18].)
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4. Kuhn—Tucker-type necessary optimality conditions. In this section we
derive Kuhn-Tucker-type necessary optimality conditions for GBLP.

Without loss of generality, we assume in this section that all solutions of the
mathematical programming problems lie in the interior of their abstract constraint
sets.

First we give a concise review of the material on nonsmooth analysis. Our refer-
ence is Clarke [5].

Consider the following mathematical programming problem:

P minimize o(z,y)
subject to c(z,y) <0,
rzeX,ye R™
The corresponding perturbed problem is
P(a) minimize o(z,y)
subject to c(z,y) +a <0,
re X,ye R™,

where ¢(x,7) : R*™™ — R and c(x,y) : R"*™ — R are locally Lipschitz near the
points of interest.

DEFINITION 4.1 (calmness). Let (x*,y*) solve P. Problem P is calm at (z*,y*)
provided that there exist & > 0 and p > 0 such that for all a« € 6B, for all (x,y) €
(x*,y*) + 6B which are feasible for P(a), one has

o(x,y) — o(z*,y") + pllall > 0.

DEFINITION 4.2 (abnormal and normal multipliers). Let (z,y) be feasible for P.
Define M°(x,vy), the set of abnormal multipliers corresponding to (x,vy), as the set

MO(z,y) :={s € R*: 0 € dc(x,y) " s,5 >0, (s,c(z,y)) = 0}.
Define M (x,y), the set of normal multipliers corresponding to (x,y), as the set
M (2,y) = {s € R : 0 € 9p(y) + dec(a,y) 5,5 = 0, (s, c(w,y)) = O}.

Remark 4.3. A sufficient condition for P to be calm at (z*,y*) is M%(z*,y*) =
{0}. M°(z*,y*) = {0} if and only if the Mangasarian-Fromowitz conditions are
satisfied [30].

PrOPOSITION 4.4 (Kuhn-Tucker Lagrange multiplier rule). Let (x*,y*) solve
P. Suppose ¢,c are locally Lipschitz near (z*,y*) and problem P is calm at (x*,y*).
Then there exists s > 0 such that

0 € dp(z*,y*) + dc(z*,y*) s
and

0= (s,c(z”,y%))-

The following theorem gives a necessary condition for optimality when an error
bound r(z,y) is explicitly known.

THEOREM 4.5. Let (z*,y*) be a solution of problem GBLP. Let r(x,y) be a uni-
form parametric error bound in o neighborhood of (x*,y*) and RP,, be the associated
penalized problem of RP, where yu > 0. Assume that f and r are locally Lipschitz near
(z*,y*) and the associated penalized problem RP, is calm at (x*,y*). Then there
exists a nonzero vector s > 0 such that

0 € df(z*,y") + por(z*,y*) + dc(z*,y*) s
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and

0= (s,c(z",y")).

Proof. By Theorem 2.6, (z*,y*) is also a solution of the associated penalized
problem RP,,. The result follows from Proposition 4.4. d

However, in many cases, uniform parametric error bounds are implicit functions
of the original problem data. The useful uniform parametric error bounds derived in
section 4 involve the class of marginal functions or value functions. In order to derive
necessary conditions in these cases, one must first study the generalized differentia-
bility of marginal functions.

Consider the following parametric mathematical programming problem:

P, minimize o(a,y)
subject to cla,y) <0,
y € R™.

We assume that for problem P, the functions ¢ and c are locally Lipschitz near the
point of interest yo € R™. Let y be feasible for P,. Define

M2(y): ={r € R*:0 € dyc(a,y) ", (m,c(a,y)) = 0,7 > 0},
Mg(y) : = {m € R*: 0 € 9y¢(cv,y) + dyc(a,y) ', (7, c(a,y)) = 0,w > O}

Let W(a) = inf{¢(a,y) : ¢(o,y) < 0,y € Y}. The following result is an easy conse-
quence of Corollary 1 of Theorem 6.5.2 of Clarke [5].

PROPOSITION 4.6 (generalized differentiability of marginal functions). Let £, be
the solution set to problem P, and suppose it is nonempty. Suppose MSO (Za,) = {0}.
Then W («) is Lipschitz near o, and one has

OW (ag) C cleo{0nd (o, y) + Onc(ao, y)TW TY E Xg,, T E Mio (y)},

where clcoA denotes the closed convex hull of the set A.

Set Go(z,y) = —min{(F(z,y),z —y) : c(z,z) < 0,z € R™}. The parameter
here is o = (z,y). Let X(, ,) denote the set of vectors at which Gy(z,y) attains the
maximum. By Proposition 4.6, one has the following result.

PROPOSITION 4.7. Suppose M(Oa;*,y*)(z(r*,y*)) = {0}. Assume that f,F, and c
are locally Lipschitz near (x*,y*) and that OF (x*,y*) C 0,F (z*,y*) x 0,F(z*,y*).
Then Go(z,y) is Lipschitz near (x*,y*) and one has

Gy (z*,y")
C co{ (e F(a*,y") " (y* —y) — Ouc(a™, y) 'm0y F(a*,y") " (y* —y) + F(z*,y%)) :
Y € S(ar gy T € My oy (1)},
where

M(Oz*’y*)(y) ={r e R*:0€ dye(z*,y) 7, >0, (m, c(z*,y)) = 0},

M(lx*ﬁy*)(y) ={reR':0e F(z*,y*) + ayc(x*,y)Tﬂ,ﬂ >0, (m, c(z*,y)) = 0}.

Combining Proposition 4.7, Remark 4.3, and Theorems 2.6, 2.9, and 4.5, one has
the following result.

THEOREM 4.8. Suppose f, F, and ¢ are C1. Let (z*,y*) be a solution of GBLP.
Assume either of the following assumptions is satisfied:
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o Go(z,y) is a uniform parametric error bound in a neighborhood of (x*,y*).

° \/Go(ZI}', y) is a uniform parametric error bound in a neighborhood of (x*,y*)
and f is upper Holder continuous with exponent 2 near every y € S(x) uni-
formly in x in a neighborhood of x*.

Suppose M(Ow*’y*)(Z(z*’y*)) = {0}. Then there exist p > 0, s € R%, positive integers

LJ, Aij > 0,50 320 g = 1,yi € S(ee ), and 7y € R such that

0= v:cf(x*v y*) + Vgcc(a?*, y*)TS + 1% Z AZ]{VIF($*7 y*)T(y* - yz) - vzc(x*v yi)TT‘-Z‘j}a
ij

0=Vyf(z",y") + Vyela™,y*) Ts+ 1y N Vo F(a*,y") T (y" — vi) + F(a*,y7)},
ij

0= (s,c(z",y")),s 20,

0= F(z*,y") + Vye(z*,y:) " mij,

0 = (mj,c(x™,y:)), mij > 0.

For G, (z,y), the differentiable gap function defined in (22), since y is the unique
solution in the right-hand side of (22), we have ¥, ) = {y}. By Proposition 4.6, one
has the following result.

PROPOSITION 4.9. Suppose f,F, and c are locally Lipschitz near (z*,y*). As-

sume that M(Om*’y*)(y*) = {0}. Then Gq(x,y) is Lipschitz near (x*,y*) and one has

G o (", y*) C {(=0pc(z*,y") ', F(z*,y*)): 7€ M(lgc*’y*)(y*)}7
where
M(lx*’y*)(y*) ={mr e R :0€ F(z*,y*) + dyc(z*,y*) 'm,m > 0, (m, c(z*,y*)) = 0}.

1

Furthermore, if ¢ is a C function and M, () = {7} is a singleton, then Gu(z,y)

is C' and one has
VGal(z,y) = (—Vac(z,y) "7, F(z,y)).

Combining Proposition 4.9, Remark 4.3, and Theorems 2.6, 2.9, and 4.5, one has the
following result.

THEOREM 4.10. Let (z*,y*) be a solution of GBLP. Suppose F is locally Lipschitz
near (z*,y*) and f and ¢ are C' functions. Assume that either of the following
assumptions is satisfied:

o G(z,y) is a uniform parametric error bound in a neighborhood of (x*,y*).
. \/Ga(x, y) is a uniform parametric error bound in a neighborhood of (x*,y*)
and f is upper Holder continuous with exponent 2 near every y € S(x) uni-
formly in x in a neighborhood of x*.
Suppose M(Om* y)(y*) = {0}. Then there exist p >0, s € R?, and m € R? such that
0=Vaf(z*,y") + Voc(z*,y*) Ts — pVue(a®,y") ',
0=V, f(z",y") + Vyela*,y") s + uF (2, y"),
0=(s,¢(z",y")) = 0,5 >0,
O = F(‘T*7y*) + vyc(x*a y*)Tﬂ-v
0= (mc(z*,y")),m>0.

Remark 4.11. To shorten the exposition, we have assumed in Theorems 4.8 and
4.10 that f, F, g, and c are C* functions. However, these theorems can also be stated
without difficulty when f, F, g, and ¢ are merely Lipschitz continuous.



GENERALIZED BILEVEL OPTIMIZATION 499

5. Relationships between various uniform parametric error bounds. In
this section, we study the relationships between various uniform parametric error
bounds. Through illustrative examples we show that various equivalent single level op-
timization formulations with uniform parametric error bounds and their corresponding
necessary optimality conditions complement each other.

The following result is easy to prove.

PROPOSITION 5.1. Suppose that rg and rp are two merit functions that satisfy
the following inequality:

rs (.’I}, ?J) < 6TB (.’I}, y) V(x, y) € GI'U,

for a constant 6 > 0. If rg(z,y) is a uniform parametric error bound, then so is
re(z,y).

Motivated by the above result we now establish certain inequalities and equalities
among various uniform parametric error bounds.

PROPOSITION 5.2.

(1) If the objective function g(x,y) of the lower level optimization problem (3) is
convez and C! (continuously differentiable) in y, then

(24) 9(z,y) = V(z) < Go(z,y).
Furthermore, if the lower level problem is linear, then
9(z,y) = V(z) = Go(z,y).
(2) For GBLP, we have

(25) \/Ga ({)37 y) < \/GO (.’IJ, y)
(3) For (x,y) in a neighborhood of the solution (x*,y*) of GBLP,

(4) For GBLP, we have

(27) 1z, 9)|| < V2Go(x,y).

Proof. (1) Let y(x) € argming,cy(,) 9(z,y). By the convexity of g(z,-) and the
definition of G, we have

Go(z,y) = (Vyg(z,y),y — y(x))
> g(z,y) — g(z,y(x))
= g(z,) — V().
The second assertion follows from the definitions of V(x) and Go(z,y).
(2) This follows directly from the definitions of G, and Gj.
(3) Since Gy is continuous in (z,y) and Go(z*,y*) = 0, Go(z,y) < 1 in a neigh-
borhood of the solution (z*,y*) of GBLP. This implies the result.
(4) Taking o = 1 and M = I the identity matrix in the definition of G, we have

Cr(a,9) = (F(,y).y — o) — )y~ Pl )| > 0,
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where p(z,y) = ProjU(m)(y — F(z,y)). Thus
GO(‘T7 y) <

Y

F(l‘,y), Y= p(x,y)}

Y

v = )P = Iz, )l
The proof is completed. 0

As shown in section 4, one of the major applications of the exact penalty formu-
lation with uniform parametric error bounds is to derive Kuhn—Tucker-type necessary
optimality conditions. For this purpose parametric error bounds must be Lipschitz
continuous (see Theorem 4.5). Among the aforementioned error bounds, Gg, h, and
g — V are Lipschitz continuous under appropriate constraint qualifications on U(x).
The rest are generally not Lipschitz. By virtue of Proposition 5.1, if we have an exact
penalty formulation with a given uniform parametric error bound then a similar ex-
act penalty formulation is also valid, with that error bound replaced by a larger one.
Smaller error bounds generally require stronger conditions. Hence, on one hand, error
bounds G, h, and ¢ —V can be Lipschitz continuous but require stronger conditions.
On the other hand, larger bounds such as v/Gy may not be Lipschitz continuous but
require weaker conditions. In the case when uniform parametric error bounds are not
Lipschitz continuous, Theorems 4.8 and 4.10 show that stronger assumptions, such
as upper Holder continuity on the upper level objective functions, may be required.
Therefore, various error bounds and their equivalent exact penalty representations
complement each other. The following are some illustrative examples.

Ezample 5.3. Consider the following classical bilevel programming problem:

(P1) minz? — 2y
s.t. z €1[0,2] and y € argmin{y® — 22y : y € [0, 22]}.
It is easy to verify that (1,1) is the unique solution of (P1) and assumption (18) does

not hold. Therefore, Proposition 3.5 does not apply and one may suspect that (P1)

does not have a uniformly weak sharp minimum. Indeed, direct calculation shows

that the value function for the lower level problem is V(z) = z?. Using the value

function approach, problem (P1) is equivalent to the following problem:
minz? — 2y
st. (y—x)* =0,
y € [0,2z],z € [0,2].
Here (y — x)? is not an exact penalty term for the above problem, since for any u > 0
(1,y) where y € (1, 2;“) assigns a lower value to the objective function than (1,1) in
the penalized problem

minz? — 2y + p(y — z)?

s.t. y € 10,2z],z € [0, 2].
It is clear that the function F'(z,y) = V,g¢(z,y) = y — x is strongly monotone in y
uniformly for x € R. The standard gap function takes the form

Go(z,y) = z?ﬂ(??z]@ -,y —2)

=y® —ay+ max (y—z,—2)
z€[0,2x]

=y’ —zy—z[(y—z)— |y — ]
=(y—=z)?+zly—az|
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The linear independence and the strict complementarity conditions can easily be ver-
ified at (1,1). Hence, by Proposition 3.9, the gap function Go(x,y) is a uniform
parametric error bound in a neighborhood of (1,1). Indeed, it is easy to see that
(1,1) is also the unique solution of the penalized problem

s.t. y €10,2z],x € [0,2]

for any p > 0.

We now slightly modify the above example to show that the strict complemen-
tarity conditions cannot be omitted from Proposition 3.9.

Example 5.4. Consider the same problem in Example 5.3 with constraints vy, z €
[0, 2z] replaced by y, z € [0, z] and with = € [0, 2] replaced by x € [0, 00).

Again, one can check that (1,1) is the only solution to the problem. However,
the gap function is different. In fact, in this example,

Go(z,y) = max (y —z,y — 2)
z€[0,z]

=y? — 2y + max (y —x, —2)
z€[0,z]

:yQ—xy+x2—xy

=y -
Thus the equivalent single level problem involving the standard gap function is
minimize % — 2y
subject to (y— )% =0,

y€0,z],z € [0,00).
Again, (y — x)? is not an exact penalty term. This is due to the fact that the strict
complementarity condition does not hold at (1,1).

F(z,y) = y — x is strongly monotone; therefore, it is pseudostrongly monotone
with respect to y uniformly for all x € R™. Using Propositions 3.12, 3.13, and 3.15,
the problem has the square root standard gap bound, the square root differentiable
gap bound, and the projection bound. The differentiable gap function associated with
a=1and M = I takes the form

Grtey) = max { =y =2) = (- 2

z€[0,z]
1
=, -2
The projection bound takes the form |h(x,y)| = |y — z|. Indeed, the original problem
is equivalent to the following penalized problem:

s.t. y € [0,z],z € [0, 00),

for all p > 0.

Note that the uniform parametric error bounds for Example 5.4 are all Lipschitz
continuous. We now give an example which has a square root standard gap bound
that is not Lipschitz continuous.

Ezample 5.5. Consider the following classical bilevel programming problem:

min(z — 1)? + 2%(y + 1)?
st. ze[-1,1] and y € argmin{(sin ;Tx) y:y€[-1, 1]} .
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Here (1,—1) is the optimal solution of the problem, and the solution set of the
lower level problem is

1 if —1<z<o0,
S(z)=<¢ [-1,1] ifx=0,
(-1} ifo<z<l.

The standard gap function for the problem is

Go(z,y) = max {Sin ;r:z: (y—2):z¢€ [71,1]}

sinfr-(y—1) —-1<2z<0,
= 0 z =0,
sinfz-(y+1) O0<z<1

™
2

to y uniformly for all # in a neighborhood of 1. By Proposition 3.12, \/Go (z,y) is
an error bound in the neighborhood of (1,—1). However, \/Go (z,y) is not Lipschitz
continuous near (z*,y*) = (1, —1). Theorem 4.5 cannot be used.

We now verify that the assumptions of Theorem 4.8 are satisfied. The objective
function f(z,y) = (z—1)?+22%(y+1)? is upper Hélder continuous near every y € S(x)
uniformly for z in a neighborhood of 1. Since the constraint set —1 < z < 1,—-1 <
y < 1 has an interior point, the Slater condition is satisfied. Theorem 4.8 implies
that at (z*,y*) = (1, —1), there must exist p > 0, (s1, s2,s3) > (0,0,0), an integer J,

A >0, A =1, and m; = (n}, 72, 7%) € R such that

Since F'(z,y) = sin 7 x is independent of y, F' is pseudostrongly monotone with respect

0=2(z* — 1) +22*(y* + 1)* + s3 —uZ/\jW?,
J

0= 2x*2(y* +1) 4 psin (gﬁ) + 81 — 89,

0=s1(y*—1),

0=s2(—1—9"),

0=s3(z* —1),

0_ . T & 1 2
sm(2x ) +7Tj — T

0_731'(y* - 1),

0 :71-]2(71 7y*)a

0—7‘(‘?(%* -1)

Indeed, the above condition holds for J =1, A\; =1, u = so = 7 = 1, and s; = s3 =
1 3
m; =my =0.

6. Exact penalty functions for the KKT formulation. In this section, we
assume that c(x,y) is convex and differentiable in y and that one of the usual con-
straint qualifications holds for the inequality system c(x,y) < 0 in terms of variable
y. Under these assumptions, besides formulating GBLP as the single level equiva-
lent problem GS or VS, one can also formulate GBLP as the equivalent single level
problem KS. We will show that some of the uniform parametric error bounds such
as Go(x,9y), v/Go(z,y), and g(z,y) — V(x) can not only serve as exact penalty terms
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themselves, but can also play an important role in deriving equivalent exact penalty
formulations for KS.

The following results establish the relationships among the KKT, the standard
gap, and the value function formulations of GBLP.

PROPOSITION 6.1. Suppose c(x,y) is convex and differentiable in the y variable.
Then

Go(z,y) < —(u,c(z,y)) for all (z,y,u) € X x R™ x R¥such that
u>0,c(z,y) <0,F(z,y) + Vye(z,y)'u = 0.

Proof. From mathematical programming weak duality (see, e.g., [20]), one has

Go(z,y) :==sup{(F(z,y),y — 2z) : V2 € R™ s.t. ¢(z,z) <0}
—inf{(F(z,y),z —y) : V2 € R™ s.t. ¢(zx,z) <0}

< —sup{(F(z,y),z —y) + (u,c(z,y)) : V(z,u) € R™ x R? s.t.
u>0,c(z,2) <0,
F(z,2) 4+ Vyc(z, 2)'u = 0}

< —sup{(u,c(x,y)) : Y(z,y,u) € X x R™ x R? s.t.

u>0,c(r,y) <0,
F(z,y) + Vyc(z, y)'u = 0}. a

Combining Proposition 6.1 and (1) from Proposition 5.2, we get the following
result.

COROLLARY 6.2. Assume that the objective function g(x,y) for the lower level
optimization problem (3) and c(z,y) are conver and C* in y. Then

glz,y) — V(z) < —(u, c(z,y))V(z,y,u) € X x R™ x R? such that
u>0,c(z,y) <0,Vy9(z,y) + Ve(z,y)'u = 0.

Remark 6.3. Propositions 5.1 and 6.1 and Corollary 6.2 show that any condition
ensuring that the standard gap function or g(z,y) — V(x) provides exact penalty
terms for the equivalent single level problems GS and VS, respectively, ensure that
—(u,c(x,y)) is an exact penalty function for the equivalent single level problem KS.
The converse is not necessarily true.

Under assumptions involving continuous subanalytic functions, Luo et al. proved
in [19] that there exists a constant N > 0 such that (—(u,c(z,y)))'/" is an exact
penalty term for KS. Moreover, for the case where the mapping F(z,y) is affine and
the feasible region is compact, N can be taken as 1 or 2 depending on whether or not
the strict complementarity condition is satisfied. To compare our results with those
in [19], we summarize the related results in [19].

THEOREM 6.4 (see Theorems 4 and 6 of [19]). Consider GBLP where the lower
level problem is QP,. Assume that f(x,y) is Lipschitz continuous in both variables
and that the set

{(z,y) e X x R™: Ax + By — b <0}

is a compact polyhedron. Suppose GBLP has a solution. Then there exist positive
scalars p* and 8 such that for all scalars p > p*, any vector (x*,y*) solves GBLP
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if and only if for some u* € R%, the triple (x*,y*,u*) solves the following penalized
problem in the variables (x,y,u):

minf(z,y) + pr/—(u, Az + By — b)
s.t. Pr+Qy+q+ BTu=0,
w0, ul < 8,
Ar+ By —b<0,
re X,ye R™.

Furthermore, if the strict complementarity condition is satisfied for all (z,y,w) in the
feasible region of KS, then we can remove the square root.

In the following result we relax most of the assumptions of Theorem 6.4 but we
require stronger conditions on F(z,y).

THEOREM 6.5. Consider GBLP where f(x,y) is Lipschitz continuous in y uni-
formly in x € R™ with constant L, and c(x,y) is convex and differentiable in y.
Suppose that there exists a solution to GBLP.

If F(xz,y) is pseudostrongly monotone with respect to y uniformly in x € X with
modulus 8, then any vector (x*,y*) is a global solution to GBLP if and only if for
some u* € R?, the triple (z*,y*,u*) is a global solution to the following penalized
problem in the variables (x,y,u):

minf (2, y) + py/ = (u, (2, y))
s.t. F(z,y) + Vyc(z,y) u=0,
u>0,c(x,y) <0,
re X,y e R™,

for all p > \g‘sL.

Under the assumptions of Propositions 3.4 and 3.5, any vector (z*,y*) is a global
solution to GBLP if and only if for some u* € R, the triple (z*,y*,u*) is a global
solution to the following penalized problem in the variables (x,y,u):

minf(z,y) — dplu, c(z,y))
s.t. F(z,y) + Vyc(x,y)Tu =0,
u>0,c(z,y) <0,

xe X,y e R™,
for all p > L, where § is the modulus of the uniformly weak sharp minimum.

Proof. We only prove the first assertion, since the proof of the second is similar.
Assume (z*,y*,u*) is a global solution of CS. Then (x*,y*) is a global solution of
GBLP. By Proposition 3.12, \/Go(x,y) is a uniform parametric error bound with
modulus \éé. Therefore, by Theorem 2.6, (x*,y*) is a global solution of RP s, with

8

r(z,y) = \/Go(z,y) for all u > L. Therefore,

f@™y") < flz,y) + \géu\/Go(%y) Vr,y st c(z,y) <0,

< f(mvy)+ \25/1\/_@%0(9573/» V(‘Tvyau) s.t.
u>0,c(z,y) <0,F(z,y) + Vye(z,y)'u =0,
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where the last inequality follows from Proposition 6.1.

The proof of the converse is similar to the converse part in the proof of Proposition
2.2. 0

Even when c(z, y) is convex and C! in y, the ranges of applications of Theorems
6.4 and 6.5 are different. Indeed, the following example, taken from [19], is a situation
where Theorem 6.5 is applicable but Theorem 6.4 is not.

Ezxample 6.6. Consider the problem:

(P2) minz —y

1
s.t. ¢ >0, andyeargmin{2y2::L'erZO,yZO}.

In [19], by direct arguments, (P2) is shown to be equivalent to the penalized problem

(P3)  minz —y + p/u(z +y)
st.y—u=0,z+y >0,
(2,y,u) =0,

for any p > 0. Indeed, it is easy to see that (0, 0) is the unique solution to the problem
(P2) and (0,0, 0) is the unique solution of the penalized problem (P3) for any p > 0. It
is also observed in [19] that Theorem 6.4 is not applicable because the feasible region
is not compact. On the other hand, since F(z,y) = y is strongly monotone with
respect to y for all x € R™, this example does satisfy all the conditions of Theorem
6.5. By Theorem 6.5 both \/Go(ac,y) and the square root of the complementarity
term are exact penalty terms. The standard gap function in this case is Go(z,y) = 3>
for all x > 0. Therefore, (P2) is equivalent to both (P3) and the following problem:

(P4)  minz —y + ply|
st.x4+y>0,2>0,y >0.

Indeed, it is easy to see that (0,0) is the unique solution of (P4).

Now we discuss an example to which both the KKT and the non-KKT approaches
apply, but yield different equivalent single level problems.

Ezxample 6.7. Consider the problem

(P5) minz +y1 + y2
s.t. a <z <b,

. 1 1
(ylay2) S arg;ng {2y%+$y1 +y25: 2y1 +x Z O7y1 Z 07?!2 2 0}7

where a and b are positive constants. It is obvious that S(x) = {(0,0)} and V(z) =0
for all z > 0. F(x,y) = (y1 + z,1) is not pseudostrongly monotone. Therefore, the
assumptions of Propositions 3.9, 3.11, and 3.13 are not satisfied. However, one can
verify that the assumptions of Proposition 3.5 are satisfied. Therefore, for any p > 0,
(z*,y*) is a solution of the original problem (P5) if and only if it is the solution of
the following problem (by the value function approach):

. 1
(P6) minz +y; +y2+p <2y% + zy; —i—yg)

1
s.t. 2y1 +x207a§x§b7yl 20,y2 20
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By Theorem 6.5, there exists u* € R?® such that (z*,y*,u*) is a solution of the
following problem:

. 1
(P7) minz +y1 +y2 + p <u1 (21/1 + x) + u2y1 + ugyz)

1

s.t. 0:y1—|—x—2

O:].*u;v,,

Uy — uz,

1
a§$§ba2y1+$207y120792207U1207U220

for any p > 0. Clearly, (P5) and (P6) have a unique solution (a,0,0), and (P7) has a
unique solution (a,0,0,0,0,1). Note that the compactness of the feasible region and
the strict complementarity assumptions of Theorem 6.4 fail for this example.

Examples 6.6 and 6.7 illustrate that both the KKT and the non-KKT approaches
have their advantages and disadvantages. On one hand, by the KKT approach, the
exact penalty term is an explicit function of the problem data, but the number of
variables in the single level problem increases. On the other hand, by the non-KKT
approach, although the number of variables stays the same in the equivalent single
level problem, the exact penalty function needs to be computed.

Acknowledgment. We thank J. S. Treiman for his comments on an early version
of this paper, which helped to improve the exposition.
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