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Abstract  An algorithm for the global optimization of nonlinear bilevel mixed-integer pro-
grams is presented, based on a recent proposal for continuous bilevel programs by Mitsos
et al. (J Glob Optim 42(4):475-513, 2008). The algorithm relies on a convergent lower
bound and an optional upper bound. No branching is required or performed. The lower
bound is obtained by solving a mixed-integer nonlinear program, containing the constraints
of the lower-level and upper-level programs; its convergence is achieved by also including
a parametric upper bound to the optimal solution function of the lower-level program. This
lower-level parametric upper bound is based on Slater-points of the lower-level program
and subsets of the upper-level host sets for which this point remains lower-level feasible.
Under suitable assumptions the KKT necessary conditions of the lower-level program can
be used to tighten the lower bounding problem. The optional upper bound to the optimal
solution of the bilevel program is obtained by solving an augmented upper-level problem for
fixed upper-level variables. A convergence proof is given along with illustrative examples.
An implementation is described and applied to a test set comprising original and literature
problems. The main complication relative to the continuous case is the construction of the
parametric upper bound to the lower-level optimal objective value, in particular due to the
presence of upper-level integer variables. This challenge is resolved by performing interval
analysis over the convex hull of the upper-level integer variables.

Keywords Bilevel program - Nonconvex - Global optimization - Mixed-integer - MINLP -
Parametric optimization

1 Introduction

Bilevel programs are programs where an upper-level program (or outer program, super-
script u) is constrained by an embedded lower-level program (or inner program, superscript /
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or m). Here, mixed-integer nonlinear bilevel programs are considered without any convexity
assumptions:

o= minf(xyt Xy
y

X”,y”,XI,
s.t. g" (x”, y”,xl, yl> <0
(xl, y[) € arg min fl (x“, y*, x™, ym)
Xm,ym
s.t. gl‘1 (x“, vy , x™", ym) <0
gZ,Z (Xm, ym) < 0
x e X" C R™, y“er"c 7",
I
Xl,Xm c Xl c Rnﬁ, yl’ym c Yl c ia (1)

The co-operative (or optimistic, weak) formulation [9] is assumed where if for a given choice
of upper-level variables (x“,y") the lower-level program has multiple optimal solutions
(xl, yl) , the upper-level optimizer can choose among them. Dummy variables (superscript m
instead of /) are used in the lower-level program for clarity.

There are many algorithms for bilevel programs, see, e.g., [4,7,9,10,25,29,34] for reviews.
The majority of publications assume continuous variables and linear or convex nonlinear
objective functions and constraints. There are several contributions to the mixed-integer
case, however, most of these are restricted to mixed-integer linear bilevel programs. Only the
most relevant contributions are discussed here. Moore and Bard [4,25] discuss difficulties of
the mixed-integer case, in particular that removing the integrality constraints does not neces-
sarily give a relaxation of the bilevel program. Jan and Chern [19] consider bilevel programs
without upper-level constraints and with functions that are sums of univariate nondecreasing
terms (“separable monotone bilevel programs”). Thirwani and Arora [33] consider bilevel
programs with integer variables, linear constraints and fractional linear objective functions.
Sahin and Ciric [27] propose an algorithm based on simulated annealing and test its perfor-
mance on examples including mixed-integer nonlinear bilevel problems. Giimus and Floudas
[18] propose deterministic algorithms for the special case that the functions in the lower-level
program are convex with respect to the continuous lower-level variables and multilinear with
respect to the integer lower-level variables.

Nonconvexity in the lower-level program is a major complication in all embedded optimi-
zation problems. Deterministic algorithms that allow nonconvexity exist for some embedded
problems, such as min—max programs [12,36], semi-infinite programs (SIP) [5,6,13,23], and
generalized semi-infinite programs [21]. Recently Mitsos et al. [22] proposed the first deter-
ministic algorithm for the global solution of continuous bilevel programs with a nonconvex
lower-level program. This algorithm proceeds similar to the algorithm by Blankenship and
Falk [6] for SIPs, by adding cuts to the lower bounding problem until the upper bound is
guaranteed to generate an ¢ —optimal point. The cuts used are generated by parametric upper
bounds to the lower-level problem. Bilevel programs with O—1 variables in the upper-level pro-
gram could in principle be solved by the aforementioned algorithm by replacing the integrality
constraint with an MPEC constraint, e.g., y* € {0, 1} < y* (y* — 1) <0, y* € [0, 1]. This
however would have two drawbacks: (i) since these constraints violate the constraint quali-
fication, this reformulation would limit the applicability of solvers for the subproblems; (ii)
the generation of parametric upper bounds to the lower-level objective function would not
be as efficient as in the proposal herein. Integer variables in the lower-level program do not
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cause a significant burden to the basic variant of the algorithm by Mitsos et al. [22], but could
not be handled by the KKT-based lower bounding problem proposed therein.

In this article, the aforementioned algorithm is extended to the mixed-integer case. The
same principle is used, namely a successively tighter lower bounding procedure. The sim-
pler variant without branching is used, mainly for notational simplicity. All subtasks of the
algorithm are carefully examined and generalized to allow for integer variables. The main
challenge is the influence of upper-level variables on the generation of parametric upper
bounds to the lower-level program. Similar to the continuous case these bounds are based
on pairs comprising a subset of the upper-level host set XK x Y** and a lower-level point
(xl & yl ’k) , that remains feasible in the lower-level program for all (x*, y*) € X wk s yuk To
avoid enumeration of the upper-level integer feasible solutions, it is required that (Xl ok yhk )
remains feasible in the lower-level program for any (x*, y*) € X*“* x conv (Y”’k).

In the remainder of this article first the definitions and assumptions made are given in
Sect. 2. Then, in Sect. 3 a convergent lower bounding procedure is described, followed by
a convergent upper bounding procedure in Sect. 4. In Sect. 5 an algorithm combining these
procedures is proposed, followed by a proof of finite termination and illustrative examples.
In Sect. 6 an implementation is described and numerical results from a test set comprising
original and literature problems are given. Section 7 gives conclusions and potential for future
work.

2 Definitions and assumptions

In many places of this article the continuous and integer variables are considered jointly to
simplify notation:

Definition 1 (Joint variables) The upper-level variables are defined as z* = (x*, y*) and
their host set is Z* = X“ x Y". Similarly in the lower-level program z/ = (x',y') and

7l =x! x vl

Throughout the article the optimal solution value to the lower-level problem (or value
function of the lower-level problem [35]) is used:

Definition 2 (Parametric optimal solution function) The parametric optimal solution value of
the lower-level program as a function of the upper-level variables is denoted f%* (x*, y*). For
points (x“, y*) for which the lower-level program is infeasible, the convention f L (xt, y4) =
00 is used.

Note that the set of optimal solutions to the lower-level program can be empty, a singleton, a
finite set or an infinite set. Moreover, the cardinality of this set can depend on the upper-level
variables.

It is convenient to define the set of candidate upper level points:

Definition 3 (Candidate upper-level points) The subset of Z" which is admissible in the
upper-level and lower-level program is denoted:

ZH0 — [z” cz':37 ¢ 7 gt (X”,y”,xl,yl) <0,
gh! (Xu’yu7xl’yl) <0, g2 (Xl’yl) < O].
It is convenient to also define the following (potentially nonconvex) level set:
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Definition 4 (Level sef) For a given f* € R define the level set

Zu:$ (fu) — {Zu AR E|Zl c Zl . gu (Xu,yu’xl7yl) < 0, gl,l (Xu’yu’xl’yl) < 0’
gl (Xl7yl) <0, (Xu’yu7xlvyl) < f-u}

By definition Z** = Z"5 (00). As is explained in the sequel, the algorithm by construction
visits only points in Z*5 ( f**).

2.1 Assumptions

In the following the assumptions required for convergence of the algorithm proposed are
discussed. As is typical in global optimization box-constrained host sets are considered:

Assumption 1 (Host sets) Explicit bounds are known for all variables i.e., we have X" =
u 1
[Xu,LO’ Xu,UP]’ yu — Znym[yu,LO’ yu,UP]’XI _ [XZ,LO’ XI,UP]and yl — Zn),m[yz,Lq yl,UP]
. u 1 u 1
with Xu,LO’ Xu,UP c Rnx’ XZ,LO, Xl,UF’ c R"x, yu,LO’ yu,UP c 7"y and yl,LO’ yl,UP c 7y

It would also be possible to consider more general compact host sets. Another typical assump-
tion used is continuity:

Assumption 2 (Basic properties of functions) All functions in (1) are assumed to be contin-
uous on X* x X! for all pairs (y“, yl) ev*x Y

If some upper-level variables are continuous the following additional assumption is
required for convergence:

Assumption 3 (Lower-level problem) If n' >0, there exists some £ >0 such that for each
point z* € Z**° at least one of the following two conditions holds:

1. For any slfl > 0 there exists a lower-level vector Z € Z' such that

gl,] ()—(u,qu}l’yl) <0, gl,2 (il’yl) <0,

F(R =) < R e @)

2. The upper-level objective value is é? worse than the optimal objective value f*, i.e.,

A ¢ Zu.s (f* —|—§l';c)

This assumption is needed, since the algorithm proposed uses estimates on the paramet-
ric optimal solution function of the lower-level program. For a thorough discussion of this
assumption the reader is referred to [22]. Finally, it should be mentioned that the algorithm
proposed requires the global solution of mixed-integer nonlinear programs (MINLPs) as
subproblems. Therefore, an implicit assumption is that the functions involved in (1) satisfy
the requirements by the MINLP solvers, see, e.g., [20,32].

@ Springer



J Glob Optim (2010) 47:557-582 561

3 Lower bounding procedure

The bilevel program (1) is equivalent to [3,22,35]:

fu.* — min fu (Xu,yu,Xl,yl)

x”,y”,x’,y[
s.t. g" (x“,y“, xl,yl) <0
gl,l (X", yu7 Xl, yl) < 0
gh? (Xl, y’) <0
/! (X“,y”,xl,y’) < £ (xy")
x4 e X”, yu c Yu!
xex!, yerl 3)
Similar to the continuous case [22] the advantage of using this form is that while the lower-
level program may have infinitely many optimal solution points, it always has a unique
optimal objective value.
Let now K be an index set for a finite collection of pairs (Z”*k , zl’k), or equivalently

((xmk, yuky | (xI'k, y*)), composed of sets Z** C Z" and points z/'* € Z', such that for
each z'F the lower-level constraints are satisfied for all z% € Z**  i.e.,

gl,l (iu’yu,xl,k7yl,k) < 0, V()—(u,}—,u) e Xu,k X Yu,k
g’ (. ¥y <. “
Then, it is easy to verify that a valid relaxation of (3) is given by:
LBD = min f“ (X”,y”,xl,yl)
X”,yu,Xl,yl
st g (X”,y“,xl,y’) <0
gh! (Xu’yu’xl, yz) <0
g2 (x.y) =0 5)
(Xu’yu) c Xu,k x Yu,k = fl (Xu’yu,xl’yl) < fl (Xu’ yu’xl,k,yl,k) i Vk e K
x e X%, y'er",
xXex!, yevl
The relaxation implies that LBD < f**, The logical constraints can be implemented using
a mixed-integer reformulation as described in detail in Sect. 6. Note that to ensure closed
feasible sets of (3) the logical constraints are enforced in the interior of X
In the following it is described how to efficiently generate pairs (Z wk gt ’k), which will
ensure convergence of the lower bound. These steps are similar to the continuous case [22],
but some additional considerations are needed. The first step is to fix the upper-level vari-

ables (x, y") to the values of the optimal solution (X“, y*) obtained by the lower bounding
problem (5) and to solve the lower-level problem
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fl,* — min f ( )—,u,xmiym)

X7y

st.gh! (X5 x",y") <0

gl,2 (Xm m) < 0

X" ex!, y"ev!, (6)
to global optimality. Feasibility of this MINLP is guaranteed since (x*, y*) solve the lower
bounding problem (5). The optimal objective value of (6) is also used for the upper bounding

procedure, see Sect. 4.
The second step is to pick elfz > Oand to find a pair z'F € Z/, such that g"! (x", y*, x"*%,

vy <0, gh2 (xMEylh) < 0, and £ (x4, g, xbh ylky <l slfz, e.g., by solution of
the MINLP ’

Y* = min ¥
Xy
stofh (R § XM,y < fl*—l—zsf2
gt (&L Xy <y, i=1,...,nk!
g2 (X", y") <0
xX"eXx!, y"evl, (7

This problem is feasible by the solution of (6). Provided that condition (2) of Assumption
3 is satisfied, ¥* is negative and the point 7% obtained satisfies the required properties.
With a slightly different assumption it would be possible to fix the integer variables in the
lower-level problem y” to the point found by the solution of (6).

The final step is to construct a set Z%k < 7" such that (4) is satisfied. The set Z*:F =
X"k x Yk should be constructed such that X“ is in the interior of X“*. In the case that X*
is close to the boundary of X*, the set X u.k should be constructed such that some of its faces
coincide with the corresponding faces of the boundary of X“. Similar to the continuous case
[22], the basic methodology by Oluwole et al. [26] can be used to successively guess smaller
boxes until a conservative estimate of (4) is satisfied. For a given point z"*F and a candidate
set Z"K interval analysis [1,24] is employed to overestimate

v = max maxgl{’l(x v, xb ,y )
xuexuk yueywk i

If v < 0, (4) is satisfied. A consequence of this overestimation is that the largest possible

Z"* is not necessarily obtained.

Compared to the continuous case, the presence of integer variables adds an additional
degree of complexity. Since the lower-level variables are fixed in the construction of Z*X,
no special treatment is needed for the integer variables in the lower-level problem. On the
other hand, for the integer variables of the upper-level problem y“ there are several alter-
natives. A simple alternative is to fix these variables y* = §* and construct the box Z**
by varying only the x* components. This alternative has the disadvantage that the logical
constraints are only valid for this particular value of the integer variables and this could
lead to unnecessary iterations, especially when the objective functions and constraints are
relatively insensitive to some integer variables. Another alternative is to construct multiple
Z"k each for a different choice of integer variables. This alternative however, leads to an
explosion of logical constraints, which is undesired, since it increases the computational
requirement for the lower bounding problems. Therefore, here a third alternative is taken,
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namely to construct yuk Z”;, but evaluate the interval extension over the convex hull of
Yk denoted conv (Y u,k ) This relaxation leads to weaker estimates and therefore smaller

Z"* than possible. Note that Y*¥ ¢ Z" is required for the validity of the logical constraint
introduced.

Subroutine 1 (Calculating Z**)

Given a point z* = (X*,¥*), a point z"K = (X] ok y''), and the set Z“, bounds for the
box Z"K = [z”’k*Lo, ok ’UP] are calculated. For simplicity, successively smaller boxes are
guessed by scaling the box by d € (0, 1].

I Setd=1.
2. LOOP
(a) FOR j =1,...,n, +n, DO
o P20 — 4 (47— 2410) < 24O THEN

J J

u,k,LO __ _u,LO
- Setzj =z .

_ Set Z?,k,UP =Z?,L0+d (z
-u d u,UP _u,

o ELSETF 2! + 4 (4" - !

w,k,LO __ _u,UP d u,UP u,LO

j =ZI; - Zj —Z .

u,k,UP __ _u,UP

— Setz

- Setzj =z;
o ELSE
w,k,LO _ -y d u,UP u,LO
- Setzj =Z;—3 (zj j )
_ u,k,UP _ -y d u,UP u,LO
Setzj =z;t3 (zj j )
END

(b) FORj=1,...,n, DO

wkLO - ukLO
"o k,UP b k UP-l'
u,K, _ u,K,
e Sety; = Ly; 1.
(c) Check (4) by evaluating the interval extension of g’! (~, -, xbk, y[’k) on X"k x
conv (Y“’k).
IF (4) is satisfied THEN terminate ELSE Set d = d/2 END.
END

At the end of the subroutine Z"*:k = X"k x Y-k is obtained, where X"-* = [x“’k*LO, x”’k’UP]
C X" and Y"k = [y"kLO yukUP] — yu For the pair (2", 2"*) (4) is satisfied. The
reason for using the floor (|-]) and ceil ([-]) functions is to ensure that y”’k’LO, y“'k’UP are
integer-valued and also to accelerate convergence of the interval extension.

Here, it is assumed that d is reduced by half at each iteration. In general it is sufficient to
consider a sequence of d > 0 converging to zero. Then, Subroutine 1 is finite by the same
arguments as in the continuous case [22]. The computational requirement for this subroutine
is typically insignificant compared to the lower bounding problems. For an efficient imple-
mentation the details of this procedure are important and should be tuned for the instance
considered.
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3.1 KKT-based tightening of lower bounding problem

In the following a tightening of the lower bounding problem is proposed based on the KKT
necessary conditions in the lower-level program for the case that nﬂc > 0. This requires
additional assumptions on the lower-level program:

Assumption 4 (Assumptions for the KKT-based lower bound) Let
0% = {(x”,y”,yl) eXx“xy'xyl:axlex!: g (x”,y”,xl,yl) <0,
gh! (Xu’ v, xt, yl) <0,¢? (Xz, yz) < 0} _

For all ()'(“, v, 571) € Q™ the following three conditions hold: (i) differentiability of f!(x*,
¥4, -5, gt (i”, v, -, y’) and g2 (~, yf) on some open set embedding X', (ii) a constraint
qualification for the lower-level program (restricted to fixed '), and (iii) a priori known upper
bounds for the KKT multipliers.

The first two parts of Assumption 4 are standard for smooth NLP solvers. The third part is not
easy to verify for a general lower-level program, but there are many interesting applications
for which it is satisfied. For instance, in feasibility and flexibility problems [17] the KKT
multipliers are bounded above by one. Also, for semi-infinite programs bounds for the KKT
multipliers of the lower-level program can be readily estimated [23]. In the case of nonunique
KKT multipliers, the a priori specified upper bounds £™#* need not permit the entire set of
possible multipliers, but rather at least one member of the set. For problems for which any
of the three parts is violated, the KKT-based lower bounding problem is not applicable, see
also [22], where the importance of the a priori bounds is discussed.

Consider for simplicity the combination of constraints (gl 1 gl? andx! € [x
of the lower-level program, i.e.:

3 (Xu7yu’xl’yl)

l,LO’Xl,UP])

51 1 ol - 1,1
g; (x”,y”,x,y), j=1...,ng
1,2 1l .1 11 1,2
gjinl,1 (x,y), J=ng +1,....,ng +ny
— 4
=1 1,UP .1 1,2 11 1,2 /
X =X j=ng +ng"+1,...,n +ng”+n
e TOTh L1, 12 L1, 12
1 , . . . 1 . . l
—X +x L j=n, +n +n'.+1,....n, +n°+2n.
j—ni;] —ni,‘z—ni j—nlg' ! —ni;z—n.lx J g & x & 8 *

If Assumption 4 is satisfied, the lower bounding problem (5) can be tightened by further
requiring that x/ satisfies the KKT necessary conditions for the lower-level program (for fixed
)71 ). The KKT multipliers u are added to the set of variables

LBD=  min f* (x“,y“,xl,yl)
xty xlyl

st. g (X”,y”,xl,y’) <0
gl,l (Xu’yu,xl’yl) <0
g2 (x.y) =0 ®)

(Xu’yu) c Xu,k x Yu,k = fl (X”,yu,Xl,yl) < fl (Xu’yu’xl,k’yl,k) i Vk e K
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Vi f! (X“,y“,xl,y’) +u'Vyg (X”,y”,xl, y’) =0
Wigj (x“,y”,xl,y[) =0, j=1,....,np,+ny +2ni

nj € [O,MT“], j= 1,...,np+nq+2ni
XM c Xll, yu c Yll,
x e X!, yleYl.

Unlike the continuous case, even if the functions in the lower-level program are convex, using
the KKT-based tightening does not ensure convergence in the first iteration. Note also that no
multipliers are needed for the constraints which do not depend on the continuous lower-level
variables.

4 Upper bounding problem

The upper bounding procedure of the continuous case [22] can essentially be also applied
to the mixed-integer case. The only significant difference is that the resulting optimization
problem is a MINLP as opposed to a NLP. Recall that in the lower bounding procedure the
lower-level program (6) is solved for a candidate z“. By the selection of z", this MINLP is
feasible. Therefore its optimal objective value f'-* is finite. To obtain an upper bound the
following MINLP can be solved for fixed z*

UBD = min f* (f(”, 7%, y’)
x’,y[
s.t. g" (i”,y”, xl,yl) <0
gl,l ()—(u’ yu’ Xl, yl) < 0
g2 (x.y') =0
fl ()—(u’}—,u,xl’yl) < f_l’*+slf
LBD < f* (i”,y“,x[,yl)
xex!, yev!, )

allowing an elf—violation of the lower-level objective. This step is performed, because, due

to potential non-uniqueness of the solutions of the lower-level program, a valid upper bound
may be obtained even if the solution to (6) does not satisfy the upper-level constraints. If
(9) is infeasible then no solution exists for (X*, §*); otherwise an upper bound is obtained.
The inequality LBD < f* (i“, v xy! ) is added to accelerate convergence of (9) and to
alleviate partially the consequences of allowing elf—optimality in the lower-level program.
Note that the solution of (9) is only an upper bound in the sense of an £ —feasible point, i.e., a
point that satisfies the constraints of the lower- and upper-level programs and is a 8lf —optimal
point in the lower-level program.
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5 Algorithm

The overall algorithm is very similar to the continuous case [22]. Recall though that the
subproblems solved by the algorithm are changed as described in the previous sections. The
basic principle of the algorithm is that the addition of parametric upper bounds on the optimal
solution value of the lower-level program via the pairs (Z k4l ’k) makes the lower bound-
ing problems successively tighter. Recall that the generation of parametric upper bounds is
possible due to condition (2) of Assumption 3. Finite termination is guaranteed, since, at the
worse case, a finite number of sets Z** is constructed that covers Z** (f**).

Input to the algorithm are the optimality tolerances emiNLP, s? and Elf, satisfying the
assumptions of Theorem 1.

Algorithm 1

1. (Initialization)

Set LBD = —o0, UBD = 400,k =1, K = 0.
2. (Lower bounding)

Solve (5) or (8) to epminLp Optimality.

IF Feasible THEN

e Set LBD to the optimal objective value (final lower bound).
e Set (X, y) equal to the solution point (epnLp—o0ptimal point).

ELSE (Infeasible problem)
e Terminate.

END
3. (Termination)
IF LBD > UBD — s? THEN Terminate.
4. (Lower-level problem)
Solve MINLP (6) to epnrp optimality. (Recall that feasibility of this program is guaran-
teed.)
Set f* equal to the optimal objective value (final lower bound).
5. (Populate parametric upper bounds to lower-level problem)
Solve (7) to eminLp optimality. (Recall that feasibility of this program is guaranteed.)

Set (xl’k, yhk ) equal to the solution point.
Apply Subroutine 1 to obtain a set Z**.
Insertk to K.

Setk =k + 1.

6. (Upper bounding)
Solve MINLP (9) and (if feasible) obtain an eynrp—optimal point (f(’ , y’ )
IF Feasible and f* (x*,§",x/,§') < UBD THEN set UBD = f (x*,§",x/,§') and
(X”’*, yu,*’ Xl‘*, yl,*) — ()_(”, )—,u’ )—‘l7 }_’I)
7. (Loop)
IF LBD > UBD — s’; THEN Terminate ELSE Goto step 2.

On termination of the algorithm, if UBD = +o0, the instance is infeasible. Otherwise,
UBD s an 5?—estimate of the optimal solution value (UBD < fi*t 4 8;) and (x**, y*-*,

xI*, y[**) is an e—optimal point at which UBD is attained.
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5.1 Convergence proof

In this section a convergence proof for Algorithm 1 is given. Note again that no convexity or
uniqueness assumptions are made for either the upper- or lower-level programs. The proof
outline follows the continuous case [22]. However, the addition of the integrality constraints
mandates alteration of the proofs.

Lemma 1 (Continuity of optimal solution function of lower-level problem) For any (X", y*) €
Z%%° satisfying (2) the optimal objective function f“* (-, *) of the lower-level problem is
continuous at x".

Proof Consider any fixed (X%, y*) € Z**°. By (2) for any elfl > 0, there exists (f(l, S’l) €
X! x ¥! such that

(x5 &) <0, g2 (F) <0 (10)
£ R = R el (1)

By continuity of the lower-level objective f (', g4, 571) on X*“, for any 8lf3 > 0 there
exists 51 > 0 such that

7l (x",y",i’,y’) <7l (i“,y",f;l,yl) tely VX e XUIIR - x| <8 (12)
Combining inequalities (11) and (12) it follows:
7l (x”,y”,il,yl) < fUF R A el el VXY e XU R —xY| <81, (13)
By (10) and continuity of g'*! (-, y*, X, §'), there exists 8, > 0 such that
gh! (x",y",i’,y’) <0, ¥x'eX": R —x"|| < 8.

Together with g/? (il , yl) <0, (f(l , 571) is feasible in the lower-level program for all x* €

X" : ||®* — x*|| < & and fixed §*. By the definition of f'* we therefore have
£y < o (RGFGRLE) L VRt e X IR - x| < 6.
With (13) we obtain
SEEEGFE) < P ERGTY) +el +els YR e XU |IRY — x| < min{8), 82}

which proves that f©* (-, §*) is upper semi-continuous at X"
By Theorem 4.2.1 in Bank et al. [2] for a fixed y* for all x* € X* : (X", y"*) € Z"* the
optimal objective function f%* (-, §) of the lower-level problem is lower semi-continuous.

Lemma 2 (Minimum of bilevel program exists) Under Assumptions 1, 2 and 3, either (1)
is infeasible or the minimum of (1) exists.

Proof Let for now f** denote the infimum of (1) without asserting that the minimum is

attained. By Definition 4 of the level sets and the definition of the infimum, the bilevel
program (1) is equivalent to
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min fu (Xu, yu’ Xl, yl)
1
y

x4yt X,
s.t. f! (X“,y”,xl,yl) < f*
g (x.y.x.y) = 0
fl (Xu,yu’xl’yl) < b (Xu7yu)
gh! (Xu’yu’xl7yl) <0
gl2 (xl, yl) <0
X' e XY CRY, y'ey'czh,
X ex cR%, y ey czm. (14)

Only points (x*, y*) € Z*S (f**) are candidates of the feasible set in this augmented prob-
lem. For these points condition (2) is satisfied under Assumption 3. Therefore, by Lemma 1
f1* is upper-semi continuous on the feasible set of (14). Therefore, by Weierstrass’ theorem
either (14) is infeasible or its minimum is attained. As a consequence either (1) is infeasible
or the minimum of (1) exists. ]

The following Lemma shows that the algorithm generates points (xl ok ylk ) for which it
is possible to construct sets X*-¥ x Y** such that X*-* have a nonempty interior. Therefore,
Subroutine 1 leads to finite coverage of the level-set Z*% ( f**).

Lemma 3 (Existence of sets X“* with nonempty interior) Consider a fixed y*. For any
(arbitrary but fixed) slfz > 0 there exists 81 > 0 such that for any f* < f"* + &} and

for each point X* € X" : (x*,y*) € Z"* (f“) the points (Xl’k, yl’k) generated in Step 5 of
Algorithm 1 satisfy
7l ()—(u,}—,u’xl,k’yl,k) < fl= (=, 5%) +8lfz
gl,] (Xu’yu,xl,k7yl,k) S 0’ VXM e Xll . ||XL¢ _iMH < 81
gh? (Xl,k7 yl,k) <0.

Note that existence of a §; valid for all X* is shown.

Proof Let X5 = {x € X" : (X*,§") € Z"* (f”)}. Since Z** (f”) is compact, so is X**.
Since f* < f** + &%, all points (X, ") € Z"* ( f") satisfy (2). Therefore, by Lemma 1
the optimal objective function of the lower-level problem f* (-, §*) is continuous at all
X € X,

Let ¢* denote the parametric optimal solution value of (7) for fixed y“. By the continu-
ity of the functions and the compactness of X*%, /* is continuous and its maximum over
X! € X9 is attained. Since 892 > 0, by (2) ¥* is strictly negative on X*-*. Therefore, there

exists 1/* < 0 such that for all X € X**:
glg,l ()—(u’yu7xl,k’yl,k) <t <0, i= l,...,ni;' g2 ()—(l,k’yl,k) <0,

f’ (iu’)—,u’xl,k’yl,k) < fl,* ()—(u7}—,u) _,_892_
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Since g"! (-, y”,_xl, y') is continuous, and X** is compact, g''! (-, y*,x, y) is uniformly
continuous on X**. Therefore, there exists §; > 0 (independent of X") such that for any
e X

7! (}—(u’)—,u’xl,k’yl.k) < flx (%, §) +8{f2
gl,l (Xu, yl,t,Xl,k,yl,k) E 0’ qu c XM : ”Xu _)—(u“ < 8]

gz,z (Xl,k’ yl,k) <0. O

Note that Subroutine 1 underestimates d1, but it still furnishes a positive value.
The following Lemma is proved in [22]:

Lemmad Let X; C X be compact, and § > 0. Consider any infinite sequence of points
x' € X;. There exists a finite index I > 0, such that

1

[|x —xi|| <6, for somei < I.

Theorem 1 (Finite termination) If the tolerances of the optimization subproblems enNLP
and elfz in (7) satisfy

: u su Al
0 < emiNnip < mm{sf/2, sf,sfl}
I i
0< 8f2 < 8f_5MINLP,

then Algorithm 1 terminates finitely.

Note that the validity of the upper- and lower-bounding problem guarantee that at finite
termination a global solution (within tolerances) of (1) is obtained.

Since the proof of Theorem 1 is lengthy, first an outline of the proof is presented. Since the
lower bounding problem is solved globally, it only visits points Z € Z"“5 (f** + emiNLP)-
By Assumption 3 at these points, parametric upper bounds to the optimal solution value of
the inner program can be constructed via the pairs (Z k4l ’k). These pairs lead to a succes-
sive tightening of the lower bounding problem. After a finite number of iterations it either
becomes infeasible or it furnishes a point inside an existing Z*-* which is also a e—optimal
point. The proof follows the outline of the continuous case (Theorem 1 in [22]). Therein,
continuity with respect to the upper-level variables was used, but not with respect to the
lower-level variables. The set Y is finite and the algorithm only visits points y € Y*. The
proof considers fixed y, since at the worst case explicit enumeration of the integer variables
will be performed. In typical instances convergence will occur without explicit enumeration
of the integer variables.

Proof Let f* = f** 4 &4.

The lower bounding problem is a valid relaxation of the bilevel program and is solved
globally. Therefore, only points Ze Z">* (f** + eminLp) are furnished by the lower bound-
ing problem. By assumption epmiNLp < 5;‘( and therefore, ze Z">* ( f ”). By Assumption 3
condition (2) is satisfied and this allows the generation of logical constraints via the pairs
(Zu,k’ Zl,k).

Let z4eZ"’ ( f ”) be furnished by the lower bounding problem. By definition z* =
(x", ). We will show that if in a subsequent iteration the lower bounding problem furnishes
apoint (&, §*, &/, §'), with §* = §' and %" sufficiently close to X*, this point (£, §*, %/, §')
is e—optimal.
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By Lemma 3 there exists §; > 0 such that for X the points z/"* = ()'(l’k, yl’k) generated
in Step 5 of Algorithm 1 satisfy

g (x 3 X yE) <0, vetext xR < op, g (¥ ¥E) <0

fl ()—(IA’}—IM’XZ,k,yl,k) f fl,* (iu’yu) +8§"2- (15)

By assumption slf — EMINLP — slfz > (. By continuity of f Lx (-, ") at X" there exists
8> > 0 such that

i (X", y") < < fbx (x", ¥") + (slf — 892 — SMINLP> /2, Vx" e X" ||x" —X¥|| < 8.
By continuity of f! (~, y, xbk, yl'k) on X", there exists §3 > 0 such that

fl (Xu’ ¥, X[’k, yl,k) < fl ()—‘u, 7, X[‘k, yl,k) + (Slf — 8?2 — 8MINLP) /2,
vx* e X% |Ix" — xY|| < §83.

Combining these last three inequalities gives

(g i glk oLk I, cu Lk LK)
f (X",yu,x .y )ff*(x”,y“,x .y )+8f—8MINLP,

vx" e X" . ||x" — x"|| < min{8, 83}.
Therefore, together with (15), x"*, y*¥ is ¢, —optimal in the lower-level problem for y* =
y* and all x* € X" : ||x* — X"||<§, where § = min{, 82,53} > 0. Note that these
(x”, y*, xbk yhk ) are not necessarily feasible with respect to the upper-level constraints, and
therefore termination does not occur immediately.

Recall that Z** (f“) = (X’“ (f“) ,Yws (f”)) and note that Y** (f”) is finite and
XS (f ”) compact. Since § > 0, by Lemma 4 after a finite number of iterations either the
lower bounding problem becomes infeasible, in which case the algorithm terminates, or the
lower bounding problem furnishes a point (X", §*, P ), with § = y* and X sufficiently
close to )'( ie., ||X* — x"|| < §. By construction of the lower bounding problem, this
(x4, 3. %§ ) satisﬁes the lower- and upper-level constraints and also f7 (%, §*, %/, §') <
Vi ( Ly, RbK bk ) (by the logical constraint) and as a consequence

f! (ﬁuaf’uvﬁl,f’l) < IRy )+8f — EMINLP

or (f(l , yl) is s}—optimal in the lower-level problem for (X“, §*). Note that the emiNLp toler-
ance is included here, because the global solution of the lower-level problem only gives
a EMINLP— estimate of fl’* (x*, y*). The lower bound LBD obtained satisfies LBD >
(&9, %, §') — eminep. The point (X4, 3", %', §') is feasible in the bilevel program
and therefore the upper bounding problem (Step 6) furnishes an upper bound UBD, satis-
fying UBD < f (%, §", %y ) + emmnep. Noting now that the optimization problems are
solved with tolerance epmNip < 5;& /2 it follows UBD — LBD < 2eminip < 8? and the
algorithm terminates. o
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5.2 Mlustrative examples

Example 5.1 As a first illustrative example consider the following box-constrained bilevel
program:

min x* —2x"*y! — 0.1y
X",y[

s.t.y! € argmin y™
ylﬂ
Xel-1,11 y.y"efo1}

with the unique optimal solution x* = —1, y/ = 0 and an objective value of —1. This exam-
ple demonstrates how the algorithm handles integer variables in the lower-level program (in
the worse case). Note that the bilinear term 2 x* y' could be reformulated exactly [16], but
there is no need to do so.

Consider the application of Algorithm 1. The lower bounding problem without KKT-based
tightening (5) is used since the lower-level program does not have any continuous variables.
At the first iteration the lower bounding problem

min x—=2x"yl — 0.1y
xte[—1,1],y'€{0,1}
is solved and x* = 1, yl = 1, LBD = —1.1 is obtained. Then the lower-level problem is
solved for x* =1
min y"”
y’"e{O,l}y

and ¥/ = 0, f1* = 0 is obtained. Since the constraints of the lower-level problem do not
depend on x*, the pair ([—1, 1], 0) is used for the parametric upper bounds of the lower-level
problem. The first iteration is concluded by solving the augmented upper bounding problem
forx* = 1:

min 1 —2yl —O.lyl,
y'e(0,1}

s.t. yl <0
obtaining the upper bound ¥* = 1, 3/ = 0 with UBD = 1.

A second iteration is performed. Now the lower bounding problem contains a parametric
upper bound to the lower-level problem

min X —2x"yl 0.1y,
xte[—1,1],y'€{0,1}
s.t. yl <0.
The solution of this problem gives the unique optimal point of the bilevel problem x* = —1,

y! = 0 with LBD = —1. Then the lower-level problem is solved for ¥ = —1
3 m
y”’rg{lgl} Y
and 3' = 0, f1* = 0 is obtained. Since the constraints of the lower-level problem do not
depend on x“, the pair ([—1, 1], 0) is used for the parametric upper bounds of the lower-

level problem. The second iteration is concluded by solving the augmented upper bounding
problem for x* = —1:
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Fig. 1 Graphical illustration of Example 5.2

min —1+4+2y —0.1y/,
y'e{0.1}

s.t. yl <0

obtaining the upper bound ¥* = 1, ' = 0 with UBD = —1. Since LBD = UBD the
algorithm terminates.

Example 5.2 Consider now the bilevel program

min 10 (x“)2 +x!
x“,y”,x’
st. —0.74+0.1x" —y* <0
xl e arg l’le’lnn — ()cm)3
st —0.5— (x*) = 0.1y" +x" <0
—1+x*+x" <0
x“e[-1,1], y efo,1}, x,x"e[-1,1]

with the unique optimal solution x* = 0, y* = 0, x/ = 0.5 and the optimal objective value
0.5. The notation = is used for compactness of the presentation of four linear constraints on
x"* and x™. This example demonstrates how the algorithm handles integer variables in the
upper-level program (in the worse case). The example also demonstrates the generation of
parametric bounds when the constraints depend on the upper-level variables. Figure 1 shows
the feasible set and the points returned by the iterations of the algorithm.

For simplicity, the lower bounding problem without KKT-based tightening (5) is used
here. At the first iteration the lower bounding problem
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min 10 (x*)° + x!

xtyi xl

st. —0.740.1x" —y* <0

05— (x*)> = 0.1y* +x' <0
—1+x“+xl <0
X el[—1,1], y“ef{o,1}, xe[-1,1]

is solved obtaining x* = 0, y* = 1, x/ = —1 and LBD = —1. The lower-level program is

then solved
min — (x )
x[

st. —0.5— (0> —01x1+x' <0
—1+0+x' <0
xle[-1,1]
obtaining the unique solution x/ = 0.6, f%* = —0.216. Since the lower-level constraints

depend on the upper-level variables, pairs Z*, z"* need to be identified. The auxiliary prob-
lem (7) is solved for 81102 = 0.001 obtaining the point x’-! ~ 0.5992. Then Subroutine 1 is

applied obtaining X*! = [—0.387, 0.387], Y**! = {1} (note the degenerate interval for the
binary variable). The relatively large value for Slfz = 0.001 is chosen so that the interval

X1 is sufficiently large for quick convergence of the lower bound; in the computational
results (Sect. 6) a smaller value is used for consistency with the other examples. To conclude
the first iteration, the upper bounding problem is solved

min x*
Xl

st —05—(0)2—-01x1+x' <0
—1+0+x' <0
3
- (x’) <0216
*el=1,1]

obtaining an upper bound of UBD = 0.6 attained at x* = 0, y* = 1, x! = 0.6.
At the second iteration the lower bounding problem

min 10 (x”)2 +x!

xt,yt xt

sit. —0.7+0.1x* —y" <0

05— (x*) = 0.1y +x' <0

—1+x“+x' <0

—0.387 < x* <0387 and y* = 1 = — (xl)3 < —(0.5992)°
X el[—1,11, y“efo,1}, xe[-1,1]

is solved obtaining x* ~ —0.005, y* = 0, x! &~ —0.7005 and LBD ~ —0.70025. Similar
to the first iteration x"? = 0.4989, X*2 = [—0.483,0.4733], Y*:! = {0} are obtained for
the parametric upper bounds to the lower-level objective. The upper bound is updated to
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UBD ~ 0.5003 attained at x* ~ —0.005, y* = 0, x! &~ 0.5 and this is very close to the
global minimum.
At the third iteration the lower bounding problem
min 10 (x“)2 +x!
xu!yu,xl
st. —0.7+0.1x" —y* <0
—0.5— (x*)" = 0.1y +x' <0
—1+x"+x' <0

3
—0.387 < x* < 0.387 and y* = 1 = — (x’) < —(0.5992)3

3
—0.483 < x* < 0.4733 and y* = 0 = — (x’) < — (0.4989)
e[-1,1], ye{0,1}, x'e[-1,1]

is solved obtaining x* ~ 0, y* = 0, x! ~ 0.4989 and LBD =~ 0.5. The lower and upper
bound have essentially converged.

6 Implementation

The algorithm is implemented in C++ and tested on a 32-bit 1.8 GHz Pentium M processor
running Linux 2.6.18. As is typical with optimization codes, both an absolute and relative
termination criterion are used and termination occurs if either of the criteria is satisfied. The
MINLPs are all solved globally with BARON version 7.8.1 [28] using GAMS version 22.5
[8] through system calls.

The complementarity conditions of the KKT-based lower bounding problem are imple-
mented using the big-M formulation [14, 15]. The logical constraints in the lower bounding
problem are also implemented using additional integer variables as described in the following.

For boxes Z** that satisfy Z** = Z" no logical constraint is needed. Otherwise up to
two binary variables and constraints are introduced for each component of z*, as described

in Subroutine 2. Therefore up to 2 (nﬁ + n;) + 1 binary variables are required to formu-

late a logical constraint. Note that the bounds y”'k’LO, y'f’k’UP are integer-valued for all

j=1,..., n? since in the construction of the boxes the floor and ceil functions are used.

Subroutine 2 (Implementation of logical constraints)

e Setc=0
e FOR;=1,...,n{ DO

- IF 00 s 01O THEN

* Set ¢ = ¢ + 1 and introduce a binary variable w. € {0, 1} corresponding to
xj > x;."k’LO.
* Introduce a constraint

— IR < P THEN
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Set ¢ = ¢ + 1 and introduce a binary variable w. € {0, 1} corresponding to x; <

u,k,UP
X; .
Introduce a constraint
x?,k,UP _ x;’
>4 ]
We = WP _ w10
J J

e FORj=1,...14DO

- IF y*tO s Lo THEN
* Set ¢ = ¢ 4 1 and introduce a binary variable w. € {0, 1} corresponding to
&,LO
yjz e
* Introduce a constraint

u _ ukLO
" > Yi =y +0.5
c

— uw,UP _ u,LO
Y Y

- IRy < =P THEN
* Set ¢ = ¢ + 1 and introduce a binary variable w,. € {0, 1} corresponding to
y; < yu,k,UP
i=DYj :
* Introduce a constraint

y kP ey 05
We > J J
— u,UP u,LO
i 7Y

END FOR
e Introduce the logical constraint as

fl (Xu’yu,xl7yl) < f’ (Xu’yu’xl,k’yl,k)

+ i(l — w;) (f”ma" —f! (Xu,y”,xl’k7yl*k)) ’

i=1

where flmax > ¢l (x« yu xI'k yl'K) forall (x*, y") € Z". This value can be easily esti-
mated using interval analysis, see, e.g., [24]. Note that unless w; = 1,foralli =1,...,¢
this constraint is redundant.

For the continuous variables the constraint is only introduced in the interior of Z** while
for the integer variables also for the boundary (by the addition of 0.5 in the numerator). Note
also that for j > n¥% (i.e., for the integer variables) z';‘k’UP = z';‘k‘Lo is possible, but still

both additional binary variables are needed.

6.1 Test set

To test the algorithm literature examples are used along with a few new test problems.
The problem formulations are given in Appendix A. Table 1 contains a summary of the
problem properties. The first column is the label of the example. The second through fifth

! !
columns (nz, n¥,nl,n

v y) contain the number of variables. The sixth through ninth columns

( fugt flgt ) contain the functional form of the upper-level objective, the upper-level con-
straints, the lower-level objective and the lower-level constraints for fixed values of the integer
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Table 1 Summary of problem properties

Label n% n‘; ni nl} fu g 7! g
am_1_0_0_1_01 1 0 0 1 C N/A N/A N/A
am_1_1_1_0_01 1 1 1 0 C L N L
am_1_1_1_1_01 1 1 1 1 C L N L
am_1_1_1_1_02 1 1 1 1 N L N N
am_3_3.3.3 01 3 3 3 3 N N N L
Edmunds_Bard 1 0 0 1 C N/A N/A N/A
Jan_Chern 0 2 0 3 N/A N/A N/A N/A
Moore_Bard 0 1 0 1 N/A N/A N/A N/A
Sahin_Ciric 2 0 0 2 N N/A N/A N/A
Thirwani_Arora 0 1 0 1 N/A N/A N/A N/A

Table 2 Numerical results without KKT based tightening

Label f SO L O8 UBD #UBD #LBD Time
am_1_0_0_1_01 —1 -1,0 2 2 2 003 0.67
am_I_I_1_0_01 0.500029 —0.00195395,0,0.49999 7007 8 03031
am_I_1_1_1_01 —1.00365 0.00364962, 1,—0.0003648,0 G 8 02027
am_1_1_1_1_02 0.206899 —0.568658,0,0.45378,0 6 6 6 08335
am_3_3_3_3_01 —2.50001 3.le—06,-1,0,1,0,1,1,1,—0.299997,1,0,0 2 2 2 02712
Edmunds_Bard 0.444444  1.33333,2 11 1 002044
Jan_Chern -51 1,3,2,2,2 2 6 7 068335
Moore_Bard 5 3,1 2 2 2 0.01 0.75
Sahin_Ciric ~ —400 0,10,1,1 3003 3 012 101
Thirwani_Arora —0.666667 0,3 2 2 2 0.03 0.60

variables: N/A stands for not applicable (no continuous variables, or no constraints), A stands
for affine linear, C stands for convex nonlinear, N stands for nonconvex nonlinear; for the
upper-level functions the characterization is joint in x* and x! while for the lower-level func-
tions the characterization is only for the x/ —dependence, e.g., convex means partially convex
on X!. Note that the integrality constraints make all lower-level and upper-level problems
nonconvex.

The optimality and feasibility tolerances for BARON are set to epNLp = 107 for all
problems. The optimality tolerance for the lower-level problem is set to slf = 1075 and
the absolute and relative termination criteria to 5; = 10~*. Note that for all problems the
tolerances used satisfy the assumptions in Theorems 1. For all problems glfz = 0.881f is
used for all iterations. To guess the boxes Z*, a decreasing sequence is used; each time the
interval diameter is set to one and decreased by a factor of 0.9 until the interval extensions
show feasibility. Natural interval extensions are used for the overestimation.

Tables 2 and 3 contain the numerical results with and without KKT based tightening
(whenever applicable). The first column (Label) has the label of the problem. The second
through ninth columns contain the results obtained: f* shows the optimal objective value
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Table 3 Numerical results with KKT based tightening

Label fu x4 g &y UBD #UBD #LBD Time pmax
am_1_1_1_0_01 0.499989 —0.000493355,0,0.499987 2 2 3 0.04 093 2
am_1_1_1_1_01 —1.00365 0.00364733,1,—0.000182366,0 8 8 8 046 2.9 10
am_1_1_1_1_02 0.209503 —0.554475,0,0.455445,0 2 2 2 030 13 2
am_3_3_3_3_01 —2.5 0,—1,0,1,0,1,1,1,—0.300002,1,0,0 1 1 1 0.40 0.80 100

obtained; x“, y“, %, )'71 shows the optimal solution obtained; UBD shows the iteration at
which the optimal solution is first obtained; #UBD shows the number of upper bounding
calls; #LBD shows the number of lower bounding calls; the first time column shows the
sum of CPU time reported by GAMS and spent in the main program, while the second
time column shows the time obtained by the timing function. Note that there is a significant
difference between these two times requirements, presumably due to the system calls and
processing time for GAMS. Because CPU times are small, an average of 10 runs is presented.
Additionally, the last column in Table 3 contains the bound for the KKT multipliers used.

All the test problems are solved without significant numerical difficulties. Similarly to
single-level optimization appropriate choice of tolerances is necessary for computational
efficiency and accuracy of solutions. The KKT-based heuristic for the lower bound, when
applicable, can reduce the number of iterations required. However, the cost per iteration is
higher because of the complementarity conditions. For one of the literature test problems
(Jan_Chern) the point reported in the literature is found infeasible (lower-level suboptimal)
and for another suboptimal (Sahin_Ciric).

7 Conclusions

A deterministic algorithm for the solution of mixed-integer bilevel programs was presented
along with a convergence proof and illustrative examples. An implementation was performed
and the algorithm tested with numerical examples. The algorithm is guaranteed to finitely
find a point which satisfies ¢ —optimality in both the upper-level and lower-level programs.
The algorithm uses a lower bound which converges based on parametric upper bounds to
the lower-level problem and an upper bound based on probing the solutions furnished by the
lower bounding problem.

An interesting extension of the algorithm is to a branch-and-bound framework. This would
result to a somewhat cumbersome notation, but there is no conceptual problem expected in
performing the extension. Relative to the continuous case, there are additional branching
alternatives, such as branching only on the integer variables. Also, it is worthwhile exploring
alternatives to the MINLP formulation of the KKT-based lower bounds as in the MPEC for-
mulation [31,30]. In NLPs and MINLPs domain reduction methods have been very successful
[32] and it would be interesting to also consider domain reduction for bilevel programs.

Acknowledgments I would like to thank the anonymous reviewers for the detailed comments that consider-
ably improved this article. Financial support from the Deutsche Forschungsgemeinschaft (German Research
Association) through grant GSC 111 is gratefully acknowledged.

@ Springer



578 J Glob Optim (2010) 47:557-582

A Test problems

The bilevel program
min x" — 2x"y' — 0.1/
x”,y’
s.t.y! € argmin y™ (am_1_0_0_1_01)

)y”l

el=1,10, YLy efo, 1),

has the unique solution x* = —1, yl = 0 with an objective value of —1.

The bilevel program

min 10 (x“)2 + !

xu’yu,yl
st. —0.740.1x" —y* —x! <0

x! € arg rilllnn — (x’")3

st —05— (x)> = 0.1y +x" <0
—1—x"4+x"<0 (am_1_1_1_0_01)
—14+x"4+x"<0
—1—x*=x"<0
—14+x*=x"<0
x“e[=1,1], y*ef{0,1}, x\x"e[-1,1]

has the unique optimal solution x* = 0, y* = 0, x = 0.5 and the optimal objective value
0.5.
The bilevel program

! I \?
min  —y" —x" —y' +x"x" + 10 (x)
JC“,y”,Xl,yI
st. —05y" +x" <0

(xl, yl) € arg min y" — x* (xm)2 +0.5 (xm)4 (am_1_1_1_1_01)

xm,ym
st. —02y"+x™ <0
xel[-1,11, y“ef{o,1}, X, x™e[-1,11,,y" €0, 1}

has the unique optimal solution point is x* = 0, y* = 1, x/ = 0, y/ = 0 and an objective
function of —1.
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The bilevel program
. u u 2 I 1 2
min y +(x +0.6) -y +(x)
xu’yu’xlﬁyl
st. —03y" +x“+y <0
(.5") € arg min v + (") +04/3 (—x" +1) (+")°
x"l‘ylﬂ

+(=0.02 (x)7 +0.163" — 0.4) (") + (0.004 ()"~ 0.036 () +0.08 (x)) "

5001 (1+(x)°) = (+")* <0 (am_1_1_1_1_02)
xe[-1,11, y“e{0.1}, X x"el[-1,1], Y, y" {0, 1}

has the best known solution x* = —0.5545, y* =0, x! = 0.4554, yl = 0 with an objective
value of 0.209.
The bilevel program

; 2 2 2
min i V5 = 3§ 2 (xf = 0.5)7 ¥ = 294 + x5 2y + (x4) +(x§+0.3)
X4, yH x4y
st. —0.7+0.1xf <0

0.1x5 — y{ +y{ <0

0.1x§ +y5 —y, <0

xé‘xé‘—i—xi —xéf()

st.xf —y"' <0
x5 —x{' <0
x5 —x3' <0
X e[-1, 17, y“efo, 1P, xx"e[-1,1P, y.y"e{0,1}
has the best known solution x* = (0, —1,0),y* = (1,0, 1),x' = (1, 1, —0.3),y' = (1,0, 0)

with an objective value of —2.5.
The bilevel program by Edmunds and Bard [11] (Eq. 3 therein)

. 2 /
g{ll;l[(x -2)"+ (y —2)
sty earg I‘Iylrlnn (y'")2

st —2x" —2y"4+5<0 (Edmunds_Bard)
Mt —=y"—-1<0

3x"+2y"—-8<0

X" e0,3], y,y"e{o,1,2},

has the unique solution x* = 4/3, y! = 2 with an objective value of 4/9.
The bilevel program by Jan and Chern [19]

min =3 y{ — 65 —2y] —4y5 — 9}
yhy
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sty € arg min — (1 —a- 0.9)>’|“) (1 —a- 0.875)»"5’) (1 —a- 0.79)>’1"’)
ylﬂ

(1-a-08%) (1= -0937)

SLSY +4yy +9y" +Tyy +7y3 —64<0 (Jan_Chern)
6y +7y5 +8y"'+9yy' +6y5 =76 <0

Y e{0. 12,317, y.y"e{0.1,2,3.4,5)

has the unique solution y{ =1, yj =3, y{ =2, yé =2, yl3 =2 with an objective value of
—51. The optimality of this point can be verified by explicit enumeration. Jan and Chern
[19] report y* = (2, 3), yl = (1, 2, 2) as the optimal solution with an objective value of —52.
However, this point is lower-level suboptimal and therefore not feasible: for y* = (2, 3) the
pointy! = (2,2, 1) gives f' = — 0.84 whereas y' = (1, 2, 2) gives —0.75.

The bilevel program by Moore and Bard [25] (Example 2 therein)

mlny +2y
vy

s.t.yl € arg rrvlzln —y"

st. —y"4+25y"—-375<0 (Moore_Bard)
—y"=25y"4+375<0

25y +y" —875<0

Y e{0,1,2,3), y,y"e{l,2)

has the unique optimal solution y* = 3, y/ = 1 with an objective value of —5.
The bilevel program by Sahin and Ciric [27] (Example 4 therein)

min — ((—0.4 (xi‘) Y +4 (x5) ) vy + ( (x 3)3 +3 (x’f)2 x?) (1 —)’i) ¥h

xty/

+(2 @) - 1) (1-93))

sty € argmin— ()" ()" +8 ()" = 14 ()" = 54{) o 8

+ (—xﬁ‘ ()cg)2 + 5x) x5 +4x§) (1 =) Y5+ 8xf " (1 — yﬁ")) (Sahin_Ciric)

m

st.1—y"—yy <0
x“ €0,101%, y',y" €{0,1}?

has the unique optimal solution x{ =0, x5 = 10, y{ =1, yé =1 with an objective value of
—400. There are two simple ways to verify this solution. The first possibility is to reformulate
(Sahin_Ciric) as a single-level problem. This is possible because the lower-level program only
has three feasible points, which are independent of the upper-level variables. Alternatively,
the lower-level program can be solved parametrically as a function of the upper-level variables
and the optimal solution plugged into the upper-level variable. The optimality regions of each
yl are: (i) the point yl = (1, 0) is optimal for large x{' and small x5 ; (ii) the point yl =(0,1)
is optimal in a narrow region of small x{ and intermediate x5, and (iii) the point yy=@,1
is optimal for large x{' and large x4 In Fig. 2 the optimality regions are shown, along with
the upper-level objective function, which results by fixing the lower-level variables to the
lower-level optimal solution point. Note the pronounced local minimum at x{ ~ 6.03836,

@ Springer



J Glob Optim (2010) 47:557-582 581

100
100 30
-50
0 -100
-150
-200
-100 -ggg
7350
-200 -400
-300
-400 10
10
4
u
Xo 2 0O

Fig. 2 Graphical illustration of Example Sahin_Ciric. In the xl" - xg plane the optimality regions for the

lower-level program are illustrated. “0,1” indicates the region where yl = (0, 1) is optimal, “1,0” indicates
the region where yl = (1, 0) is optimal, and “1,1” indicates the region where yl = (1, 1) is optimal. The sur-
face plot shows the upper-level objective function with the lower-level variables fixed to the solution to the
lower-level problem

xy & 2.95684, y{ =0, yé = 1 with the upper-level objective value —297.58451. Previous
articles [18,27] wrongfully report this as the global minimum.
The bilevel program by Thirwani and Arora [33]

. Zyi +3yf
min —-————
yeyl oy +4yf+6
sty 4yl =5<0
yi+3 Yi —-10<0 (Thirwani_Arora)
R ks
6y" +4y{ +3
v ef0,1,2,3,4,5), y,y"e{0,1,2,3)

yl € argmin —
ym

has the unique optimal solution y* = 0, y* = 3 with an objective value of —2/3.
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