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Abstract This paper studies a bilevel polynomial program involving box data uncer-
tainties in both its linear constraint set and its lower-level optimization problem. We
show that the robust global optimal value of the uncertain bilevel polynomial program
is the limit of a sequence of values of Lasserre-type hierarchy of semidefinite lin-
ear programming relaxations. This is done by first transforming the uncertain bilevel
polynomial program into a single-level non-convex polynomial program using a dual
characterization of the solution of the lower-level program and then employing the
powerful Putinar’s Positivstellensatz of semi-algebraic geometry. We provide a numer-
ical example to show how the robust global optimal value of the uncertain bilevel
polynomial program can be calculated by solving a semidefinite programming prob-
lem using the MATLAB toolbox YALMIP.
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1 Introduction

The bilevel optimization problems arise when two independent decision makers,
ordered within a hierarchical structure, try to optimize their objectives over a jointly
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dependent set. They appear as hierarchical decision-making problems, such as risk
management and economic planning problems, in engineering, governments, and
industries [1-5]. The commonly used bilevel optimization techniques (see [3,6,7]
and the references therein) assume precise information (i.e., accurate values for the
input quantities or system parameters), despite the reality that such precise knowledge
is rarely available in hierarchical decision-making problems. The data of these prob-
lems are often uncertain (i.e., they are not known exactly at the time of the decision)
due to estimation errors, prediction errors, or lack of information. Consequently, the
development of optimization methodologies, which are capable of generating robust
optimal solutions that are immunized against data uncertainty, such as the deterministic
robust optimization techniques, has become more important than ever in mathematics,
commerce, and engineering [8—12].

The bilevel program is a class of NP-hard optimization problems even in the case,
where all the functions are linear and are free of data uncertainty [13]. A general
approach for studying bilevel optimization problems is to transform them into single-
level optimization problems [2,3,6]. The resulting single-level optimization problems
are generally non-convex constrained optimization problems. It is often difficult to find
global optimal solutions of non-convex optimization problems. However, Putinar’s
Positivstellensatz [14] together with Lasserre-type semidefinite relaxations allows us
to characterize global optimal solutions and find the global optimal value of a non-
convex optimization problem involving polynomials. The reader is referred to [15-20]
for related recent work on single-level convex and non-convex polynomial optimiza-
tion in the literature.

In this paper, we study a bilevel polynomial program that finds robust global optimal
values under box data uncertainties. The main purpose of this paper is to show how
the robust global optimal value of a bilevel polynomial program in the face of uncer-
tain linear constraints can be calculated by solving a sequence of semidefinite linear
programming relaxations. More concretely, under the coercivity of the objective poly-
nomial, we prove that the values of Lasserre-type semidefinite relaxations converge
to the robust global optimal value of the uncertain bilevel polynomial program.

This is done by first transforming the uncertain bilevel polynomial program into
a single-level non-convex polynomial program using a dual characterization of the
solution of the lower-level program and then employing Putinar’s Positivstellensatz
[14]. The dual characterization is achieved by using a generalized Farkas lemma with
a numerical certificate for semi-infinite linear inequality systems [21], whose dual
statement can be verified by solving a semidefinite linear program. Related recent
work on global bilevel polynomial optimization in the absence of data uncertainty can
be found in [17,22].

We would also like to point out that some other approaches to treating uncer-
tain bilevel optimization problems are available in the literature. For instance, the
authors in [23] used a sfochastic approach to obtain robust solutions to hierarchical
problems, where the lower-level program is described by equilibrium constraints and
the uncertain data include random inputs as well as discretely distributed probability
distributions. A fuzzy approach was employed in [24] for studying a linear bilevel opti-
mization problem, in which the concept of the solution for both levels is understood
in the sense of fuzzy. An approximation/perturbation approach was used in [25] for
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treating a two-level optimization problem by approximating it by a sequence of math-
ematical programs. However, to the best of our knowledge, a mathematical theory and
the associated methods for uncertain bilevel optimization problems that employ the
deterministic robust optimization approach [8—10, 12] do not appear to be available in
the literature.

The outline of the paper is as follows. Section 2 presents preliminaries and aux-
iliary results, where we can find dual characterizations for robust solutions of the
lower-level program and for robust feasible points of the uncertain bilevel polyno-
mial problem. The main result is given in Sect. 3, where we prove the convergence of
robust global optimal values via semidefinite linear programming relaxations for the
uncertain bilevel polynomial problem. Section 4 provides conclusions and discusses
further research perspectives.

2 Preliminaries and Auxiliary Results

Let us start this section by fixing some notation and definitions. The notation R”
signifies the Euclidean space, whose norm is denoted by || - || for each n € N :=
{1,2,...}. The inner product in R” is defined by (x, y) := x "y for all x, y € R
As usual, cone 2 = {Zleozix,- xi € 2,0, e Ry,i =1,...,k, k € N} stands
for the convex conical hull of £2, where R} := [0, +00o[C R. The notation conv 2
denotes the convex hull of £2 C R”. A symmetric (n x n) matrix A is said to be positive
semidefinite, denoted by A > 0, whenever xTAx > 0 for all x € R". A real-valued
function f : R" — R is coercive on R" if ‘l‘nhq inf f(x) = +oo. In particular, it is
X[|—=0

shown in [19, Lemma 3.1] that a convex polynomial f is coercive on R" if there exists
X € R” such that the Hessian V2 f (%) is positive definite, i.e., x V2 f(&)x > 0 for
all x € R™ \ {0}. Some numerically checkable sufficient conditions for the coercivity
of non-convex polynomials have also been given in [15].

Denote by R[x] the ring of polynomials in x with real coefficients. One says that
(cf. [20]) f € R[x] is sum-of-squares if there exist polynomials f; € R[x], j =
1,...,r, such that f = Z;Il f ]2 The set of all sum-of-squares polynomials
in x is denoted by >2[x]. Given polynomials {g1,..., g} C R[x], the notation
Mgy, -- ., gr) stands for the set of polynomials generated by {g1, ..., g}, i.e.,

M(gi,....&) ={oo+o1g1+...+0,8 : 0j € Zz[x],j=0,1,...,r}. (1)

If there exists 4 € M(gy, ..., g) such that the set {x € R" : h(x) > 0} is compact,
then M(gy, ..., gr) is called to be archimedean (cf. [26]).

The following lemma of Putinar (cf. [14,20]), which provides a positivity represen-
tation for a polynomial over a system of polynomial inequalities under the archimedean
property, can be viewed as a polynomial analog of Farkas’s lemma.

Lemma 2.1 (Putinar’s Positivstellensatz [14]) Let f, g; € R[x], j =1, ..., 7. Sup-
pose that M(gy, ..., gr) is archimedean. If f(x) > 0 for all x € {y € R"
gi(y) >0,j =1,...,r}, then f € M(g1,...,8), ie., there exist 0; € 22[)(],
J=0,1,....r suchthat f = oo+ 3 _, 08,
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Consider an uncertain linear inequality system,

xeR" ajx<bj, j=1....4. )
where (4, b i), J = 1,..., q are uncertain and they belong to the uncertainty sets
Uj,j=1,...,q. The uncertainty sets are given by

N N
szz{ (a?—i—Zu’ja;,b?—i—Zu’jb’j) : ujzz(u},...,u;)er}, j=1,....q,
i=1 i=1

wherea’, € R", b} € R,i =0,1,...,5,j=1,...,qarefixedand U, j = 1,...,q
are spectrahedra (see, e.g., [27]) described by

N
Uj = {u,» = @},...,@)eRS : A(}+Zu;A§.30}, i=1l....q 3
i=1

with AL, i =0,1,.. ., 8, j=1,..., g symmetric (p; x p;) matrices.
Now, consider the affine mappingsa; : R® — R"andb; :R* - R, j=1,...,¢9
given, respectively, by

s s
aj(uj) = a? + Z“i’a;’ bj(uj):= b? + Zu’]b’] for u; := (u}, . ,u}) cR*
i=1 i=l1

witha} € R", b’ € R,i =0,1,...,5,j = 1,..., ¢ fixed as above. Then, the robust
counterpart of the uncertain system (2),

x € R, &;—x < l;j, V(CAZJ',I;Q/) S 0/, ji=1,...,q,
can be expressed equivalently as
xeR", aj(u;) x <bju;), Yu; eUj, j=1,...,q. 5)

The generalized non-homogeneous Farkas lemma, which provides a numerically
tractable certificate for nonnegativity of an affine function over the uncertain linear
inequality system (5), plays an important role in characterizing robust solutions of the
lower-level optimization problem.

Lemma 2.2 (See [21, Theorem 2.1]) Let C := cone{(a;(u;), bju;)) : u; €
Uj,j =1, ...,q} be closed, where Uj, j = 1,..., p, in (3) are assumed to be
bounded, and let (9, r) € R" x R. Assume that the robust linear inequality system (5)
has a solution, i.e.,

Xi={x e Rt ajw))x <bjuy), Vuj €Uy j=1,....q) £0.
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Then, the following statements are equivalent:

i) x e R", a](u]) x <bjuj), VujeU], j=1,..., =9 x—r=>0;
(i1) 3k0>0 )J eR,j=1,...,q,i=1,...,s, suchthat

@+§(A°a°+zx ) —r—Xq:(A‘}bO Z/\’b’)_

j=1

040 i Al s
andAjAj+ZA’j-A‘]- =0,j=1,....q
i=1

Bilevel Polynomial Problems. Let f : R™ x R” — R be a real polynomial. We
consider an uncertain bilevel polynomial optimization problem with linear constraints
as

[f,y) iy eY(x,a, b, ... a40,by),8 x+b] y < &,i=1,...,1},
(P)

min
(x,y)eR™ xR"

where (Zzi,l;i,Ei) S ﬁ,-,i =1,...,land (&j’bA4/) IS lj,,j =1,..., q are uncertain
and

Y (x.anbr.. . dg by

= argminzeRn{ch—l—d{)rz : c}—x +€z;rz <bj, j= 1,...,q}

denotes the optimal solution set of the uncertain lower-level optimization problem

LT AT A
erélﬁl}l{cox—f—doz.cjx—f—ajsz/,]—1,...,q}. (6)
In the abovgdata, co € R",dy e R",cj e R",j =1,...,q, are fixed, the uncer-
tainty sets U;, i = 1, ..., 1, are boxes given by

Ui = la;, @il x [b;, bil x [¢;, G, i =1,...,1

with a; == (a}, ..., ;"),a, = (a@,....,a") eR" gk <@ k=1,...,mb; =
(b),....b") . i = (b),....B )GR” b <bi k=1,....nandc,. ¢ eR. ¢ <
ci fori =1,...,1, while the uncertainty sets U. j=1,...,q, are given by

S
.::{ (a +Zujaj,b0+2u’jb’j) :uj:z(u}-,...,u‘;) € Uj},jzl,...,q
i=1
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with U; = [-y, il x - X [=¥s, ¥ vi > 0,i =1,...,5 anda; € R”,b; €
R,i=0,1,...,5,j=1,...,¢q, fixed.

By considering the affine mappings a; : R®* — R",b; :R* - R, j =1,...,q,
given as in (4), the uncertain lower-level optimization problem (6) can be formulated
equivalently as

min {ch+sz : c}—x—ka.,'(uj)TZ <bj(u)), j= 1,...,q}, (LP)

zeR"

whereu; € Uj, j =1, ..., q.Inthe formulation of (LP), theboxes U;, j = 1,...,q,
play the role of uncertainty sets.
Now, the robust counterpart of the problem (P) is defined by

min {f(x,y) Ly eYW), &' x+by <&,V b, &) e Ui = 1,...,1},
(x,y)eR™ xR"
(RP)

where ¥ (x) := argmin,cpn{cgx +djz : cjx+a;jwj)Tz < bju)), Vu; €
Uj, j=1,....q } Note that in the robust counterpart (RP), the uncertain constraint
inequalities of both the lower-level and upper-level problems are enforced for every
possible value of the data within the uncertainty sets U;, j = 1,...,¢q, and U;, i =
L..., 1L

Given x € R™, we first focus on the robust counterpart of the lower-level optimiza-
tion problem (LP) given by

min {ch—l—d(;rz : chx—{—aj(uj)Tszj(uj), Yuj e Uj, j= 1,...,q}.

zeR”?
(RLP)

Asusual, apointy € R" is called to be a robust solution of the lower-level optimization
problem (LP) (see, e.g., [8]) if it is an optimal solution of the problem (RLP), i.e.,
y e Y(x).

The next lemma establishes a characterization for robust solutions of the lower-level
optimization problem (LP). In what follows, for the sake of simplicity, we denote by
Vg the boxes Uj, j = 1,...,q, and use {ﬁk = (12,1(,12,1) eRS | k= 1,...,2S}
to indicate the set of extreme points of the box V.

Lemma 2.3 (Tractable characterization for robust solutions of (LP)) Let x € R™.
Then, y € Y (x) if and only if
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.
yeR" ¢! x+<a +30 111;( ’) y

—(b?—i—zl-:lﬁkb’j)§O,k:1,...,2“',j=1,...,q,
H,U,()>0/Lj>(),u§€Rj=1 g i=1,...,s

2
such that Z(u1)2+ Z Z( ) 1,
@ ==y

q
oo 3 (st + S5 =0
]:

—/LodoTy—Zl(M/b _Il’LJC]x+Zl 1M] ) =0
J

N\ 2
and (v = (W) 2 0= 1,5 =1,...q.

Proof Foreach j € {1,...,q}, put

Ey O i E; 0O

0._ 0 i i .

A/’_<0Eo>’ Af'_<0—E,~>’l_1""’s’ @)
where Ej is the (s x s) diagonal matrix with the diagonal entries, say y; > 0,i =
1,...,s, and E; is the (s x s) diagonal matrix with one in the (i, 7)th entry and zeros

elsewhere. Then, it follows that

e e,
<
~
Il

—
<
-~

N—
m
=

&
~
+
©“
<
=
=
=
Y
)
——

—

={uj = (ul,,u;) e RS |u§-|§yi,i=1,...,s}=vs, j=1...,q,

which shows how the box Vi can be expressed in terms of spectrahedra in (3).

Since Uj, j = 1,...,q, are boxes, the cone C(x) := cone{(a;j(u;),bj(u;) —

chx) cuj€Uj, j=1,...,q}isclosed (see, e.g., [21, Proposition 2.2(i)]). Invoking

Lemma 2.2, we can verify that y € Y (x) if and only if the following conditions hold:

y e R, c;!—x—l—aj(uj)—ryfbj(uj), YujeUj, j=1,...,qand ®)
EI)L(/).zO,)L;eR,j:1,...,q,i=1,...,ssuchthat
q q
0.0 04,0 0.T
do+2<ka +ZA ) —dy y — Z(Ajbj—kjc x+2)\'b’>_
Jj=1 j=1
andx9A3+Zx§.A;zo,j=1,...,q. )

i=1
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It is easy to see that (8) amounts to the following one
y € R, maxy ey, {<(ajl.Ty —bL ., aj?Ty — bj) , uj> —l—a?—ry + c;rx — b(}} <0,
j=1...,q,
which in turn is equivalent to the assertion
y e R", 1111— (ajl.Ty — b, . ..,aj?Ty — bj) +a5.)Ty +c}—x - b? <0,
k=1,...,2%j=1,...,q,

where {ﬁk = (ﬁ,&, e ﬁ,‘() eR 1 k=1,..., 25} stands for the set of extreme
points of the box V; as above. Therefore, (8) becomes

.
S
y € R",c;-rx + (a?—l—Zsz(a;) y

i=1

S
_<b?+2ﬁkb’/> <0k=1,....2,j=1,...4

i=1
In addition, it can be checked that, under our setting, (9) is equivalent to
0 \2 N2
() = (1) z0i=1.sj=1...q (10)

So, we come to the assertion that y € Y (x) if and only if

-
yER"cx+<a +Z 1uk ) <b0+z 1”k )
<0,k=1,...,25,j=1,....q,

3.920,25€R, j=1,....q,i =1,...,s such that

) d0+i<,\0a0+z 1 Ma ):0,
o

q
—d]y - 'Zl (A‘}.b? —Melx+ 3 M b’)
j:

and (x‘?y<)2—(}\i,)2>o i=1,...,5j=1
jvi j = U, yeees Sy ] yeees (.

To complete the proof, it remains to show that (IT) and (I) are equlvalent to each other.
To this end, suppose that (II) holds. By setting o :=
\/1+ij1 ()‘?) +Zl]1':1 Yo (Al,)

0 i
Aj : Aj

Vi
S ) ()T e (1) e i ()

and p; =

)
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j=1,...,q,i = 1, ..., s, wecome to (I). Conversely, assume that (I) holds. Letting
0. B i Mo _ -

Aj = MO,)Lj =)= I,...,q,i =1,...,s, we arrive at (I). O

To proceed further, we should define concepts of robust feasible/solutions for the
uncertain bilevel polynomial optimization problem (P).

Definition 2.1 (i) We say that (x, y) € R™ x R" is a robust feasible point of prob-
lem (P) if it satisfies

YEYR), &' x+b]y <&, Vi, bi, &) €U, i=1,...,1,

or equivalently, it is a feasible point of its robust counterpart (RP).

(i) Let (x,y) € R™ x R”" be a robust feasible point of problem (P). We say that
(x, v) is a global robust solution of problem (P) if f(x,y) < f(x,y) for every
robust feasible point (x, y) of problem (P), or equivalently, it is a global solution
of its robust counterpart (RP).

(iii)) We say that the problem (P) satisfies the lower-level Slater condition (LSC) if
for each x € R™ there exists z € R” such that

c;rx+aj(uj)—rz<bj(uj), VujeUj, j=1,...,q. (11D

The forthcoming lemma supplies a characterization for robust feasible points of
the uncertain bilevel polynomial optimization problem (P). Hereafter, we use notation

as before, and in addition, we denote by { (Zlf‘ , l;f‘ , Ef‘) ER" xR" xR : k =
1,..., 2m+”+1} the set of extreme points of the box U; fori = 1,...,[, and let

dy := (d&,...,dg),a;'. = (a;'.l,...,aj,")eR",i:O,l,...,s,j:l,...,q.

Lemma 2.4 (Robust feasibility for (P))

(1) Let (x,y) € R™ x R". Then, (x, y) is a robust feasible point of problem (P) if
and only if there exists pu = (,u,o,,ul,...,y,q,,u%,...,/JL;,...,;L{,...,M;) €
RIGHDH sych that

gitx,y,m) >0, i=1,... [12"m"+ 4405

gi(x,y, u) >0, i =12t 4gos 4,

gi(x,y, u) >0, i =0mtn+l 4 gos 4o L,
hj(xx,y,u) 20, =hj(x,y,u) 20, j=1,....,n+1,

(IID)
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where L := 12"+ £ g(25 + 5 + 1) + 2 and

vi—(k—1)2m+n+1 T vi_(h_1yomnrl\ T i (k—1)pm+n+1
g (X, y, 1) = —(a,’( (k—1)2 ) v — (b}( (k—1)2 ) y+& (k—1)2 for
i=k—D2"H kT withk =1,
T

s
. T 0 v j J 0
gilx,y, ) i=—¢{x—[af + ul.’_(k_l)zs_lzm,,ﬂak’ y+ by
j=1

N
v J
+ Z Wi (—1y2s—pmins1 D JOT
j=1

P =12 k= D20 1L 12 Lk withk =1, ... q,
gi(x,y, 1) == pofori = [t q2’ +1,
(X, ¥, 1) 1= Wi_pgmenst _gpe_y fori =127
+q2 42, 2 g2 g 1,

q K
gi(x,y. ) == —podg y — > | mabf — e x +> " uib] | for
k=1 =1

i=12mtl 08 4 g 42,

< i—(k—1)s—(2m+nt] +q25+q+2))2 for

. 2
8i (. ¥, 1) = (kY- k- 1ys—qom+n+1 125 1g42) . — (Hy

i:(12m+n+1+q2s+q+2)
Fk—Ds+ 1., (2" 42 + g +2) +ks
withk=1,...,q,

and

q K

. 0 L .

hj(-x’ Vs I‘L) :M/Odé + Z <H/kak] +Z,U«;€all€j> for] = 1, (B
k=1 i=1

q q s
Gy =1 = Y = 03 () forj=n 1.

k=0 k=1 i=1

(ii) Assume that the (LSC) in (11) is satisfied. Then, (II1) is equivalent to

12)

a) gilx,y,u)>0,i=1,...,L,
hj(x,y, ) >0, —hj(x,y,u) >0, j=1,...,n+1

for each (x,y, u) € R™ x R" x RIG+D+L,

Proof (i) Let us first show that the set

{(x,y) ER" xR : & x+by <& V@b, é) el i= 1,...,1} (13)
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is equivalent to the following one

[ eRm xR Al Tx 4+ BTy — b <0 k=1, 20 =
(14)

where {(éf‘,éf,é;‘) ER"xR"xR :k=1,. ..,2’”*”“] denotes the set of

extreme points of the box l7,~ fori = 1,...,1[ as denoted above. Indeed, for each
(x,y) € R™ x R", by letting X := (x, y, —1), we obtain that

max{&iquLE,-Tny,-:(&,-,E,-,E,-)ef],-,i:l,...,l}
= max dl-—rx-i-l;;ry—fi : ([1,-,5,-,5,—)econv{(&,{‘,l;ff,éf),k:1,...,2'”+”+]},i:l,...,l}
= max WiTX : W,~econv{<é(‘ bk E’.‘),k:1,...,2'"*"“},1’:1,...,1}

[ B )

= max WikTX k=1

= max él{‘Tx+I;ny—5f-‘ : k:l,...,2m+"+',i:l,...,l},

where W; := (d;,b;, &) and WF = (sz‘, bk, 5lk> ko= 1,...,2mnFl for
i=1,...,1. So, we conclude that (13) is equivalent to (14).
Now, let (x, y) be a robust feasible point of problem (P). It means that

yeY®), & x+by <&, V@, bi,&)eU, i=1,...,1. (15)

Due to the equivalence between (13) and (14), (15) is nothing else, but the assertion
that

yeY), akTx 05Ty —F <0, k=1,...,2m™" i=1,...,1. (16)

Invoking Lemma 2.3, (16) can be equivalently

() eR xR A Tx + 5Ty — ek <0, k=1,...,2m i =1,

N .
cher(a?Jer:] ﬁia}) y7<b?+2f=l ﬁ;(b‘/) <0,k=1,..., 2. 5=1,..., q,
o> 0,p; 20,4 €R j=1,...,qi=1,....s

q q s N2
V) suchthat 3" (uj)?+ > 2 (,ﬂj) =1,
Jj=0 j=li=1

q A q P
Hodo + 3 (uja? +X5 u’ja}) =0, —pody y — ) (M_/b? —mjcix+ 30, V«}b}) =0
J= J=

N\2
and (ujy)? = (1)) Z0.i=1..o5.j=1,....q.

where {ﬁk = (i), ..., i) eR |k=1,..., 2S} stands for the set of extreme

points of the box V.
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Denote 11 := (Mo,m,...,Mq,M},...,u},,...,ui,..-,uf,) e RaGHDHL

gx,y,w),i =1,...,Land hj(x,y,u), j = 1,...,n + 1 as stated in the
lemma. Then, we conclude by (V) that (x, y) is a robust feasible point of prob-
lem (P) if and only if there exists u € RI6+D+1 such that

gi(x,y,pu) > 0,i=1,... 02""F 4405,
gix,y,p) >0, i =024 g28 41,

g,y ) =0, i =02"" g 1o L
hj(x,y,pu) =0, —hj(x,y,u) >0, j=1,....n4+1

So, we have proved (i).

(i) Let the (LSC) in (11) be satisfied, and consider any (x, y, u) € R™ x R" x
RaG+D+LIf (x, y, ) satisfies (IIT), then it obviously satisfies (IV).
Conversely, let (x, y, i) be such that (IV) holds. It means that

(x,y) €e R" x R",

wo= (Mo,m,...,uq,ui,...,u},,...,ui,...,uj)GR”(””“,
A Tx 4Ty — k<0, k=1,... 2" i =1,

:
cx+<a + 37 ika ) y
(b0+z 1uk’)50,k=1,...,2s,j=1,...,q,

(VD . . v s () -
mo=0,pj =20, j=1....q, > (up)>+ > > (u}) =1,
j j=li=1

q o
podo + ) (Mja? + i Mlja}> =0,
=1

T d 0 T s [N)
_:u()d() y = Z (l“jb]‘ _Mjcjx+2i=1 /J/jbj> >0
j=1

N2
and(ujy,-)z—(u’j) >0,i=1,....,s,j=1,...,¢q.

We need to show that (x, y, u) satisfies (III). It suffices to verify that png # O.
Assume on the contrary that ;o = 0. We get by (VI) that

Z(MJ>2+ZZ( ) = (17)

j=1i=l

q N q
z(z)o 3 e - L =0
j=1 i=1 j=1 1i=1
J J Jj= (18)
N\ 2
(um)z—(u;) >0i=1,....5,j=1,....q. (19)
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By (19), for each j € {1,...,q},u; =0fori =1,...,s whenever u; =0, and

hence, we conclude from (17) that there exists j € {1,..., g} such that t; # 0,
q
ie, Y uj #0.Foreach j € {l,...,q), leti; := (i}, ..., u%) € R® with
j=1
0 ifu;=0
12‘, =0 i=1,...,s
: a ifpj #0,

Then, |ﬁ§.| <y fori=1,...,5,j=1,...,q,and so, u; € Vy = U; for all
j=1,...,q.Onthe one hand, in view of the (LSC) in (11), we find z € R" such
that

cix+ajliy) z<bjly), j=1....q.

q
Since Y p; # 0, it follows that
j=1

q q q
Y wjelx+ Y pjapapnTz < wibiis),
j=1 j=1 j=1

or equivalently,

q

Do (L e X wr) < S -3 5 <o

j=1 j=1i=1 j=1i=1
(20)
On the other hand, we get by (18) that
q
S s x+ (ZW RN zuj 3 IR
j=1 j=1i=1 j=1i=l
which contradicts (20). Therefore, we conclude that ;g > 0. Itentails that (x, y, u)

satisfies (IIT). The proof is complete.
O

3 Robust Bilevel Polynomial Problems via Semidefinite Programming
Relaxations

In this section, we present semidefinite programming relaxations for the uncertain
bilevel polynomial optimization problem (P) and show how the robust global optimal
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value of problem (P) can be found by solving a sequence of corresponding semidefinite
programming relaxation problems.

Sum-of-Squares Relaxation Problems. For each k € N, we consider a relaxation
problem in terms of sum of squares for the uncertain bilevel polynomial optimization
problem (P) given by

n+1

L
sup {t:f—;mgi—jX_;Ejhj—C(K—f)_IZUO’ (D)

(t,00,0i,§;.¢)

t eR, ¢,00,0i € B2[x, y, ul, & € Rlx, y, ul,
deg(o0) < k,deg(¢f) <k, deg(oigi) < k, deg(;h;) < k,
i=1,...,L j= 1,...,n+1],

where g;, i =1,...,L:=012""*" 4+ g2 +s+1)+2,h;,j=1,...,n+1, are
defined as in the statement of Lemma 2.4 and x > f(x, y) with (x, y) being a robust
feasible point of problem (P).

It is worth mentioning here that for each fixed k € N, the problem (Dy) can be
regarded as a sum of squares relaxation problem of the problem (P), and more inter-
estingly, it can be reformulated as a semidefinite linear programming problem [20].
We denote the robust optimal value of problem (P) and the optimal value of problem
(Dy), respectively, by val (P) and val(Dy).

In the next theorem, we show that, under some additional conditions, the uncertain
bilevel polynomial optimization problem (P) has a global robust solution and the
optimal values of the relaxation problem (D) converge to the robust global optimal
value of the problem (P) when the degree bound k goes to infinity.

Theorem 3.1 (Computing robust global optimal value by SDP) Let f be coercive
on R™ x R". Assume that the (LSC) in (11) is satisfied. Then, the uncertain bilevel
polynomial optimization problem (P) has a global robust solution (x¢, yo) satisfying

val(Dy) < val(P) = f(xo, yo) forall k € N. 201
Moreover, we have
lim val(Dk = val(P). (22)
k—o00

Proof (Proving the existence of global robust solutions of (P)) Thanks to Lemma 2.4(1),
we assert that (x, y) € R™ x R” is a robust feasible point of problem (P) if and only
if there exists . € RY6+D+1 guch that

gi(x,y, ) >0, i=1,... 12"+ 4405,

gi(x,y, ) >0, i=02"t"+ 4 g2 4,

gilx,y, ) >0, i =0"" 4 g2 42 L,

hj(e,y, ) =20, —=hjx,y,u) >0, j=1,....,n+1, (23)
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where g;,i = 1,...,L,hj,j = 1,...,n + 1 are defined as in the statement of
Lemma 2.4.

Let k € N, and let (x, y) € R™ x R” be a robust feasible point of problem (P)
as in the construction of problem (D). Then, one has K= f(x,y), and there exists
i € RIGHD+1 guch that (23) holds at (&, ¥, i). Putting i := k — f + hy41, we assert
that

H = {(x,y,n) € R" x R" x RICTDFL - jix y p) >0} # 0.

IAndeed, as (x,y, ) satisfies (23), it entails that h,4+1(x,y, ) = 0. Then,
h()zvy9ll) =K _f()zry) > O’ andASO’ (i’)_}’ﬁ/) €H.
For each (x, y, u) € H, we have h(x, y, ) > 0. It entails that

q q s
Foan ST+ Y )+ Y ) (w)* <l+x— inf  f(x, ).

k=0 k=1 i=1 () ER R
(24)

Since f is coercive on R x R", it follows that inf , y)ermxrr f(x, y) > —o0, and
hence, (24) guarantees that H is a compact set. Setting

K :={(x,y, pn) € R" x R" x RZG+D+1 .

k—fx,y)>0, gitx,y,u)>0,i=1,...,L,
hjGx,y,u) >0, —=h;(x,y,u) >0,j=1,...,n+ 1}, (25)

we easily verify that (x, y, 1) € K, and hence, K # (). Moreover, it can be checked
that K C H, and so, K is compact as well.

Now, consider the function f(x, y) = f(x,y) — f(x,y) for (x,y) € R" x
R”. Since f is a polynomial and hence continuous, we conclude that there exists
(x0, Yo, o) € K such that

f(xo, vo) < f(x, y) forall (x,y) € R™ x R” satisfying (x, y, u) € K,  (26)
where 1 € RIGHD+L

We claim that (xg, yo) is a global robust solution of problem (P). Indeed, by
(x0, yo, o) € K, it follows that

gi(x0, yo, o) =0, i =1,..., L,
hj(xo, yo, o) = 0, —=hj(x0, yo, o) =0, j =1,....,n+1, (27)

and that
Kk > f(x0, y0). (28)

Under the fulfillment of the (LSC) in (11), invoking Lemma 2.4(ii), we assert by (27)
that (23) holds at (xq, Yo, (o) and so, (xg, yo) is a robust feasible point of problem (P).
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Let (x,y) € R”™ x R" be a robust feasible point of problem (P). Then, there is
w € RI6GTD+1 guch that (23) holds. If in addition k — £ (x, y) > 0, then (x, y, u) € K,
and so, we get by (26) that f(xo, y0) < f(x,y). Otherwise, k — f(x,y) < O,
then f(x,y) > « > f(xo, yo), where the last inequality holds by virtue of (28).
Consequently, our claim holds.

Furthermore, it holds that

val(P) = f(xo0, yo)- (29)

[Verifying (21)] If the feasible set of problem (Dy) is empty, then val (Dk = —oo,

and in this case, (21) holds trivially. Now, let (¢, 09, 0;,&;,¢),i = 1,...,L,j =

1,...,n + 1 be a feasible point of problem (D). It means that there exist t €

R,¢,00,0; € ¥%[x, y, ul. & € Rlx, y, u], deg(oo) < k. deg(¢f) <k, deg(o;gi) <
L n+1

k,deg(%’jhj) <k,i = 1,...,L,j =1,...,n+1 suchthatf—z 0i8i — Z éjhj—
i=1 j=1

¢(k — f) —t = op or equivalently,

n+1

L
A+0)f =00+ ) oigi+ ) _&hj+1+¢f(x0,y0) + ¢ (i = f(x0,30)), (30)

i=1 j=1

where (xg, yo) is the global robust solution of problem (P) as shown above.
Recall here that (28) and (23) hold at (xp, yo, o). Due to the nonnegativity of
sum-of-squares polynomials, estimating (30) at (xo, yo, /o), We obtain that (1 +
£ (x0, y0. 10)) f (x0, yo) = t+¢(x0, Y0, 140) f (X0, yo), or equivalently, f (xo, yo) > 7.
It guarantees that val (Dx) < f(x0, yo), which together with (29) proves that (21) is
valid.

[Verifying (22)] Let us consider a set of polynomials M(gy, ..., &L, hi,...s
hyt1,—hi1, ..., —huyy1,6 — f) as defined in (1). It is obvious by definition that
ﬁ = (K_f)+hn+l 6M(glv"'3gL9h1’"'7hn+11_h11"'s_hn-l—vi_f)'

As shown above, the set H := {(x, y, n) € R™ x R" x RIGHDH - jix y p) >
0} is compact. Hence, M(g1, ..., &L, h1y ... hutt, —h1, ..oy —hpy1, 6 — f) 18
archimedean.

Let € > 0. We pay attention to the set K given in (25). For any (x, y, n) € K, it
follows that

gilx,y,u)=0,i=1,...,L,
hj(x,y,0) 20, —hj(x,y,u) >0, j=1,....,n+1,

which is nothing else but (23) under the fulfillment of the (LSC) in (11), and so, (x, y)
is a robust feasible point of problem (P) by virtue of Lemma 2.4. This fact gives us that
f(x,y) > f(x0, yo) inasmuch as (xg, yo) is a global robust solution of problem (P)
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as shown above. Consequently, it guarantees that

Fo,y, ) = f(x,y) — f(xo, y0) +€ >0 forall (x,y,pu)eK.

[Applying Putinar’s Positivstellensatz] Now, applying Lemma 2.1, we find sum-of-
squares polynomials o;,i = 0, 1, . ..,L,é}, éz,j =1,....,n+1,¢ € Ez[x, Vv, 1]
such that

n+1 n+1

—oo+2mgl+25h + Y E(—h) + k= f). (31)

i=1 j=1 j=1

Let§; € R[x,y, ul,j = 1,...,n + 1 be real polynomials defined by §; := E} —

L n+1

£2,j = 1,...,n + 1. Then, we deduce from (31) that f — > o;g; — > Eihj —
i=1 i=1

¢k — f) = f(x0, yo) + € = 0y, or equivalently,

L n+1
f= 0igi— Y &hj = — )=t =00,
— s
with t9p = f(x0,y0) — € € R. So, there exists k¢ € N such that deg(op) <

k57deg(§f) S stdeg(Gigi) S kEv deg(éjh]) S ke’i = 11 ~-~asz = 1,...,”“[‘ 1»
and that

val(Dk,) > f(x0, yo) — €.

Since € > 0 was arbitrarily taken, we conclude that likm inf val (Dx) > f(x0, o). This
—00
together with (21) establishes (22), which ends the proof of the theorem. O

Remark 3.1 1t is worth noticing that if f is a convex polynomial and there exists
(X,5) € R™ x R" such that its Hessian V2 f(x, y) is positive definite, then f is
coercive on R™ x R” (see, e.g., [19, Lemma 3.1]) and hence, the above theorem can
be obviously applied for this convex setting under the fulfillment of the (LSC) in (11).

The next example illustrates that if the (LSC) in (11) is violated, then the conclusion
of Theorem 3.1 may go awry. Below, we consider the case of [ := 1 and ¢ := 1 for
the purpose of simplicity.

Example 3.1 (Theimportance of the Slater condition) Consider an uncertain bilevel
polynomial optimization problem of the form:

min_ {f(x,y) =2 +y*+2y -2 yeY(x,w}, (EP1)
(x,)€R?
where u € U := [—1,1] C Rand Y(x, u) := argmin cp{r —z : (L+u)z < O}

The problem (EP1) can be expressed in terms of problem (P), Where U= = [a, a] x
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[Q,E] X [¢,c]withag :=a :=b :=E:=g:=5:=0 eR,andcy :=1€ R, dy :=
—1 € R,c :=0 € R, the affine mappingsa : R - Rand b : R — R are given by
a(u) == a®+ua' and b(u) := b+ ub' witha® :=a' :=1eR, 0" :=b' :=0eR
foru e R.

In this setting, it is easy to see that Y (x) = {0} for any x € R, and therefore, we
see that (xg, yo) := (0, 0) is a global robust solution of problem (EP1). Obviously, f
is coercive on R2. Let = (uo, 11, ,u}) € R3, and denote the functions gi(x,y, )
and hj(x, y, i) as in the statement of Lemma 2.4. For the sake of clear representation,
we first remove the null functions and then relabel them as

gl(xs y’ H‘) = _2)’7 g2(x3 y5 /J/) = M0, g3(xa y’ l‘l/) =M1,
ga(x, y, 1) = poy, g5(x,y, 1) = (u1)* — (uh?,
hiGe,y, p) = —po+ 1+ . ha(x,y, 1) = 1= (n0)* = (n1)* = (u})*.

Letx > —2 = f(xp, yo). In this setting, the problem (D), k € N, becomes

sup o p - Zazgl Zs,h —tlc— f)—1 = ou,
(t,00,0i,8;,¢)

teR, ¢, 00,01 € B2[x, y, ul, & € Rlx, y, ], deg(op) < k,

deg(¢f) < k. deg(oigi) < k.deg(€;hj) <k.i=1,....5 j=1, 2}.
(32)

We claim that, for each k € N, the representation of sum-of-squares polynomials in
(32) fails to hold for any # €] —3, 4+o00[. Indeed, assume on the contrary that there exist
k € N, t €] — 3, +o0[ and sum-of-squares polynomials ¢, o9, 0; € Ez[x, v, ul, i =

., 5, as well as real polynomials &; € R[x, y, u], j = 1, 2 such that

5 2
f= oigi— Y Ehj—¢(kc—f)—1 =00, (33)
i= =1

where deg(oo) < k, deg(¢f) < k,deg(oig;) < k,deg(§;h;) <k,i=1,...,5j=
1,2. Setting x := 0,y := —1 and & := (0, \L@ ;—%), and then substituting (X, y, i)
into (33) we obtain that

Y~ 1 o~ o~ o~
_3_201()6’)”#)_303()57%//«)_(’(4‘3);(%}’»#)_t:UO(xvy»M)~

Hence, it entails that og(x, ¥, i) < —3 — ¢ < 0, which is absurd.

Consequently, the conclusion (22) of Theorem 3.1 fails due to the fact that val (Dy)
< —3forall k € Nand val (EP1) = f(x0, yo) = —2. The reason is that the (LSC) in
(11) is violated.
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Finally in this section, we provide a simple example which shows how our schemes
can be applied to find the robust global optimal value of an uncertain bilevel polynomial
optimization problem.

Example 3.2 (Uncertain bilevel polynomial problem) Consider an uncertain bilevel
polynomial optimization problem of the form:

min {f(x,y) :=x4—4xy—|—y4—2 : er(x,u)}, (EP2)
(x,y)eR?
where u € U = [—— ] C Rand Y (x, u) := argmin, g {x — (1 +u)z < 0}.

The problem (EP2) can be expressed in terms of problem (P), where U= = [a, a] x
[b, b]x[c clwitha :=a:=b =5 =c:=c:=0€R,andcp:=1€ R, dy :=
-1 eR, c =0 e R, the affine mappings a : R — R and b : R — R are given by
a(u) :=a’ +ua' and b(u) := b° +ub' witha® :=a' :=1 e R, p* :=b' :=0 € R
foru € R. A direct calculation shows that (x, yo) = (O, 0) is a global robust solution
of problem (EP2) with the robust global optimal value —2.

Now, we employ the relaxation schemes formulated in Theorem 3.1 to verify this
robust global optimal value. In this setting, it is easy to see that f is coercive on R? and
the (LSC) in (11) is fulfilled. Let u := (uo, 11, pL}) € R3, and denote the functions
gi(x,y,u)and hj(x,y, ) as in the statement of Lemma 2.4. For the sake of clear
representation, we first remove the null functions and then relabel them as

1 3
gilx,y, n) = —7Y g, y, n) = —5¥ g3(x, y, u) = no,

1 2
ga(x, y, ) = w1, gs(x,y, W) = poy, g6(x,y, W) = Z(m)2 — (M}) ,

2
I,y w) = o+ el a0 = 1= (o) = (un? = (1)

Let (x, y) := (1, 0) be a feasible point, and take x := —1 > —1 = f(x, y). In this
setting, the problem (Dy) becomes

6 2
sup {l : f—ZGigi—Zé‘jh/’—l(—l—f)—tzao,
i=1 j=1

(t,00,0i,6;,¢)

t €R,¢,00,0i € B2[x, y, ul, & € Rlx, y, ul,

deg(oo) < k,deg(sf) < k,deg(o;gi) < k,deg(§;h;) <k,i=1,...,6,j = 1,2}.

Using the MATLAB toolbox YALMIP (see, e.g.,[28]), we convert the above optimiza-
tion problem into an equivalent semidefinite program and solve it with k := 4. The
solver returns the true robust global optimal value as —2.000.
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4 Conclusions

We have shown that the robust global optimal value of the uncertain bilevel poly-
nomial program with box data uncertainties is the limit of a sequence of values of
Lasserre-type hierarchy of semidefinite linear programming relaxations. It has been
achieved by transforming the uncertain bilevel polynomial program into a single-level
non-convex polynomial program using a dual characterization of the solution of the
lower-level program and Putinar’s Positivstellensatz of semi-algebraic geometry. We
have provided a numerical example to show how the robust global optimal value of
the uncertain bilevel polynomial program can be calculated via a semidefinite pro-
gramming problem using the MATLAB toolbox YALMIP.

It would be of interest to study how a global robust solution of the uncertain bilevel
polynomial program can be found from its semidefinite linear programming relax-
ations, or to extend the obtained results to the case of spectrahedral uncertainty, where
explicit sum-of-squares/SDP relaxations in terms of the original data are often not
available.
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