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Abstract In this paper, we study variational inequality problems (VIPs) with involved map-
pings and feasible sets characterized by polynomial functions (namely, polynomial VIPs). We
propose a numerical algorithm for computing solutions to polynomial VIPs based on Lagrange
multiplier expressions and the Moment-SOS hierarchy of semidefinite relaxations. We also extend
our approach to finding more or even all solutions to polynomial VIPs. We show that the method
proposed in this paper can find solutions or detect the nonexistence of solutions within finitely
many steps, under some general assumptions. In addition, we show that if the VIP is given
by generic polynomials, then it has finitely many Karush-Kuhn-Tucker points, and our method
can solve it within finitely many steps. Numerical experiments are conducted to illustrate the
efficiency of the proposed methods.
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1 Introduction
Let R™ be the n-dimensional Euclidean space and X C R"™ be a nonempty closed set. For a
tuple of functions F(z) := (Fi(z),..., Fy(x)) where every F; : X — R, the variational inequality
problem (VIP) is

Finding x € X suchthat (y—az)"F(z) >0 forall ye X. (1.1)
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Denote the problem (L)) by VI (X, F) and its solution set by SOL (X, F'). We call the VI (X, F)
a polynomial VIP if Fy,..., F, are polynomial functions in z and X is characterized by

X={zeR":gi(x) >0 €I), gi(x) =0(i € &)}, (1.2)

where £ and Z are two disjoint index sets and every g; (i € £ UZ) is a polynomial in z.

Variational inequalities were first proposed in the 1960s and have been in the central position
of the optimization field since then. As a uniform approach to handling optimization and equi-
librium problems, variational inequalities have various applications in decision-making, economy,
finance, engineering, and other fields. We refer to the monograph [6] for a general introduction
to VIPs.

Methods for solving VIPs have been extensively investigated in the literature (see [6l[19] and
references therein). Most approaches are designed for handling the VI (X, F') under the typical
assumption that the set X is convex. For such cases, it is well known that the VI(X, F') can be
equivalently reformulated into the following equation:

F* () := 2 — IIx(z — F(z)) = 0, (1.3)

where ITx (-) means the projection onto X. This reformulation leads to the popular projection-
type methods, such as the basic fixed-point method [51], the extragradient method [20], and
the hyperplane projection method [I§]. Usually, the pseudomonotonicity of map F' is required
to guarantee the convergence of the projection-type methods. Besides (I3)), another equivalent
equation reformulation of the VI (X, F') is as follows [48]:

F*%(2) .= F(IIx(z)) + 2z — IIx(2) = 0. (1.4)

With a change of variable, if * € SOL(X, F'), then z* := z* — F(z*) is a solution to (L4, and
conversely, if z* € X solves (L), then z* := IIx(z*) is a solution to the VI(X, F). Numerical
approaches such as the nonsmooth Newton method [44)47], the interior point method [T753],
and the smoothing Newton method [3l46], were developed for solving the VI (X, F') via dealing
with the equivalent nonsmooth equation (3] or (T4).

However, when the set X is nonconvex, the projection map ITx may not be single-valued
(e.g., consider the projection from the origin to a ring {z € R" : 1 < ||z||? < 2}), which leads
the nonsmooth equations (IL3) and (L4) to become general inclusion problems. To the best of
our knowledge, no well-developed algorithm is applicable to solve general inclusion problems
efficiently, especially when F' lacks the monotonicity-like property. Fortunately, if the set X is
finitely representable as a system of equalities and inequalities, then the VI(X, F') associates
with the Karush-Kuhn-Tucker (KKT) system (see details in Section [2) under certain constraint
qualification conditions (CQs). The KKT system can be viewed as a mixed complementarity
problem (MiCP), thus methods for solving MiCPs can be applied; see [Bl6,29]. Every solution
of the KKT system solves the VI (X, F) when X is convex. However, this is not true under
the nonconvex setting. Indeed, when X is nonconvex, solutions to the KKT system only provide
candidate solutions to the VI (X, F'). Furthermore, when X is bounded and convex, the existence
of solutions to the VI(X, F) is guaranteed. However, without boundedness or convexity of X,
the SOL (X, F') may be empty, and there is no well-known result for the existence of solutions.
In fact, when X is nonconvex or unbounded, how to detect the nonexistence of solutions is still
open, to the best of the authors’ knowledge.

Recently, some studies on the theoretical properties of polynomial VIPs and their variations
have been developed. Hieu [14] studied the solution set of the polynomial VIP with a convex
feasible set. Tensor complementarity problems and tensor variational inequality problems were
considered in [I[52]. Further, weakly homogeneous variational inequality problems, as extensions
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of polynomial VIPs and tensor VIPs, were studied in [9,27]. Moreover, the Moment-SOS hier-
archy of semidefinite relaxations was developed for solving polynomial optimization problems.
It can find global minimizers for nonconvex polynomial optimization problems with theoreti-
cal guarantees under mild conditions. It was also applied to solve many optimization-related
problems given by polynomials, such as bilevel optimization [1531l32], saddle point problems
and generalized Nash equilibrium problems (GNEPs) [40,411[42], tensor (eigenvalue) complemen-
tarity problems [7l[54], etc. We refer to [22L231[25261[37] for more references about polynomial
optimization.

In this paper, we focus on numerical methods for solving polynomial VIPs without assuming
the monotonicity of the map F' or the convexity of the set X. Our main contributions are listed
below.

— We propose an algorithm for solving polynomial VIPs using Lagrange multiplier expressions
and the Moment-SOS relaxations. Under some general assumptions, the proposed algorithm
can find a solution to the VIP or detect the nonexistence of solutions in finitely many steps.
Particularly, this computational goal can be achieved in the initial loop when X is convex.

— Based on the proposed algorithm for finding a solution to a polynomial VIP, we further
investigate how to find more (even all, if there are finitely many) solutions.

— We show that if the VIP is given by generic polynomial functions, then there are finitely
many KKT points, and all solutions to the polynomial VIP are KKT points. In this case, our
method is guaranteed to terminate within finitely many loops. Moreover, we give an upper
bound for the number of KKT points using the intersection theory.

— Even when the algorithms do not have finite convergence, we show the asymptotic convergence
under certain continuity assumptions. Numerical experiments are made and presented to show
the efficiency of our methods.

This paper is organized as follows. Some preliminaries about VIPs and the polynomial op-
timization problems are given in Section 2l In Section [3 the algorithm for finding a solution
to the polynomial VIP is developed. Based on the algorithm, we further introduce methods for
finding more solutions to the polynomial VIP. Section [ studies the Moment-SOS hierarchy of
semidefinite relaxations. Numerical experiments are presented in Section Bl In the appendix, we
show the finiteness of KKT points for solution sets of VIPs given by generic polynomials and
study the algebraic degree of polynomial VIPs.

2 Preliminaries

Notation The symbol N (resp., R, C) stands for the set of nonnegative integers (resp., real
numbers, complex numbers). For a positive integer k, denote the set [k] := {1,...,k}. For a real
number ¢, the [t] represents the smallest integer not smaller than t. We use e; to denote the
vector such that the ith entry is 1 and all others are zeros. By writing A > 0 (resp., A > 0), we
mean that the matrix A is symmetric positive semidefinite (resp., positive definite).

Let R[z] denote the ring of polynomials with real coefficients in z € R", and R[z]q denote
its subset of polynomials whose degrees are not greater than d. The C[z] and C|z]4 are defined
similarly. For a polynomial p € R[z], the p = 0 means p(x) is identically zero on R™. We say the

polynomial p is nonzero if p # 0. Let o := (a1, ...,a,) € N” and we denote
=t ol i=ar 4 4 .
For an integer d > 0, denote the monomial power set N := {a € N" : |a| < d}. We use [z]q

to denote the vector of all monomials in z in the graded alphabetical order whose degree is at
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most d. For instance, if © = (21, x2), then
- 2 2 .3 .2 2 3T
[x]3 = [ ,351,172,11717361172,172733173311172,3511172#172}

Throughout the paper, a property is said to hold generically if it holds for all points in the space
of input data except for a set of Lebesgue measure zero.

2.1 Ideals and positive polynomials
Let F := R or C. For a polynomial p € F[z] and subsets I, J C Flx], we define
p-I:={pqg:qel}, I+J:={a+b:aelbeJ}.

The subset I is an ideal if p- I C I for all p € F[z] and I + I C I. For a tuple of polynomials
h = (hi,...,hs), the set

Ideal[h] := hy - Flz] + - - - + hs - F[z]
is the ideal generated by h, which is the smallest ideal containing every h;.

We review basic concepts in polynomial optimization. A polynomial o € R[z] is said to be a
sum of squares (SOS) if o = p? + - - +p7 for polynomials p; € R[z] (i € [k]) . The set of all SOS
polynomials in z is denoted as X'[z]. For a degree d, we denote the truncation

Yxlg == Xlz] nRx]q.
For a tuple g = (g1, ..., g:) of polynomials in z, its quadratic module is the set
Qmod[g] = X[2] + g1 - Z[a] + - + gt - Za].
Similarly, we denote the truncation of Qmod|[g]

QmOd[g]Qd = E[JJ]Qd +91- E[CE]Qdfdcg(gl) + o+ g Z[x]2d7dcg(gt)7

where deg(g;) means the degree of g;. The tuple g determines the basic closed semi-algebraic set

S(g) ={z€R":g1(x) 20,..., () = 0}. (2.1)
For a tuple h = (hq,...,hs) of polynomials in R[z], its real zero set is
Z(h) ={zxeR": hi(z) =-- = hs(x) = 0}.

The set Ideallh] + Qmod[g] is said to be archimedean if there exists p € Ideallh] + Qmod]g]
such that the set S(p) is compact. If Ideal[h] + Qmod|g] is archimedean, then Z(h) N S(g) must
be compact. Conversely, if Z(h) N S(g) is compact, say, Z(h) N S(g) is contained in the ball
R — ||z]|> > 0, then Ideal[h] + Qmod[g, R — ||=||?] is archimedean and Z(h) N S(g) = Z(h) N
S(g, R — ||x||?). Clearly, if f € Ideal[h] + Qmod]g], then f > 0 on Z(h) N S(g). The reverse is
not necessarily true. However, when Ideal[h] + Qmod[g] is archimedean, if f > 0 on Z(h)NS(g),
then f € Ideal[h] + Qmod[g]. This conclusion is referenced as Putinar’s Positivstellensatz [45].
Interestingly, if f > 0 on Z(h)NS(g), we also have f € Ideal[h] + Qmod]g], under some standard
optimality conditions [35].
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2.2 Localizing and moment matrices

Let RN2a denote the space of all real vectors that are labeled by o € NZ,. A vector y € RNza is
labeled as y = (Ya)aenyg,- Such y is called a truncated multi-sequence (tms) of degree 2d. For a
polynomial f = ZaeNgd faz® € R[z]aq, define the operation

(f,y) = ZaeNgdfaya. (2.2)

The operation (f,y) is a bilinear function in (f,y). For a polynomial ¢ € R[z] with deg(q) < 2d,
and the integer t = d — [deg(q)/2], the outer product ¢ - [z]¢([z];)T is a symmetric matrix
polynomial in z, with length ("jt) We write the expansion as

. T _ a
q- [=]e([z]e) ZQGN%CC Qas
for some symmetric matrices Q. Then we define the matrix function

LWy = ZaeNgdyaQa. (2.3)

It is called the dth localizing matriz of ¢ generated by y. For a given ¢, the matrix L,(Jd) [y] is

linear in y. Localizing and moment matrices are important for getting semidefinite relaxations
of polynomial optimization problems [211[33/[34]. We refer to [22/[23|25126L[37] for more references
about polynomial optimization and moment problems.

2.3 The KKT conditions and Lagrange multiplier expressions

Let z € SOL (X, F) with the set X given by (I2). Suppose £ UZ = [m]. Under the linear
independence constraint qualification condition (LICQ), see [2]), there exists a Lagrange multiplier
vector A = (A1,..., \p) such that

{F(KL‘) = Z:il )‘iv-gi(x)v gl(x) =0 (z € ‘9)7 (2 4)
/\ZZO, gl(x)z(), Algl(x):O(ZGI) ’

This is called the KK T conditions for the VI(X, F'). A solution (z, ) to (24) is called a KKT
pair, and x is called a KKT point. Particularly, when the set X is convex, x solves the VI (X, F)
if and only if it is a KKT point. For the given VI (X, F'), every KKT pair (z, \) satisfies

Vgi(z) Vga(x) -+ Vgm(z)
gz 0 - 0 :\\; Féﬂﬁ)
0 gz) -~~~ O Sl=1 . (2.5)
G(z) F(=)

We say the polynomial tuple g = (g1, ..., ¢m) is nonsingular if the matrix of polynomials G(z)
has full column rank for all z € C". By [39, Proposition 5.1], the tuple g is nonsingular if and
only if there exists a matrix of real coefficient polynomials L(x) such that

L(2)G(z) = Ipn. (2.6)
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When constraining polynomials g1, .. ., gm are generic, rank G(z) = m for all z € C™ [39, Propo-
sition 5.7], and there exists an L(z) satisfying (Z.6]). In this case, the following identity holds at
all KKT pairs (x,\):

A= L(z)- F(x). (2.7)

Denote the ith component of L(z) - F(z) by Ai(z), and let A(x) := (A1(2), ..., Am(z)). Then
A(z) is a tuple of real polynomials in « and A; = A\;(x) for all i € [m] at all KKT pairs (z, A).
The A(x) is called a polynomial Lagrange multiplier expression (LME) for the VI (X, F).

For the polynomial VI (X, F'), suppose the LME A(x) exists. Then the KKT system (2.4]) can
be equivalently written as

F(z) =327 Ai(2)Vai(w),
gi(x) =03 €&), (2.8)
/\()>ng()20,/\1() gl()—O(iEI).

This is a system of polynomial equalities and inequalities in z. If we denote by /X the set of points
satisfying (2.8])), then SOL (X, F') C K. For the convenience of our discussion, we denote

E = {F(z) - Zzl Ai(@)Vgi(x)} U{Ai(z) - gi(x) [i € T} U{gi(x) |i € £},

I={N(z)]|ieZ}U{g(z)|ieI}.
Then, K = Z(E)NS(I).

3 Finding solutions for polynomial VIPs

In this section, we first propose an algorithm for finding a solution to the polynomial VI (X, F') by
solving a sequence of polynomial optimization problems. Then, based on the proposed algorithm,
we provide a method to find more solutions to the VI (X, F'). Throughout this section, we assume
the VI (X, F) is given by polynomials and the constraining tuple g = (g1, ..., gm) is nonsingular,
thus LMEs exist.

3.1 Finding one solution for the polynomial VIP

For the given polynomial VI (X, F), let © be a generic positive definite matrix. Consider the
following polynomial optimization problem ([x]; := (1,21, 22,...,2y))

. T@ 7
min  [z]; Oz, (3.1)
s.t. r e K.

For the VI(X, F) with a convex feasible set X, by solving (31, one gets a solution to the
VI (X, F) if (3) has a nonempty feasible set, or detect the emptiness of SOL (X, F') otherwise.
This is shown in the following proposition.

Proposition 3.1 Consider the polynomial VI(X,F), where X is a convex set that is given by
(C2) with a nonsingular polynomial tuple g. If the problem (31) is infeasible, then VI(X,F)
does not have any solution. Otherwise, the solution set of (31)) is nonempty, and every minimizer

solves the VI(X, F).
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Proof. By [36] Proposition 5.1], the nonsingularity of the polynomial tuple g yields the existence
of the LMEs, which also infers that the LICQ holds. Thus SOL (X, F') C K, and the infeasibility
of the problem (B]) implies the emptiness of SOL (X, F).

Suppose the problem ([B.0)) is feasible, i.e., K # ). Since © is a generic positive definite matrix,
the quadratic polynomial [z]7 ©[z]; is strongly convex, which implies the existence of minimizers
for (3)). In addition, under the nonsingularity condition of g and the convexity of X, we have
SOL (X, F') = K, thus the minimizer of (8] solves VI (X, F). O

However, when the set X is nonconvex, a minimizer of ([B.I]) may not solve the VI (X, F'). Consider
the gap function
= inf (y—az)'F(x).
viw) = inf (y—2) F(z)
It is clear that v(u) < 0 for all w € X, and uw € SOL (X, F) if and only if v(u) = 0. If u ¢
SOL (X, F), the gap function can be used to construct an extra constraint to shrink the feasible
set of B.I]). That is, for a minimizer u of (BI) such that v ¢ SOL (X, F'), we consider

{ €= ;Ielﬁkri (y — u)TF(u)

3.2
s.t. yeX. (3-2)

To our main interest, assume (3.2 has a minimizer v (otherwise, we may add some extra bound-
edness constraints, see Section @2)). Let K’ := KN {x € R" : (v —z)T F(x) > 0}, then we have
SOL (X, F) C K’ and u ¢ K'. Therefore, if we solve (81]) with a replacement of IC by the shrinked
feasible set K’, then another candidate solution to the VI (X, F') will be obtained. Indeed, we
can repeat this procedure to remove KKT points that are not solutions, and get tighter approx-
imations to the solution set SOL (X, F'), until an actual solution is obtained or the nonexistence
of solutions is detected. Based on such a scheme, we propose the following algorithm for finding
a solution to the VI (X, F):

Algorithm 3.2 For VI (X, F) such that X is given by ([.2]) with nonsingular g, do the following:

Step 0 Choose a generic positive definite matrix © of length n + 1. Set k:=1 and V := ().
Step 1 Solve the following polynomial optimization problem
min  [z]T O[]

rER™

st.  zxeK, (3.3)
(v—2)TF(z) >0 (veV).

If (33)) is infeasible, then SOL (X, F') is empty and stop; otherwise, solve ([3.3) for a minimizer
(k)
ul),
Step 2 Solve the polynomial optimization problem B2) with u := u(*) for a set of minimizers
T®).
Step 3 If e = 0, then u(®) € SOL (X, F) and stop; otherwise, let V := VUT® and k := k +1,
then go back to Step 1.

Remark 3.3 (i) In Section[d] we will study how to solve the occurring polynomial optimization
subproblems in Algorithm B2 (ii) In Step 1, all feasible points of ([3.3])) are KKT points. Thus,
the objective function in ([33) can be replaced by any polynomial function in z. However, using
[z]TO[z]1 gives us better convergence results for Algorithm 3.2, and makes ([B3.3) easier to solve;
see Theorem B4 and Section F1l (iii) For (3.3]), we may also replace the constraint x € K by the
KKT system (24]), which means we treat all \; as new variables without using LMEs. However,
this is not computationally efficient, as shown in Examples B.1] and in Section Bl (iv) We
do not need the set T®) in Step 2 to contain all minimizers of ([B.2). Indeed, one minimizer is
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enough to get another solution candidate. However, we can usually get a tighter approximation
to SOL (X, F) if there are more points in 7). When (32 has more than one minimizer, the
flat truncation can be applied to find them; see Section Ml for more details.

We say Algorithm terminates within finitely many steps if the algorithm finds a solution
to VI(X, F) or detects the nonexistence of solutions at some iteration loop k. In the following,
we establish the convergence property for Algorithm

Theorem 3.4 Consider the VI(X, F) where X is given by (I.2) with a nonsingular polynomial
tuple g. Let s :== |[K\ SOL(X, F)|.
(i) If SOL(X,F) =0 and s < oo, then Algorithm [3.3 will detect nonexzistence of solutions to
the VI(X, F) with k <s+ 1.
(i1) If SOL(X,F) # 0 and s < oo, then Algorithm[Z2 will find a solution to the VI(X, F) with
k<s+1.
(111) Suppose s = oo and Algorithm [T2 does not terminate within finitely many steps. If u*
18 an accumulation point of {u(k)}i"zl, the gap function v(u) is continuous at u*, and
limsup,,_, . T™ is bounded, then u* € SOL (X, F).

Proof. We assume K is nonempty. Otherwise, the conclusion follows directly from the fact that
|| = 0 implies the infeasibility for ([BI]). Denote by Kj the feasible set of (B3) at the kth
iteration. Then, Kx41 C Ky for all k£ € Ny. In addition, if Algorithm does not terminate at
the kth loop, then u(®) ¢ Ki+1. Thus, we have the following strictly descent chain:

K=Ki 2Ky 2Kp2 - 2SOL(X,F).

Since s = |[K\SOL (X, F) | < oo, there exists k1 € N such that k1 < s+1 and K, = SOL (X, F).

(i) If SOL (X, F) = 0, then problem (B3] with k = k; is infeasible, which means the VI (X, F')
does not have any solution. Therefore, Algorithm can detect the nonexistence of solutions to
VI(X, F) in at most k; loops.

(ii) If SOL (X, F') # 0, then every feasible point of ([3.3]) with k& = k; is a solution to VI (X, F).
Therefore, Algorithm can find a solution to VI (X, F) in at most k; loops.

(iii) Assume that Algorithm does not terminate within finitely many steps, and there
exists an accumulation point u* of sequence {u(k)}zozl. Without loss of generality, we assume
u®) — u* as k — oo. Note that u* is a solution to VI (X, F) if and only if v(u*) = 0. For each
i=1,2,..., let v be a minimizer of E2) for u := u¥. Since u(? ¢ SOL (X, F), we have

(D —uNT D) = p(u®) < 0.
For each j > i, based on the feasibility of [B3) at u'), we have
(U(i) _ u(j))TF(u(j)) > 0.

Due to the continuity of F', we have the (v(*) — )T F(x) is continuous in z for every given v(¥).
Hence, _
(WD —uTF(u*) >0 forall ieN,.

Moreover, we have the following for all + € N,
v(u*) = v(u*) — v(u?) + vu®)
> v(w*) — vw®) + 09 —uNTFD) = (0O — )T Fu*).
From the assumption that limsup,_, . 7 is bounded, there exists a subsequence of {v(j)};';l,

say {v(kj)};?‘;l, being convergent. Denote by v* the limit point of {’U(kj)};?il. Then, we have

v(u*) > v(w) — v(u®)) + (vF) — ENT (k) — (pF) — )T P (*) (3.4)
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hold for all j € N,. Let j — oo, the right hand side of ([B.4]) equals to 0, because v is continuous
at u*, and (v —u)T F(u) is continuous in variable of (u,v). So, we have that v(u*) > 0. Besides,
v(u) < 0 for all u € X based on the definition. Therefore, we conclude that v(u*) = 0, which
means u* € SOL (X, F). O

We remark that if the sequence {u(k)}zozl generated by Algorithm has no accumulation
point, then SOL (X, F) = . To see this, if {u(k)}g"zl does not have any accumulation point,
then it must be unbounded. Note that the objective function §(x) := [z]TO[z]; is a quadratic
positive definite polynomial. The 6(u(¥)) goes to oo as k — oo. Suppose z* € SOL (X, F).
Then, we have co > 6(z*) > 6(u(!)), otherwise u(!) cannot be the minimizer for (3.I)). Since
limy 00 O(u®)) = oo, there exists k; € N such that (u*)) < 0(z*) < O(uF+1)). Because
z* € SOL (X, F), x* satisfies the KKT condition and for any v € X the following holds

(v —a*)TF(z*) > 0.

It means that z* is feasible for (B3) at the (k; 4+ 1)th loop, which contradicts to u(*1+1) being
a minimizer of [33). So such z* does not exist and we conclude the emptiness of SOL (X, F') if
the sequence {u(®}2° | has no accumulation point.

The continuity condition of v(x) holds under certain conditions, for example, the restricted
inf-compactness (RIC) condition; see [10, Definition 3.13]. However, to implement Algorithm [3.2]
does not require any a priori knowledge on the finiteness of s or the continuity of v. Indeed, even
if § = 0o, Algorithm may still terminate in finitely many steps. In all numerical experiments
in Section Bl our method finds solutions to the VIPs or detects the nonexistence of solutions in
finitely many steps. To end this section, we demonstrate the following result saying that if the
VI (X, F) is given by generic polynomials F' and g, then K is a finite set, which guarantees the
finite termination for Algorithm The proof is given in the appendix.

Theorem 3.5 Let aj,as,...,an,b1,b2,... by € Ny be degrees. Suppose the VI(X, F) is defined
by polynomials such that F;(x) is a generic polynomial in Clzl],, for all i € [n], and g;(x) is a
generic polynomial in Clx]y; for all j € [m]. Then, every x € SOL(X, F) is a KKT point of the
VI(X, F), and we have |K| < cc.

3.2 Finding more solutions to the polynomial VIP

In this subsection, we further investigate how to find more solutions or check the completeness
of the computed solution set for the VI (X, F'), based on Algorithm
Suppose Algorithm [B.2] terminates at a solution z*, and x* is an isolated point in the feasible
region at the last iteration of Algorithm Since the matrix © in the objective function of
B3 is generic and positive definite, by |36, Proposition 5.2], there exists § > 0 such that for all
x € SOL(X, F)\ {z*},
[2]{ Olz]s > [¢*]] Oz"]1 + 6. (3.5)

Therefore, if we add ([BH) as an extra constraint to (33), then we will get a new candidate
solution for the VI (X, F') other than z*. That is, we solve the following polynomial optimization
problem:

xeR” (36)

where

Koo ={z €K | (v—2)TF(x)>0@weV), 2]70[z]; > [z*]TOz*]; + 5}
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If (3.8) is infeasible, then SOL (X, F') = {z*}. Otherwise, (B.6]) must have a minimizer u due to
the positive definiteness of ©, and we can check whether v € SOL (X, F)) or not by solving (3.2]).

In practical implementation, one needs a suitable § to formulate (3.6). Given z* and K, the
following trick is useful for finding the §. By [40, Proposition 3.5] (see also [37]), if * is isolated
in Kyz«, then there exists 5 > 0 such that

Koe N {z e R : [2]7O[z]; < [¢*]FO[z*]1 + 8} = {z*}.

Moreover, since SOL (X, F) C K-, all § satisfying 0 < § < 4 is available for B8). For a priori
do > 0, let § = dy and consider the following maximization problem
"= max (2] O[z]y
zeR™
st. zek, (v—2)TF(x)>0(@weV), (3.7)
[2]T Ola]s < [2*]{Oz*]1 + 6.

If v* = [z*]T©[z*]1, then § is applicable for [B.6]). Otherwise, we update & := p-§ for some p < 1
and solve ([B7) again. Repeating these steps, we may find more solutions to the VI (X, F).

Algorithm 3.6 Under the same assumptions as in Algorithm B.2] suppose we have found a
solution z* to the VI (X, F). Do the following:

Step 0 Choose a §y > 0 and a positive p < 1. Let § := Jp.

Step 1 Solve the polynomial optimization 31 for the maximal value v*.

Step 2 If v* = [2*]TO[x*]1, then proceed to the next step; otherwise, let § := § - p and go back
to Step 1.

Step 3 Solve the polynomial optimization [B.6). If it is infeasible, then there does not exist any
other solution for VI (X, F'). Otherwise, solve (8.6) for a minimizer u.

Step 4 Solve the linear optimization problem [B.2]) with « for a set of minimizers T'.

Step 5 If ¢ = 0, then u € SOL (X, F') is another solution and stop; otherwise, let V := V UT,
then go back to Step 3.

When z* € SOL (X, F) is isolated in Kz«, we can always find a suitable ¢ for (83)) by solving
B for finitely many times. Therefore, if |\ SOL (X, F') | is finite, Algorithm will surely
produce a new solution within finitely many steps, by Theorem [3.4l Indeed, when © is generic
and all points in SOL (X, F') are isolated, we have the following hierarchy of solutions

[x(l)]lT@[x(l)]l < [I(2)]1T@[I(2)]1 < [x(3)]1T@[:1:(3)]1 < e
with SOL (X, F) = {zM,2® & 1. (3.8)

As listed in ([B8), the solution first obtained by Algorithm B:2is (!, and Algorithm finds
z®) with 2* := 2D, Particularly, when |[SOL (X, F)| =: r < oo, such a scheme finds all
solutions to VI (X, F), as long as z(*) is isolated in K- for each k < r. Furthermore, if
we apply Algorithm with z* := 2(")| then the algorithm terminates at Step 3 because the
feasible set Iy« of (B:6]) must be empty for some V, and we conclude that a complete solution
set is obtained.

Theorem 3.7 Consider the VI(X, F) where X is given by (I.2) with a nonsingular polynomial
tuple g. If |K| < oo, then all solutions to VI(X,F) can be obtained by running Algorithm
finitely many times.

It is clear that when the VI (X, F) is given by generic polynomials, we can find all solutions to
the VI (X, F') because |K| < oo, by Theorems and .71



Polynomial VIPs 11

4 Solving the polynomial optimization subproblems

In this section, we study the method for handling polynomial optimization subproblems appear-
ing in Algorithms and In general, we consider a polynomial optimization problem in the
following form

9 = min 0(x)

s.it. plx)=0(p e D), (4.1)
q(x) 2 0(q € ¥),

where 6(z) is a polynomial function in z, and @, ¥ are tuples of polynomials in z.
We introduce the Moment-SOS hierarchy of semidefinite relaxations for ([@I]). Denote

dp = max{[deg(p)/2] : pe PUT U{0}}. (4.2)
For a degree k > dj, the kth order moment relaxation for solving (1)) is
I := min (0,y)
y

stoyo=1, L7y =0(pe D), (4.3)
My[y) = 0, L [y] = 0(q € ¥),
y € RNak,

where My[y] is the kth order moment matrix generated by y, and L](Dk) [y], L((Ik) [y] are kth localizing
matrices of p, g generated by y. Its dual problem is the kth order SOS relaxation for ([@I])

Yk i= max 7y (4.4)
s.t. 0 —~ € Ideal[®]ar + Qmod[¥]a. ‘

For relaxation orders k = dg,dy + 1,..., we get the Moment-SOS hierarchy of semidefinite
relaxations (L3)-(@4]). The optimization [L3J) is a relaxation of [@I]). In fact, if x is a feasible
point of ([@Il), then y = [z]ax is feasible for (@3], while the infeasibility of (£3) implies the
infeasibility of (I]). On the other hand, ¥4 and ~; provide lower bounds for ¥ for every k, that

e <V < 9.

Let e; be the labeling vector such that its ith entry is 1 while all other entries are Os, and
Ye, be the subvector of the tms y whose entries are labeled by e; (for instance, when n = 4,
Yes = Yoo10). For a given k, let y(k) be a minimizer of the kth moment relaxation (@3]), and
u®) = (ygf), .. ,ygi)). Then u®) must be a minimizer of (F3) if (we refer to Section B for
definitions of Z and S)

u® e Z(B)NSW), I = 0(u®). (4.5)

However, (@3] usually does not hold when there is more than one minimizer. For such cases,
the flat truncation can be applied to certify global optimality and obtain minimizers. To con-
clude, we summarize the following algorithm, namely, the Moment-SOS hierarchy of semidefinite
relaxations, for solving polynomial optimization problems:

Algorithm 4.1 For the polynomial optimization problem (£I]). Initialize k := dp.

Step 1 Solve the moment relaxation ([£3) for the minimum value 9. If ([@3)) is infeasible, then
the polynomial optimization problem is infeasible. Otherwise, solve (@3] for a minimizer y*
and let ¢ := dp.

Step 2 Let u* = (y;,,...,ys ). If u* satisfies (4.5), then u* is the minimizer for (.I) and stop.
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Step 3 If y* satisfies the rank condition
rank M;[y*] = rank M;_q4,[y"], (4.6)

then extract a set U; of r := rank M;[y*] minimizers for (@.1]) and stop.
Step 4 If (4.0 fails to hold and ¢ < k, let ¢ := t+1 and then go to Step 3; otherwise, let k := k+1
and go to Step 1.

For Algorithm [4.1] we say it has asymptotic convergence if ¥ — ¥ as k — oo, and we say it
has finite convergence if there exists K € N such that ¥, = ¥ for all £ > K. In Step 3, the rank
condition (&) is called flat truncation [33]. It is a sufficient (and almost necessary) condition to
check the finite convergence of moment relaxations. When (6] holds, the method in [I2] can be
used to extract r minimizers for [@.I). This method and Algorithms 1] are implemented in the
software GloptiPoly 3 [13]. In the following subsections, we discuss how to use Algorithm (.1
for solving polynomial optimization problems (B213.3) and B6HB7), respectively.

4.1 Finding solution candidates to polynomial VIPs

In this subsection, we discuss how to solve the polynomial optimization for obtaining candidate
solutions to polynomial VIPs, particularly for solving the problem (B.3]). Note that (B3] can be
rewritten as (A1) with

(4.7)

P =B, )= [z]] 6],
U :=TU{(v—2)TF(z):veV}

Since the f(z) is a generic positive definite quadratic polynomial, the problem (B3] has a unique
minimizer, as we show in Theorem [L.2l In practice, we usually let (z) = [z]T RT R[z]; with R
being a randomly generated (n+1) x (n+ 1) matrix. As we mentioned before, the infeasibility of
(#3) infers the infeasibility of (B3), which further implies the nonexistence of the KKT points.
Moreover, when ([B.3)) is feasible, the optimal value 9, of (43)) is a lower bound for the minimum
value of [B.3)), i.e., 9 <[] Ox]; for all z that is feasible for (B.3).

The convergence of Algorithm E.T] for solving (B:3)) is shown as follows.

Theorem 4.2 Assume the set Ideal[P] + Qmod¥] C R[z] is archimedean.

(i) If (33) is infeasible, then the moment relazation ([{-3) is infeasible when k is big enough.

(i) Suppose (33) is feasible and O is a generic positive definite polynomial. Then (3.3) has a
unique minimizer u, and u*) — u as k — co. Furthermore, if ®(z) = 0 have finitely many
real solutions, then Algorithm [{1] has finite convergence with (4.0]) satisfied.

Proof. (1) If (8.3) is infeasible, the constant polynomial —1 can be viewed as a positive polynomial
on the feasible set of ([B3)). Since Ideal[®] + Qmod[¥] is archimedean, we have —1 € Ideal[®]ay +
Qmod[¥]ay, for k big enough, by the Putinar Positivstellensatz [45]. For such a big k, the SOS
relaxation (£4) is unbounded from above, hence the moment relaxation [@3]) must be infeasible.

(ii) When the problem (B3) is feasible and © is generic positive definite, it must have a
unique minimizer, by [36, Proposition 5.2]. Let u be this minimizer. The convergence of u® to
u is shown in [49] or [33, Theorem 3.3]. For the special case that &(z) = 0 has finitely many
real solutions, the point u*) must be equal to u and (&5) holds, when k is large enough. This is
shown in [24] (see also [34]). O

Remark 4.3 (i) By Theorem B2 when Ideal[®] + Qmod[¥] C R[z] is archimedean, u®) con-
verges to the minimizer of [3)). If the point u(®) is feasible and ¥y = O(u®), then «*) must be
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a minimizer of ([B.3), regardless of the archimedeaness holds or not. Moreover, the infeasibility
of [@3) always implies the infeasibility of ([B.3]), regardless of the archimedeaness holds or not.

(ii) We would like to remark that if flat truncation ([&G]) is satisfied, then (H) holds and
rank M;[y*] = 1. However, it is possible that the u(*) is a minimizer for B3)), while (6 does
not hold (see [34]). When &(x) = 0 has finitely many real solutions (even when archimedeaness
does not hold), flat truncation holds for all k£ that is big enough with rank M;[y*] = 1 [24]. In
the actual implementation of solving ([3.3]), we usually skip Step 3 in Algorithm F.11

(iii) By Theorem B the &(x) = 0 defines a finite set in R™ when the VI (X, F) is given by
general polynomials. For such cases, finite convergence of Algorithm [£1]is guaranteed. Moreover,
in our computational practice, Algorithm [ T] always has finite convergence.

The polynomial optimization subproblem (3.6]) can be solved in the same way by the Moment-
SOS hierarchy like (£3)-(@4). The convergence property is the same. For the cleanness of the
paper, we omit the details.

4.2 Verifying solution candidates for polynomial VIPs

In this subsection, we study how to solve the polynomial subproblem (3.2)) for verifying whether
a given solution candidate u solves VI (X, F') or not. When X is compact, problem ([B.2)) exists
at least one minimizer. Moreover, if (8:2) is unbounded from below, then u cannot be a solution.
In these cases, it suffices to choose an appropriate positive R such that (2) with the extra
boundedness constraint ||z — u|? < R has a negative minimum. For the rest of this subsection,
we suppose ([3.2) has at least one minimizer.

Under the assumption that X is given by (2) with nonsingular tuple g, the LICQ holds
for every x € X. Thus, if v € X is a minimizer of [8:2)), then it must be a KKT point of 2.
Introducing dual variables A(x), problem ([B.2)) can be equivalently reformulated to [@.Il), with

0(z) = (x—u)"F(u),

O(x) == {Fu) =" N(@)Vgi(x)} (4.8)
U{Ai(@)gi(@) = (€ D)} U{gi(a) : (i € &)},

() = {gi(x) (i € D)} U{Ni(x) (i € T)},

Therefore, Algorithm [4.1] can be applied to solve [B.2]). Note that under our assumption, ([B.2])
must be feasible, so there is no need to check the feasibility in Step 1. The following convergence
result for Algorithm [A]is straightforward by [39, Theorems 3.3] and [42], Theorems 4.4]:

Theorem 4.4 Suppose (3.2) has a minimizer. Let 0, D, ¥ be given as in [{{.8), and let {{.1]) be
the polynomial optimization reformulation for (F2). If either one of the following holds:

(i) Ideal[®] + Qmod|¥] is archemedean; or
(i) Ideal[(gi)ice] + @mod[(g:)icz] is archemedean; or
(i1i) The q(x) = 0(q € ®) has finitely many real solutions;

then Algorithm [{_1] has finite convergence. Moreover, if we further assume that every minimizer
of (7)) is an isolated critical point of (32), then ([{-6]) holds at each minimizer of {{.1)) for all
k that is big enough.
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4.3 Solving the maximization problem ([B.1)

For the maximization problem (7)) in Algorithm B:6 we let

{ 0(x) = —[z]TOz];, & :=FE,

U= ITU{(v—2)TF(z) : veV}u{O(*)+6 — [z]TOlx]:}. (4.9)

Then the maximization problem (B.7)) can be equivalently rewritten as the polynomial mini-
mization problem (&I]), and their kth order Moment-SOS relaxations are given by ({3HL4).
Algorithm [41] can be applied to implement the Moment-SOS hierarchy to solve (B7).

For (37), its feasible set is always nonempty since z* is a feasible point, so there is no need
to check its feasibility. Moreover, if the optimal value of (8.7)) is nonnegative, then the § which
defines ([B.1) is applicable for [B.6). For the kth ordered moment relaxation @3] of B7), if
its minimum value ¥, satisfies ¥, > ©(2*), then the optimal value of [B.1) is nonnegative and
we may terminate Algorithm (] directly. This is because the ¥, provides a lower bound for
the maximum of [B77). However, if ¥ < 0, then we still need {6 to hold for the guaranteed
optimality. Moreover, the archimedeanness is always satisfied by [B.7)), since it has the inequality
constraint [z]T O[z]; > [z*]TOz*]; + 6.

The convergence of Algorithm [1lis as follows. If ([@3]) is infeasible, then ([@I]) has an empty
feasible set. This is because the [z]4 is feasible for ([@3]) for every feasible point z of ([@Il). Suppose
(@) has a nonempty feasible set and Ideal[®] + Qmod[¥] is archimedean. Then ¥y — Ypmin as
k — oo [2I]. Furthermore, under some classical optimality conditions, the finite convergence is
guaranteed [35]. Lastly, if & = 0 has finitely many real solutions, then Algorithm [4.1] has finite
convergence, even if the archimedeanness is not satisfied. Note that by Theorem B35 when the
VI (X, F) is given by general polynomials, the & = 0 has at most finitely many complex solutions.

5 Numerical Experiments

In this section, we apply our methods to solve polynomial VIPs. We apply the software GloptiPoly 3
[13] and Mosek [28] to implement Moment-SOS relaxations for solving polynomial optimization
problems. The computation is implemented in a Dell OptiPlex 7090 desktop, with an Intel®
Core(TM) i9-10900 CPU at 2.80GHzx 10 cores and 64GB of RAM, in a Windows 10 operating
system. For the neatness of the paper, only four decimal digits are shown for computational
results.

5.1 Explicit polynomial VIPs

First, we apply Algorithm and Algorithm to solve polynomial VIPs. In Step 3 of Al-
gorithm B2} if the optimal value ¢ = 0, then u(® is a solution to the VI (X, F). In numerical
computations, we may not have ¢ = 0 exactly due to round-off errors. Typically, we accept the
computed candidate as a solution when |¢| < 1076. Similarly, in Step 2 of Algorithm [B.6 if the
optimal value v* satisfying |v* —[2*]7 ©[z*]1] < 1075, then we regard the value § being applicable
for (30). Unless specifically mentioned, we compute a complete set of solutions if it is nonempty,
for every example in this subsection.

Example 5.1 Consider the nonlinear complementarity problem (NCP) in [43]:

396% + 22129 + 296% +x3+ 314 — 6
223 4+ x1 + 23 + 1023 + 224 — 2
33:% + 2172 —|—2I% +2x3 4+ 924 — 9
22 + 323 + 223 + 314 — 3

0< F(x):= 1L xz>0.
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This NCP is equivalent to VI(R?, F'), whose feasible set X := R%. There are two solutions
(v6/2,0,0,1/2), (1,0,3,0) to the NCP. Let F;(x) be the ith entry of F'(x). Then, the LMEs are

Ai = Fi(z) forall i=1,23,4.
We ran Algorithm 3.6 and it took around 0.55 second to find solutions u("), u(?) as follows:

uM = (1.2247,0.0000, 0.0000, 0.5000), &= —1.5499-10~%;
u® = (1.0000,0.0000, 3.0000, 0.0000), &= —3.7262- 105

We also tested solving the KKT system ([2.4]) without LMEs. Treating (A1,...,A4) as ad-
ditional variables, we formulated the polynomial optimization problem similar to (B with a
feasible set given by (24). Then, we found solutions to VI(R%, F) under the same framework
as in Algorithms and We presented the comparison of the time consumption for ap-
proaches with or without LMEs in Table[Il In the table, the first and the second row show the
time consumption for finding the first and second solution, respectively, and the last row is for
checking the completeness of the solution set {u(l), u(2)}. It should be pointed out that the time
consumption of solving B.7) and (3.8) for finding each solution or checking the completeness is
included.

with LMEs | without LMEs
the first solution 0.12s 2.97s
the second solution 0.20s 8.49s
the completeness of {u(}) u(?)} 0.23s 10.23s

Table 1 Computational results for Example [5.1]

Example 5.2 Consider the VI (X, F) with

—T1 +4x1x2+x§+x3—x4+1
223 + 1 — 25 — 1023 + 214
3:6? + z1T0 + 2:6% —2x3+9x4 |’
2?2 — 3w3 + 223 — 314 — 4

F(z) = X ={z e R} : zyzom3z4 = 2}

In this example, the set X is unbounded and nonconvex. Let Fj(z) be the ith entry of F(x).
Then, the LMEs are

2T F(x)
-8 7

Ao = /\Z:FZ(ZZ?)-F/\() (i:1,2,3,4).
We ran Algorithm and the infeasibility of (B was detected at the 3rd ordered moment
relaxation, hence this VIP has no solution. It took around 0.31 seconds.

Similarly to Example 5.1, we tested solving the KKT system (24]) without LMEs under
the framework of Algorithms For this VIP, since we only need to check the infeasibility of
BI) to detect the nonexistence of solutions, we presented the comparison for solving moment
relaxations ([A3]) with various relaxation orders d. In Table 2] the first column is the relaxation
order; and the second and third columns represent the time consumption and whether the dth
order moment relaxation successfully detects the nonexistence of solutions or not. When LMEs
are applied, the 2nd order moment relaxation is not well-defined, and the 4th order moment
relaxation is unnecessary for checking the emptiness of SOL (X, F'), since the 3rd order moment
relaxation is already infeasible.
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with LMEs without LMEs

d time | nonexistence of solutions time nonexistence of solutions
2 n.a. n.a. 4.52s not detected

3 | 0.31s detected 32.45s not detected

4 | 1.28s detected 2031.27s detected

Table 2 Computational results for Example

Example 5.3 Consider the two-player jointly convex generalized Nash equilibrium problem in

[41]:
min 10zT 2y — 5 T1,j
1st player: ¢ =1€R? ! 2‘7*1 7
sit. afwy +alas <1
. 3 3 3
min 377 (21,%2,7)° + B[T_y 21 — 1) 2, 725
2nd player: { z2€R3
s.t. a:lTxl +x2Tx2 <1,
where 1 := (21,1,21,2,%1,3) and x2 := (z21,%22,22,3) are decision variables of the first and
the second player respectively. Let x := (z1,z2) and denote the first (resp., second) player’s

objective functions by f1(z) (resp., f2(z)). Then, finding the normalized equilibria for this GNEP
is equivalent to solving VI (X, F') with

. < 0fi 0fi 0f Ofr O0fr 0f )T

6,@1)1 ’ (95[:1727 6,@1)3, 81'271 ’ 6,@2)2, (95[:273

X:={zeR':1-z"2>0}.

We refer to [6L[41] for more details about GNEPs. One can check that the map F' is nonmonotone
on X. For this polynomial VIP, the LME is

We ran Algorithm [B.6] and obtained the unique solution u := (u1,ug) with

uy = (—0.4934, —0.4934, —0.4934), uy = (0.2998,0.2998, 0.2998),
and € = —2.5461 - 107%. It took around 4.21 seconds.
Example 5.4 (i) Consider the VI (X, F') with

T1+ X2+ 23+ 24
2 _
F(z) = T1 -+ T3 Ty , X:{x€R4:xTx—120,2—xT:1720}, (5.1)
—x3 — T1T2

Ty4 — T1T2
where F'(z) is nonmonotone and X is nonconvex. For this problem, the LMEs are

2T F(x) 2T F(x)
2 4
We ran Algorithm and obtained all solutions to the VI (X, F'), which are

M=2-2"x)- Ao = (1—2T2)

u = (—0.2639,1.3073, —0.4537, —0.1250), with &= —2.7460-10~;
u = (0.4365, —1.0536,0.7694, —0.3279), with &= —7.2553-1079;
u = (—0.4108, —0.4710, 1.2655,0.0809), with &= —1.1356-10~;
u = (—0.8126,0.7417,0.7227, —0.5169), with &= —9.7235-107°.
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It took around 9.56 seconds.

—T1 — T2 — T3 — X4
xr1 — Ty + T3 — T4
T3 — T1T2
Ty — T1T2

seconds to detect the emptiness of the SOL (X, F').

(i) In &), if we change F(x) to , then Algorithm B2 took around 1.52

Example 5.5 Let A, B € R™"*™ be a pair of matrices such that B is symmetric positive definite,
and let C be a closed convex cone in R™. Consider the reformulation VI (X, F') for the constrained
eigenvalue problem (see [6]) of A over the cone C, where

F(x):=Az, X:={ze€C:2"Bx=1}. (5.2)

(i) Suppose
C={xeR}:x1>x2+ - +x,}. (5.3)

Then X ={z € R": go(x) =0, g1(x) >0, ..., go(x) > 0}, where
go(.I):.ITBZE—l, gl(I):xl—x2—~-~—xn, g’L:xZ(Z:257n)

The LMEs for VI (X, F) are

T n
No=08 A = Fi(x) = 2X0 - Yy Bajaj,
)\'L' = E(.I) - 2A0 ' Z?:l B’L,jxj + )\1 (7’ = 27 o 'an)v

where Fj(z) is the ith entry of F'(z) and B; ; means the element in the ith row and jth column
of B. If we let

_8-4 $-6 40 3-1
_8-4 4-9 0 4-1-2

A=1_76 1 9" B=| 3.1 4 ol (5.4)
6-5-7 4 1-2 0 2

then we obtained the unique solution u to VI (X, F) by Algorithm with
u = (0.5534,0.2372,0.0000,0.3162), &= —1.3994-1078.

It took around 0.50 seconds.
(ii) Suppose C is the second order cone, i.e.,

C:={zxeR": |7z <z}, T=(@1,22,...,Tn-1). (5.5)

Then X = {z € R" : go(z) = 0, g1(x) > 0}, where go(z) = 27 Bz — 1, ¢g1(z) = 22 — z7z. We
remark that in this case, polynomial LMEs do not exist since the constraints are not nonsingular.
However, there exist rational Lagrange multiplier expressions

2T F(x)

Ao = 5 AL =

Fn(,T) - 2)\0 Z?:l Bn,ixi

2%, '
One may check that the denominator x,, is strictly positive over X, thus we may cancel it in the
KKT system. We refer to [41] for more details about rational LMEs and how to reformulate the

KKT system with them. We ran Algorithm with matrices A and B given as in (54)). It took
around 4.24 seconds and find the unique solution

u = (0.6906, 0.5866, —0.3661,0.9773), = —5.8198-107".
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Example 5.6 Consider the invariant capital stock problems [16]. Let A € R"2*"1 B e R}>*"™,
beR", pe (0,1) be the discount rate, and let f(x) be a convex loss function. For a given vector
bo € R™, we denote by P(bg) the problem of finding a sequence of activity levels {z(M}2; to

solve
: o -1 (t)
min a T
o o D P f()

st Az <bo 40, (5.6)
Aw(t) S Bx(t_l) —|— b, t = 2, 3, .
x(t)ERZ_I t:1,2,

Then, the invariant capital stock problem is to find u € R™ such that {z("1°, with every
x® =y solves P(Bu). By [6 Proposition 1.4.5], if there exists v € R™ such that (u,v) solves
VI(R} "2 F), where

Vi) + (AT — PBT)y]

F(z,y) = [ b+ (B — Az (5.7)

then w is an invariant capital stock.
We ran Algorithm with n1 =4, no =3, p=0.7, and

4
f(z) = Z x?w?—l—Qw?m—l—wa%—i—x%—i—xi—in,

1<i<<4 i=1
—3 1 1-3 5411 1
A=| 1-1 3 1|, B=|0205]|, b=|-3
1 0-3 2 2544 2

We obtained the unique solution
u = (0.1861,0.5845,0.1715,0.4868), v = (—0.0000, 0.2270,0.0000).
The error € = —7.3551 - 10~7. It took around 5.54 seconds.

Comparison with the PATH Solver. There exist many numerical algorithms for solving VIPs.
Since there is no monotonicity or convexity assumption in general for the polynomial VIPs in
Section .1, we only compared Algorithm with the damped Newton’s method for solving
the MiCP (the KKT system (24)) via the path search [547], which is implemented with the
well-developed Matlab software: the PATH Solver [§]. We remark that we also tried some other
numerical methods introduced in [6], such as the hyperplane-projection method, interior point
method, etc. However, they usually cannot solve the VIPs in Section 5.1l especially when the
problem is nonmonotone or nonconvex. So we omit the numerical results of these methods for the
cleanness of this paper. We used the default parameter setting, which can be found in [8, Table
6&7]. Feasible initial points are applied for these methods, that we use (2, 1,1, 1) for Example[5.2]
the (1,0,1,0) for Examples 5.4(i-ii), the 0.5¢; for Example [0.5)(i), and the zero vector for other
problems. Besides that, we use the zero vector as the initial point corresponding to Lagrange
multipliers.

Numerical results are presented in Table[3l The column ‘time’ is the consumed time in seconds
for solving the VI (X, F) and verifying if a solution is obtained, and the column ‘error’ stands
for the minimum of (2] at the computed solution. Here, we only compute one solution for each
problem, hence the time consumption in rows ‘Alg. may be much smaller than that in the
last subsection, since we do not find more solutions or check the completeness of the solution
sets.

The observations are summarized as follows:
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PATH Alg.
Example - -

time  error time error
5.1 048 2-1007 012 1-10°8

5.2 fail no solution
5.3 079 6-1079 154 2.10°8
5.4(i) 0.40 2.98 0.46 2-1079

5.4(ii) 0.13 241 no solution
5.5(i fail 0.14 1-1078
5.5(ii) fail 1.51 6-1077
5.6 046 8-1079 554 8-107°

Table 3 Comparison with PATH

— The software PATH failed to converge for Example since the set of KKT points is empty.
For Example [55(i), the PATH solver fails to solve the problem, because the Jacobian is singu-
lar at the solution. Besides that, PATH found the KKT point (0.2301, —0.6948,0.0715,0.6776)
for Example [5.4]i), and found the KKT point (0.5345,0.0000, —0.8018, —0.2673) for Exam-
ple B.4(ii). However, these KKT points obtained by the PATH solver are not solutions to
the VI(X, F'), since the feasible sets in these two examples are nonconvex.

— The damped Newton’s method may be sensitive to the choice of initial points. For example,
if we use e; as the initial point for Example 5.3 then the PATH Solver do not converge. In
contrast, Algorithm can efficiently find solutions for all examples in Section [5.]] if there
exists any, or certify the emptiness of the SOL (X, F).

5.2 Randomly generated polynomial VIPs

In this subsection, we tested our method on VIPs that are given by polynomials with randomly
generated coefficients. For all randomly generated VIPs, we only ran Algorithm B2 i.e., the
algorithm for finding one solution, and we do not check the uniqueness of the solution.

For all instances in the following, we randomly generated 100 polynomial VIPs and solved
them by Algorithm In the experiment, a computed point is regarded as a solution to the
VIP if the error |e| < 1075. We allow 10 maximum iterations (i.e., £ = 10) in Algorithm [3.2 for
each VIP. We remark that for VIPs with convex feasible sets, Algorithm guarantees to find
a solution to the VIP at the initial loop (see Proposition [3]). However, the computed solution
may not satisfy |e| < 1076 due to the numerical error. For such cases, we proceed to new loops
of Algorithm B2l until a solution satisfying |¢| < 1076 is computed or the maximum / is reached.
All polynomial optimization subproblems in Algorithm are solved by Algorithm .1l with the
relaxation order k = do,do + 1,...,do + 4. If the (dg + 4)th Moment-SOS relaxation cannot find
a solution for the polynomial optimization, then we stop the algorithm and report a failure of
solving this polynomial VIP.

5.2.1 Randomly generated ball constrained VIPs

Consider the VI(B,,, F) with B,, := {z € R" : 272 < 1}. Since B,, is convex and compact, the
SOL(B,,, F) # (. For the given dimension n and degree d, we randomly generate the matrix
A e RN with N = (":d) using the Matlab function randn, and let F'(z) = A [x]4. We report
the numerical results in Table @ In the table, (n,d) is the pair of the dimension of  and the
degree of every Fj(z), ‘SR’ (success rate) is the rate of finding a solution for the VIP successfully,
and ‘time’ is the average consumed time (in seconds) of finding solutions.
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) I I % R % N %) N 0 B C ) B € N C)
SR 100% 100% 100% 100% 100% 100% 100% 100%
time 0.25s 0.28s 0.34s 0.67s 1.03s 2.51s 3.95s 8.34s
md || 4100 (62 63 64 65 66 G758
SR 100% 100% 100% 99% 100% 100% 100% 100%
time 20.49s 0.28s 0.43s 1.22s 3.82s 9.26s 24.63 70.79s
md | 62 (63 60 (65 (66 (120 (73 (7D
SR 100% 100% 100% 99% 100% 100% 100% 100%
time 0.92s 1.52s 7.43s 35.38s 99.51s 1.58s 9.79s 41.18
md || 75 (82 (83 (84 02 (93 (102 (L2
SR 100% 100% 100% 100% 100% 100% 99% 100%
time 365.49s 4.60 43.98s  213.74s 12.44s 188.38s  47.22s 121.70s

Table 4 Computational results for randomly generated ball constrained VIPs

For this problem, we would like to remark on the following:

— When (n,d) = (5,4), there is one case of VIP where Algorithm B2 can only find a solution
whose error |g] =9.04-1075 > 107°.

— When (n,d) = (6,5), there is one case of VIP where Algorithm [3.2] can only find a solution
whose error |e| = 5.78 - 107¢ > 1075.

— When (n,d) = (10, 2), there is one case of VIP where we cannot find a minimizer for (8:3)
due to the limit of memory.

5.2.2 Randomly generated constrained eigenvalue problems

Consider the constrained eigenvalue problem in Example For the given dimension n, we
randomly generate matrices A € R" ™ and B € R™ ™ using the Matlab function randn, and
let B := BTB. Then = € R" solves the constrained eigenvalue problem defined by A and B
if it solves the VI (X, F') given by (52). We ran Algorithm 3.2 for the cone given in (B3] and
the second order cone as in (B.4]), and reported numerical results in Tables Bl In the table, the
column ‘C’ is the cone C' we use for the constrained eigenvalue problem, ‘n’ is the dimension for
x, ‘SR’ is the rate of solving the VI (X, F') successfully, that either a solution is obtained or the
nonexistence of solutions is detected, and ‘time’ has the same meaning as in Table @]

C n 3 4 5 6 7 8
SR 100% 100%  98% 100%  100%  98%
G time 0.60s 0.81s 0.82s 1.46s 8.03  20.85
i) SR 100% 100% 100%  99% 98%

time 0.98s 1.31s  2.21s 7.04s  45.24

Table 5 Computational results for randomly generated constrained eigenvalue problems

For the case that C is given by (53)), we would like to remark on the following

— When n = 5, there is one case of VIPs where Algorithm can only find a solution whose
error |e] = 9.50 - 107% > 107%. Moreover, there is another VIP where the Moment-SOS
hierarchy cannot find a global minimizer for (3.3).

— When n = 7, there are two cases of VIPs where we cannot find a minimizer for (83 due to
the limit of memory.

— When n = 8, there is one VIP where we cannot find a minimizer for ([B3)) due to the
limit of memory, and there is another VIP where we can only find a solution whose error
le| =5.04-107% > 1075.
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For the case that C is given by (5.5), we would like to remark the following

— When n = 6, there is one case of VIPs where we can only find a solution whose error
le| =2.65-107% > 1076.

— When n = 7, there are two cases of VIPs where we cannot find a minimizer for (83)) due to
the limit of memory.

5.2.3 Randomly generated invariant capital stock problems

Consider the invariant capital stock problems (B.8) in Example For the given dimensions
ni,ng, we randomly generate A € R™*"1 (C € R™*™ b € R" using the Matlab function
randn, and randomly generate B € R}**™ using rand, and let p = 0.8, f(z) := [2]] CT C[x];.
Then, the VI(R' "2 F) is given by (5.7). Note that although the feasible set of this VIP is
convex, it is unbounded. It is possible that SOL(RT*‘"%F ) = (). We reported the numerical
results in Table[6l In the table, (n1,n2) is the pair of dimensions, ‘SR’ (success rate) and ‘time’
have the same meaning with them in Table @l We remark that the VI(X,F) computed in
Example has higher degrees, and we checked the uniqueness of the computed solution, thus
the time consumption is larger than that in Table

) | 32 (52 (62 (72 (82 (9.2)
SR 100% 100% 100% 100%  100% 99%
time 0.25s 0.26s 0.28s 0.26s 0.32s 0.29s
(nl ) n2) (473) (573) (673) (773) (873) (973)
SR 100% 100% 100% 100%  100% 100%
time 0.26s 0.29s 0.30s 0.34s 0.40s 0.42s
(nl ) n2) (474) (574) (674) (774) (874) (974)
SR 100% 100% 100%  100% 99% 100%
time 0.35s 0.33s 0.43s 1.03s 0.47s  51.75s

Table 6 Computational result for randomly generated invariant capital stock problems

For this problem, we would like to remark on the following:

— When (n1,n2) = (9,2), there is a VIP where we can only find a solution whose error |¢| =
5.22-107% > 1076,

— When (n1,n2) = (8,4), there is a VIP where the Moment-SOS hierarchy cannot find a global
minimizer for (B3)).

— When (n1,n2) = (9,4), there are two VIPs where Algorithm took more than 2000 sec-
onds to solve each one of them (2371.65s and 2740.15s respectively), and the average time
consumption for solving all other VIPs is 0.65s.
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Appendices

A Generic properties of polynomial VIPs

First, we review some basics of algebraic geometry. Let C be the complex field and C[z] be the
ring of polynomials in the variable z = (z; ;). An ideal I of C[z] is a subset of C[z] such that
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a+belforalla,beland g-p e forall pe I and g € Clz]. Given the ideal I, we say the
polynomial tuple (p1,...,pm) is a generator for I if for every p € I, we have

P=p1-q@1+ -+ Pm - Gm for some qq,...,qm € Clx].

Every ideal is generated by finitely many polynomials. For an ideal I, the set V(I) = {x € C":
p(z) =0, Vp € I} is called the variety of I. Such a set is called an affine variety.

Let # := (20,%1,...,7,) be the tuple of variables in C"*!. The n-dimensional complex
projective space P" is the set of all lines passing through the origin of C**!. A point Z in P" has
the coordinate [xg : @1 : - : x,] such that at least one of x; is nonzero. An ideal generated by

homogeneous polynomials in C[z] is called a homogeneous ideal. Given the homogeneous ideal
I, the set of all Z € P" such that p(z) = 0 for all p € I is called the projective variety of I.
Moreover, the Zariski topology over P™ (resp., C™) is the topology space such that all closed sets
are given by projective (resp., affine) varieties, and open subsets of projective varieties are called
quasi-projective varieties. For the given quasi-projective varieties X, closed subsets are given by
intersections of X with a projective variety. It is clear that both projective and affine varieties
are quasi-projective. Besides that, we say a variety being irreducible if it is not the union of two
proper closed subsets. Any variety can be decomposite as the union of finitely many irreducible
varieties, which are called #rreducible components.

For the irreducible quasi-projective variety X in P”, its dimension dim X" is the largest non-
negative integer k£ such that the intersection of X and k general hyperplanes is nonempty. The
dimension of a reducible variety is defined by the maximum dimensions of all its irreducible com-
ponents. The codimension codim (X) for the quasi-projective variety X’ in P™ equals n —dim(X).
It is clear that dimP"™ = n, and the dimension of all hypersurfaces in P™ equals n — 1. If ) is
the hypersurface defined by a homogeneous polynomial p(Z) that is not identically zero on any
irreducible component of X and X N'Y # @, then

codim (X NY) = codim X’ + 1.

A.1 Proof of Theorem

Now, we show the finiteness of K defined in Subsection 23] and the algebraic degree of the
VI (X, F). Recall that when some constraint qualification condition holds at z € SOL (X, F), =
satisfies the KKT conditions (24 for the VI (X, F'). Consider the following polynomial system

) =220 AiVgi(@),
{)\1 cg1(x) = = A gm(:lzc) =0, gi(x) =0 €€). (A1)

Then, the (AJ) consists of all equalities in (2.4]). We show the finiteness of complex solutions
to (Ad)) when all F,...,F,,g1,...,gm are generic polynomials. Let A be an active constraint
labelling set. Without loss of generality, assume A = {1, ..., 7} with m < m. From the generality
of g1,...,gm, the m cannot be greater than n. This is because the intersection of more than n
hypersurfaces in C" given by general polynomials in z is empty. Moreover, if we let

J(x) = [F(z) Vg(z) ... Vgn(z)], V:={zxeC": :rankJ(z) <m},
then V is a complex variety defined by vanishing all (4 1) x (/m + 1) minors of J(z). Denote
U:={zeC":qi(z) == gmn(xz) =0}

If VNU = 0, then there does not exist x satisfying (A1) with active labeling set A.
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Proof. (Proof of Theorem [33) For any given active labeling set A, when all (g;(x));ca are
general polynomials, the Jacobian matrix [Vg;(x)],c 4 is full column ranked over C", by [30,
Proposition 2.1] (see also [38, Theorem 3.2]). Therefore, when g1, ..., g, are all general, the
LICQ holds at every point in C", and the x € SOL (X, F') only if there exist A1,..., A, such
that (2.4]) holds. Moreover, the finiteness of |SOL (X, F') | is implied by the finiteness of solutions
to (AJ).

If the solution set for (A) is finite for any given active labelling set A, then (A]) has finitely
many solutions by enumerating all possibilities of A. Without loss of generality, we assume m < n
and all constraints are active, i.e., A = [m], for convenience of our discussion.

For each g;(x), its homogenization is

Gi(@) = ali - g (ﬂx—"> . (A.2)

Zo To

Denote U = {Z € P": §1(Z) = --- = §m(&) = 0}. It is a projective variety which contains U
up to the natural embedding from C™ to P"; see [50]. When ¢1, . .., g are general polynomials,
we have diml/ = n — m by Bertini’s theorem [30, Theorem A.1]. Moreover, since g; is general,
we have V(%) = nglvmg (i—;, N fc—g) and the homogenization of Vg; equals the last n
components of V,g(z). For each i € [N], we let

= “ T Ty = S = =

Fi(z) = zo' - Fi |l — o — ) F(‘T) = (Fl(‘r)vF?(‘r)v , Fn (7)),

Zo Zo

J(7) = [ F(Z) V§(E) ... Vim(@) } .
Then V := {;i € P" : rankJ (x) < m} is a projective variety that is given by homogeneous
polynomials whose degrees are ¢ := a; + b1 + -+ + by, — m._Indeed, V is a quasi-projective

variety that is given by V \ {zo # 0} and dimV = dlrnV Let W := VNU. Then, W is an open
subset of U, and the finiteness of the solution set to (&) follows directly if dim W = 0.
Note that under our assumption, Vg1 (Z), ..., Vg (Z) are linearly independent for all € U,

i.e., J(Z) = m. For each tuple of indices 0 = (s1,...,8m) C [n], if we let
991 93g2 8‘]771
Oxsy Oxzsy "7 6151
agl 892 99m
=~ Oxsy, Oxs, "' Oxs ~ ~ T
Jy = o 2, X ={xecU:detJ, #0},
af]l 8@2 agm
dxs,, Oxs,, "~ Oz,

then all X, are quasi-projective varieties and

Uu=Jx,, w=Jx.nv. (A.3)
g g
For the given o and constraining polynomials g1, ..., gm, we consider the intersection 17\70

X, NV. Since rank J, = m on X,, the W, is given by vanishing all (m + 1) X (m + 1) minors of
J (Z) containing rows indexed by o, over the quasi-projective variety X, \ {zo = 0}. There are
n — m such minors in total, and each one of them has exactly one row that is not indexed by
entries in o. Denote this row by sg, and the according minor by mg,. Then m, is a homogeneous



24

polynomial parameterized by the coefficients of Fy,. Let A be a subset of [n]\ o (possibly empty).
For all sg ¢ o U A, the m,, being identically zero on some irreducible components of

£ = ((V{me = 0) 1 (X \ {0 = 0))

seA

gives a proper closed subset in the space of coefficients for F,,, which can be regarded as a
projective space. Therefore, by [50, Theorem 1.22], if Fy, is a general polynomial in C[z],, , then

dim £N{ms, =0} =dim £ — 1.

Note that dim X, = n —m since &, is open in U. We conclude dim 17\70 = 0 when Fi,..., F, are
general polynomials by induction, and the finiteness of W follows from (A3)). O

A.2 The algebraic degree of polynomial VIPs

When |K] is finite, Algorithms and terminate within finitely many steps. Moreover, the
quantity |K| + 1 gives an upper bound for the number of iterations needed for these algorithms
to terminate. In general, it is difficult to characterize the number of real solutions to the KKT
system. As we mentioned before, the K is a subset of the intersection of quasi-projective vari-
eties U NV, which is zero-dimensional when all defining polynomials for VI (X, F') are general.
Therefore, we may estimate the quantity |KC| by [U N V)|, if the latter one is also finite.

Let X be a k-dimensional irreducible projective variety. The algebraic degree of X', denoted
by deg X, is the number of points in X N Z, where the Z is a general (n — k)-dimensional
hyperplane. In particular, if dim X = 0, the deg X’ counts the number of points in X (counting
multiplicities). When X is reducible and dim X = k, the degX is the sum of degrees of all
k-dimensional irreducible components for X.

For two projective varieties X and ), we say they intersect properly if dimAX' NY = dim X +
dim Y — n. The following result, called Bézout’s Theorem [11], is useful when considering the
algebraic degree for intersections. We refer to the textbook [11] for the definition of smooth
varieties and transversal intersections.

Theorem A.1 Let X and Y be projective varieties in P™ with dimensions k and [ respectively.
If k+1 > n and X intersect Y properly, then deg XNY < deg X -deg ). In particular, the equality
holds when X and Y intersect transversely.

For the positive integer r, denote by S, the rth complete symmetric function on k letters
(n1,ne,...,ng), that
Sy = Z ning ... ngk.
i1+iz+- i =r

Theorem A.2 Forthe VI(X,F), letay,...,a, € Nandby,..., by € Ny be degrees for Fy, ..., F,
and g1, - - ., gm respectively. If (A1]) is zero-dimensional, and all constraints are active, then the
number of complex KKT points is bounded by

bibs .. b Spom (max{ai},bl, . ,bm) . (A.4)
Proof. Without loss of generality, assume a; = max;{a;}. Given an € > 0, let AF; € (C[z],,) be

a tuple of general perturbations to F;(x) for each i € [n], Ag; € (C[z]p,) be a vector of general
perturbations to Vg;(z) for each ¢ € [m]. For the parameter €, denote (F;). := F; + eAF; ,



25

(Vgi)e := Vg; + eAg; for every i € [m], and F. := ((F1)e,..., (Fn)e). Let (F;)e and (V§;)e be
homogenizations of (F;). and (Vg;)., and let

Je(@) = [Fe(@) (V1)e(@) .. (Vim)e(T)],

Y, = {(:i:,e) eP*xC: ranki(i) < m}-

The V. is a quasi-projective variety with a projection 7 : V. — C such that for all ¢ € C, the
fiber 771(¢) C P" is a projective Variety Since the perturbations are general, there exists at
most finitely many € such that 771(€) N K being 1-dimensional, and all other fibers intersection
u transversely at ﬁmtely many points. Thus dlm(V N Z/{) = 1. Furthermore, every irreducible
component of V N U has a dimension equal to 1, by [II, Proposition 17.24]. Note that for
every u € VAU = 7 Lo)n U, it is contained in an irreducible component, thus there exists
a curve u(t) C V. NU such that the graph of u(t) maps onto C and u(0) = u. For the general
t € C, by genericity of every AF; and Ag; and the elimination theory (see [4]), we have u(t) =
(ur(t),. .., u,(t)) satisfies

ag()ui(t)* + a1 ()us () + -+ ar(Bui(t)' + ao(t) =0,

for every i € [n], where & = deg(V.NU) and all a¢(t) are rational functions of the coefficients of F;,
gi, AF; and Ag;. This is a univariate polynomial equation which has at most £ many solutions.
So there exist at most & many curves u(t) described in above. Therefore, the intersection ¥V NU
has at most £ points, and deg(f/E N ZZ) gives an upper bound for the number of complex KKT
points. o

For the intersection deg(Ve NU), we have

deg(f/6 ﬁﬁ) < deg V. - deglU.

The U is given by vanishing m general homogeneous polynomials g1, ..., gm, and the degree of
each g; is b;. Therefore, the algebraic degree for the complete intersection I is at most b1bs . . . byy,.
In J.(Z), the degree for the 1st column is a;, and the degree for the ith column equals b;—1 — 1
when ¢ > 2. By [30, Proposition A.6],

dimlN)E =n-—m, deg1~)6 < Sn—m (a1,b1,...,bm).
So by Theorem [A1] we have
deg(Ve NU) < dydy ... dpSp_pm (a1,b1,...,bm).

And we conclude the upper bound for |K| by noticing that a1 = max;{a;} from our assumption.
O

Remark A.3 For the VI(X, F'), when there exist inequality constraints, some of them may not
be active, and we can get an upper bound for K by enumerating all possible active labeling sets.

Remark A.4 When a1 = as = -+ = a, and every F;(z) is a general polynomial in z with
degree equal to a;, and each g;(x) is a general polynomial in z with degree equal to a;, then
the upper bound ([A4]) for the algebraic degree is tight. However, the upper bound (A4 is large
and usually much greater than |K|, since it only provides an upper bound for all complex KKT
points. Moreover, when there exists some j € [n] such that a; < max;{a;}, then the number of
complex KKT points is smaller than the upper bound given by (A4).
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