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Abstract A so-called Standard Bi-Quadratic Optimization Problem (StBQP) consists in
minimizing a bi-quadratic form over the Cartesian product of two simplices (so this is dif-
ferent from a Bi-Standard QP where a quadratic function is minimized over the same set).
An application example arises in portfolio selection. In this paper we present a bi-quartic
formulation of StBQP, in order to get rid of the sign constraints. We study the first- and
second-order optimality conditions of the original StBQP and the reformulated bi-quartic
problem over the product of two Euclidean spheres. Furthermore, we discuss the one-to-one
correspondence between the global/local solutions of StBQP and the global/local solutions of
the reformulation. We introduce a continuously differentiable penalty function. Based upon
this, the original problem is converted into the problem of locating an unconstrained global
minimizer of a (specially structured) polynomial of degree eight.
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1 Introduction

In this paper, we consider a bi-quadratic optimization problem of the form

n m
min { p(x,y) == D D @juxiyixiyi i (X,¥) € Ay X Ap ¢, (1.1)
ik=1 j,i=1

where

d
Ad:=[xeRf{_:2xi=1]

i=1

is the standard simplex and RY = {x € R? : x > o} denotes the non-negative orthant in
d-dimensional Euclidean space R?. Without loss of generality, we assume the coefficients
a;jk in (1.1) satisfy the following symmetry condition:

Ajjkl = dkjil = dilkj fOl"i,k:l,...,n and j,l:l,...,m.

In case that all a;j;; are independent of the indices j and [, i.e., a;jx; = bix for every
i,k =1,...,n,then the original problem (1.1) reduces to the following Standard Quadratic
Optimization Problem (StQP)

n

min Z bixxixg : X € Ay ¢, (1.2)
ik=1

which is known to be NP-hard. StQPs of the form (1.2) are well studied and occur frequently
as subproblems in escape procedures for general quadratic optimization, but also have mani-
fold direct applications, e.g., in portfolio selection and in the maximum weight clique problem
for undirected graphs. For details, see e.g. [2,3,14,15,17] and references therein.

On the other hand, if we fix x € R” in (1.1), then we arrive at a StQP

min {yTQ(x)y 'y e Am] : (1.3)

where Q(x) = [Zi,k:l aijklxixk]lfj,lfm is a symmetric, possibly indefinite m x m matrix.
Similarly, if we fix y € R™, then we have a StQP

min {XTR(y)x:xe A,,}, (1.4)

where R(y) = [Z?’l:] a,-jklyjyl]l . is a symmetric n X n matrix. Since problem (1.1)
’ <i,k<n

is so closely related to standard quadratic optimization, we call it a Standard Bi-Quadratic
Optimization Problem, or a Standard Bi-Quadratic Program (StBQP).

Note that the StBQP (1.1) is different from bi-quadratic optimization problems over unit
spheres in [12,23]. The latter problem arises from the strong ellipticity condition problem in
solid mechanics and the entanglement problem in quantum physics; see [8—11,18,19,22] and
the references therein. A StBQP should also be not confused with a bi-StQP, which is a special
case of a multi-StQP, a problem class studied recently in [6,20]. In bi-StQPs, the objective
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is a quadratic form, while the feasible set is a product of simplices, as in (1.1). Both StBQPs
and bi-StQPs fall into a larger class investigated by [21]. Since the latter paper deals with
general smooth objective functions, while we here make heavy use of the detailed structure of
bi-quadraticity, there is no overlap of these two approaches. To the best of our knowledge, the
newly presented method for StBQPs, which yields an eight-degree polynomial optimization
problem of a very special structure, has no counterpart at all in the existing literature. Also,
the terminology should not be confused with the bi-quadratic assignment problem (BiQAP)
which has a similarly structured objective but binary variables, and constraints as in the
multi-StQP case, see, e.g. [16].

If we denote by A := [a;jk]ijxi, then A is a real, partially symmetric n x m x n X m-
dimensional fourth order tensor. In terms of .4, the matrices Q(x) and R(y) can also be
written as Axx ' and yy ' A, respectively. So, it is clear that the objective function in (1.1)
can be written briefly as

px,y) = (Axx ) e (yy') = (yy' A) o (xx ),

where X e Y stands for usual Frobenius inner product for matrices, i.e., X @ ¥ = tr(X TY).
Note that the problem of finding minimizers of a non-homogeneous bi-quadratic function
(Axx") e yy" + x" Hy over A, x A,, can be easily homogenized by introducing a new
fourth order partially symmetric tensor A with aijr = aijrr + (hij + hij + hy + hi) /4,
where h;; is the (i, j)th element in H. Indeed, since > ;_;xx = land > ", v = 1, we
have

_ 1 n m
(AxxT) eyy" = (Axx ") oyy' + 7 DD (hij + b + i+ hi)xiyjxen
ik=1j.I=1

n m
= (Axx ) eyy' + Z Z hijx;yj.

i=1 j=1

Furthermore, it is easy to verify that the global/local solutions of (1.1) remain the same if .4
is replaced with A 4 y &, where y is an arbitrary constant and £ is the all-ones tensor with
the same structure as .A. So, without loss of generality, we assume henceforth that all entries
of A are negative.

For the above-mentioned reason, the considered problem (1.1) is NP-hard. Therefore,
designing some efficient algorithms for finding approximation solutions and bounds on the
optimal value of (1.1) are of interest. In order to get rid of the sign constraints X > o and
y > o, however, in this paper we focus attention on studying a bi-quartic formulation of (1.1)
and some properties related to this reformulation.

Our paper is organized as follows. After motivating our study by an application example in
portfolio selection in Sect. 2, we start by studying, in Sects. 3 and 4, the first- and second-order
optimality conditions of the original problem, and the related bi-quartic optimization prob-
lem. In Sect. 5 we discuss the one-to-one correspondence between the global/local solutions
of (1.1) and the global/local solutions of the reformulation. The obtained results show that
the bi-quartic formulation is exactly equivalent to the original problem (1.1). Furthermore,
we present in Sect. 6 a continuously differentiable penalty function, by which we convert the
problem of locating a local/global minimizer of the constrained bi-quartic program into the
problem of locating a local/global solution to an unconstrained optimization problem. This
yields a method for finding second-order KKT points of the formulated bi-quartic optimiza-
tion problem. Section 7 reports on some numerical experience with our method.
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Some words about notation. The jth component of a column vector x € R” is denoted
by x; while the (i, j)-th entry of a real m x n matrix A € R™*" is denoted by A;;. For any
matrix A and a fourth order tensor .4, respectively, |A||r and || A|| r denote the Frobenius
norm of A and A, respectively, i.e.,

172
lAllF = (raT4)) " and Al =

where tr(-) denotes the trace of a matrix. S” denotes the space of real symmetric n X n
matrices. For A € 8", A > O (resp. A > 0) means that A is positive-semidefinite (resp.
positive definite). S} denotes the cone of positive-semidefinite matrices in S”. I, stands for
the n x n identity matrix and ey stands for its k-th column, while o or e denote generic vec-
tors of zeroes or ones, respectively, of a size suitable to the context. Also, the sign T denotes
transpose. Finally, given the numbers z, ..., z,, we denote by Diag(zy, ..., z,) € S" the
n x n diagonal matrix containing z; in its diagonal.

2 Motivation: application in portfolio selection

According to Markowitz’s well-known mean-variance model [14], the general single-period
portfolio selection problem can be formulated as a parametric convex quadratic program.
As an application example of the bi-quadratic program (1.1), we present a slightly more
involved mean-variance model in portfolio selection problems, which can be converted into
a bi-quadratic optimization problem.

We consider the portfolio selection problem in two groups of securities, where investment
decisions have an influence on each other. Assume that the groups consist of N and M secu-
rities, respectively. For the first group of securities, denote by R;l) the discounted return of
the ith security (i = 1, ..., N), and assume that it is independent of the relative amount x;
invested in the ith security, but dependent on the amount y; invested in the jth security of the
second group of security. Let Ri(l) = ;:io +E 1+ +Emuym G =1,...,N), where g:l.o is
an random variable with mean u;, and &; (j = 1, ..., M) are random variables with mean
zero. Here, y = [y1,..., ya]' is the vector with y j being the amount invested in the jth
security of the second group of securities. Then, the return of a portfolio on the first group
of securities is a random variable defined by

N

N N M
RV ="RVxi = &0+ D> &ijmiy;

i=1 i=1 i=1 j=1
and its expected value is E(RMD) = uTx, where p = [i1, ..., un]" andx = [xq, ..., x5]".
By similar reasoning, we obtain the return of a portfolio on the second group of securities as

M

M M N
RO =3 RPyj =D vivi+ 2 > viixivi.
j=l1 Jj=1

j=li=1

where )/J(.) (j = 1,..., M) are random variables with mean v;, and y;; (i =1,..., N, j =
1, ..., M) are the random variables with mean zero. It is easy to see that the expected value
E(R®) = vy, where v = [vy, ..., vp]". It is clear that the total return of the portfolio
on the two groups of securities is R = RM 4+ RD . We assume that Eio, &ij, yj(.) and y;; are
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independent of each other fori = 1,..., N and j = 1,..., M. Under this assumption,
we know that the variance of R is Var(R) = Var(RW) + Var(R?®).

Let By and B, be the variance tensors of the random matrices & = (§;) and I' =
(yji) respectively, and QO and Q> be the variance matrices of the random vectors §0 =
[E]O, ey EI(\),]T and y? = [)/]0, e erI]T, respectively. We assume that no security may be
held in negative quantities, i.e., x; > O for everyi = 1,..., N and y; > O for every
j=1,..., M. Then, given a set of values for the parameter « as well as By, Ba, Q1, Q2, 1
and v, a generalized mean-variance model can be expressed by

min (Byxx") e yy” + (Bxx") e yy" +x 01x+y 0oy~ (W x +Ty)
N M
S.t. in =a, ny =b, (X,y) eRﬁ fo,
i=1 j=1

where a and b stand for the total amount invested in the first and the second group of securi-
ties, respectively. It is evident that the above model can be rewritten equivalently as the form
of (1.1).

3 Optimality conditions for the StBQP

In this section we recall, for ease of reference, the first- and second-order necessary optimality
conditions of (1.1), which are standard in constrained optimization.

Since the constraints in (1.1) are linear, constraint qualifications are met and the first-order
necessary optimality conditions for a feasible point (X, y) to be a local solution to problem
(1.1) require that a scalar pair (A, ) exists such that

[G¥"AX], + X =0, foriwith¥ >0,

(3T AX]|. +4 >0, foriwith¥; =0,

[(ASKT)F], + 2 =0. for j with 3; > 0, 3-3)
[(Aif(T)y]j + @ >0, forjwithy; =0.

By (3.5), it follows that & = ji = —p(X, ¥), since > /_; X; = 1 and > 713 = 1. In other
words, the Lagrange multipliers are uniquely determined by (X, y).

Further, it is well-known that the second-order necessary optimality conditions for (1.1)
holds, i.e., if (X, ) is a local solution of problem (1.1), then there exists a scalar pair (%, jt)
such that (3.5) holds and furthermore

.
0< ['V’] V2p (X, §) ['V‘] forall [uT,vI1™ € T, 9, (3.6)

where

TE.§) ={" . viITerR™: > uw=0andu; =0Vi ¢ (%),
iel(x)

Z vj=0andv; =0V & J(y)
JeJ ()
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withIX)={i=1,...,n:Xx; >0tand J(y) ={j =1,...,m:Yy; > 0}. Here,
Yy AI(x)

] with F(x,y) = : (3.7
yTAn (x)

-
2 _ yy A 2Fx,y)
Vipxy) =2 [2F(x, T Axx'

n
where A; (x) = [Z aijklxk] are m X m matrices.
k=1 1<j,l<m

4 Bi-quartic formulation of the StBQP

In this section, we propose a bi-quartic formulation of (1.1) and study its first- and second-
order necessary optimality conditions. Based upon this, we discuss the one-to-one corre-
spondence between the global/local solutions of (1.1) and the global/local solutions of the
formulated bi-quartic optimization problem. Our main technique used here is similar to that
developed in [4] and [5]. To get rid of the sign constraints X > o and y > o, we replace
the variables x; and y; with z and w , respectively. Then the conditions >/, x; = 1
and Z] 1yj = 1 become ||z||2 =1 and Iwl? =1, respectively, where || - || denotes the
Euclidean norm. Therefore, the original problem (1.1) can be rewritten as

min { g(z, W) 1= Z Z aijuziwigw} : |z)? = Iw|? = 1, (z. W) e R" x R"
i.k=1j,l=1

(4.8)
4.1 General bi-homogeneous optimization
In this subsection, we first consider the more general problem
min {g(z, w) : ||z|* = L, [w]* = 1, (z. w) € R" x R"}, (4.9)

where g(z, w) is a homogeneous function of degrees r, > 2 and ry, > 2 with respect to the
variables z and w.

From the homogeneity assumption on g, it holds, by Euler’s identity, that for any (z, w) €
R" x R™

Vog(z, W) 2 =r,8(z, W), Vywg(z, W)W =ryg(z,w) (4.10)
and
V282 wz = (r,—1)V,g(z,w), ]
V2,8@ W)W = (ry — 1)Vyg(z, w).

On the other hand, cross-differentiating (4.10), it holds that

wg(z W)W = rwVyg(z,w), 411
[VZ,g(. w)] Z = r,Vyg(z,w), @.11)
which implies
ZZg(z W)z + Vzwg(z W)W = (rg+rw—1)Vyg(z,w), A1
[V2,g(. w)] 2+ V2,82, WW = (g +ry — DVyg(z, W), (4.12)
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By (4.12), it holds that

Vzg(z, w) |:VZV} =(rz+rw—1DVg(z,w), (4.13)
since
VZ2,8z W)  Vie(w)
2 _ 7z W
Vig(z,w) = |:[szwg(z, w)]T szvwg(Z’ w | (4.14)

Let (z, w) be a locally optimal solution to (4.9). The Lagrangian reads
L@ wia p)=gzw +a(lzl* = 1)+ B (Iwl]* - 1).

Since constraint qualifications are met, the first-order optimality conditions are necessary, so
we know that there exist &, 8 € R such that

Ta w2 = veana = o | @15
Vwg(Z,w) +2w = VuLl(z,Ww;a, ) = o,
which implies, together with (4.10), that
&= —%Zg(i, W) and f§ = —%Wg(i, W). (4.16)
Moreover, the Hessian matrix of £ becomes
Hg 5@, W) = V2 L@ W; @, B) = Vg (z, W) + 2 [5‘5” B?m] : (4.17)

and the second-order necessary optimality condition for (4.9) is

-
0< [ z } Hy 52, W) [ z } forall [z, w']" € R™™ withz'z=w'w = 0.
w . w
(4.18)
Let us now consider the inequality constrained problem
min {g(z,w) : lz|* < 1, [Iw|* < 1, (z, W) € R" x R"}, (4.19)

where g(z, w) is a homogeneous function of degrees r, > 2 and ry > 2 with respect to the
variables z and w. Let (z, w) be a local solution to (4.19). It is easy to see that constraint
qualifications are still met, so the KKT condition for the considered problem holds, i.e., (4.15)
holds for some a > 0, ,3 > 0 as well as

a(z|* —1) =0, ]

BUIW|Z —1) =0. (4.20)

We first establish a uniqueness result for these multipliers, by showing that (4.16) continues
to hold.

Theorem 4.1 For any local solution (z, w) to (4.19), the Lagrange multipliers satisfy & =

—%g(i, w) > 0 and ,5 = —%Wg(i, w) > 0. Hence necessarily g(z, w) < 0. More precisely,
we have either g(z, w) = 0 or g(z, w) < 0, in which case ||z| = |w| = 1, ie., (Z, W) is
feasible for (4.8).
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Proof We distinguish cases. If Z = 0 and w = o, then both constraints are not binding and
a=f=0= —5g(0,0) forany r > 0.1If Z # o but w = o, we infer from (4.15) and (4.10)
that ¢ = —ﬁ g(z, 0) holds. However, by homogeneity in w we also have g(z, 0) = 0, so
that againa@ = 8 =0 = —%g(i, o) for any r > 0. The case w # o but Z = o is completely
symmetric. So finally we have to deal with Z # o and w # o. As above, (4.15) and (4.10)
imply that the multipliers are uniquely determined and given by & = — ﬁ g(z, w) as well
as f = —2‘;—‘-}@ g(z, w). Hence we are done if g(z, w) = 0, and we only have to prove that
g(z, w) < O implies ||z|| = |[w| = 1. But this is clear again from the homogeneity assump-
tions on g, studying the behaviour of g(1z, w) = t'# g(z, w) as t € R varies around r = 1.

O

By the expression (4.17) for Hg 5(2, W), one can now obtain

(H&,ﬁ(i,v_v)+2(rz+rw_2)|:&(§n B(I)mi|)|: j|

z

w
(2.5 w al, 0
—(Vg(z,w)+2<rz+rw—1>[ B,m])[

)

where the last equality is due to (4.15). Hence, unless [iT, V_VT] = 0", the matrix

)

o
N

Qi
NI

= (ry+rw—1) (vg(i,v‘v)+2[

=0,

=i
=

o al, 0
H&!B(z,w)+2(rz+rw—2)|:a " ]

0 B,

is singular.

For the general homogeneous problem with a single ball constraint, a second-order condi-
tion has been proved in [5, Theorem 1]. The obtained conclusion establishes positive-semi-
definiteness of the corresponding matrix; see also [1]. The following theorem extends [5,
Theorem 1] to the case of bi-homogeneous optimization over the product of two balls.

Theorem 4.2 Let (z, w) € R" x R™ be a local solution to (4.19) and @ = —%Zg(i, w) >
0,8= —%Wg(i, w) > 0 be the unique multipliers satisfying the KKT conditions (4.15) and
(4.20). Then

Qry+rw—da+rp) 1, 0 ]
_ - > 0.
0 (rwa+(rz+2rw_4),3)[m -
4.21)

©:= H; ;(Z, W) + [(

Proof Let (z, w) € R” x R™ be arbitrary and put

-

N\‘NI
NiN
—_
=y
NI

p |
. e
=

NI

|

aswellas yy = { W
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Then [z" — 8;Z",w' — yaW']" is the orthoprojection of [z",w']T onto Z- x W' and

satisfies 21 (z — 83Z) = W' (W — W) = 0. We have

o [ez] V2,8(@ W) V2@ W) al, 0 552
Ha.p® W) |:)/wV_V:|_(|:[szwg(i,W)]T Vawg (@ W) ”[ 0 Blm] [wvv'v}

8:V2,8(Z, W)Z + v V2, 8(Z, W)W + 20857
| 5[ V28 W) 24y Vi g @ W)W + 25yv-vv‘v}
_ [ 8a(ra = DVag @ W) + viarw Vag (@, W) + 228;2 ]

| 82r2Vwg(Z, W) + viw(rw — DVywg(z, W) + 2By5w
[ —2a (837 + varw — 283)Z

= ~ _ 1, 4.22
| —2B8(8z7z + ywrw — ZVW)W:| (422)

where the last equality follows from (4.15). Now obviously every local solution (z, W) to the
considered problem also is a local solution to the equality-constrained problem

min {g(z, W) : [[z]| = [|z]|, W]l = [[WI[}.

Then, the second-order necessary conditions are written as in (4.18) with obvious modifica-
tions if ||z]] = O or ||w|| = 0, so it results from (4.22) that

o[22 1, | 2
T lw—yew | e W — YW

(27" z S7—22 " 857
— (7w 24 — (5w Z
= _w] Ha’ﬂ(Z’W)I:W]—i_[)/v‘vV_V—ZW} H""ﬁ(z’w)[yv-vw]
r T — T - —
|z |z 27 — 63Z a(8zrz + Ywrw — 28z)Z
- w] H&,ﬁ(z’w)[w]+2|:2w—y‘;,\7vi| |:,3(85rz+yv-vrw—2yv-v)\7v :

Next we use (2z — 822)—'—2 =z'Zand 2w — )/WV_V)TV_V = w ' W to arrive at

T
<[ meo ]

+2 [&zTi@irz + Yirw — 287) + BW W(Szr, + Varrw — 2J/v'v)] . (4.23)

Now let us again distinguish cases: if g(z, w) = 0, then by Theorem 4.1 ¢ = ,3 =0
and ® = Hy, is positive-semidefinite by (4.23), since z and w were arbitrary. If, how-
ever, g(z, w) < 0, then by Theorem 4.1 we know |zZ|]] = ||w| = 1 so that §;7 = z'Z and
v = W' w. We continue (4.23) to obtain

.
0< [VZV} Hy, 52, W) [VZV] + 2(r, — 2)@82 + 2rw — 2)By2 + 2 (@rw + Brs) Sive-
(4.24)

Moreover, from the fact that 8% <zl y‘% < ||w||? and 285y < 8% + yv% < |zl> + [wl|?,
it follows

2(ry — 2)a87 + 2(rw — 2)Bya + 2 (@rw + Pra) Sy
< 2(ry — 2)@lzl* + 2(rw — 2)BIWI? + (@rw + Bra) (IzII* + Iw)?),
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so that we derive from (4.24)

T _
zZ - cl, O zZ n m
0< [w] (H&,ﬁ(z,w)—k[ 0 czlm]) [W] for all (z, w) € R" x R,

where ¢ = (2r, +ry —4)a +r,f and d = ry@ + (r; 4+ 2rw —4) B, and the theorem is proved.
o

From the above theorems we immediately conclude
Corollary 4.1 Let (z, W) be a local solution to the problem
min {g(z. w) : ||z|*> < 1, [w|* < 1},
where g is homogeneous of degree ry = rw =1 > 2. Then necessarily g(z, w) < 0, and for
a=p=-5¢Zw) >0, we have
Hz 5@, W) +4a@r — D14, > 0. (4.25)

As mentioned in [_5] for the single ball constraint case, in our proof of Theorem 4.2, the
fact that @ > 0 and B > 0 is essential. For the general bi-homogeneous optimization over
the product of two spheres, we have the following result.

Theorem 4.3 Let (z, W) be a local solution to the problem
min {g(z, W) : ||z|> = 1, [w||* = 1},

where g is homogeneous of degrees r, and rw with respect to the variables 7 and w, respec-
tively. Then for & = —%g(z, W) € Rand B = —%g(z, W) € R, we have that (4.15) holds
and

(4.26)

_ a5 T (B 4 ar e T
© = Hg ;(2, W) +[ 20— 2o (ot or)aw ] = 0.

(Bra + arw)Wz.| 2(ry —2)Bww '

Proof The assertion (4.15) is obviously true. Now we prove (4.26). By the same arguments

that lead to the proof of Theorem 4.2, we arrive at (4.23). Since §; = z'Zand yg = W' W
here, this inequality can be rewritten as
T ===T 3 = Vg T
z P 2(r; — 2)azz (Brz + ary)zw z
0= [w] (H&,ﬂ(z’ W) + |:(ﬂ_rz FargWET 2(ry —2)pwwT |) | w ]
which implies that (4.26) holds, and the proof of the theorem is complete. O

If g(z, w) < 0 and min {ry, rw} > 2, then (4.26) implies (4.21). Indeed, since ||z] < 1
and |w|| < 1, we know that I, — 72z > 0 and I, — ww' > 0, and also

=T
[ {”_T w ] > 0.
—WZ I,

Consequently, it follows that

-6 - L, —zw'
O—0=—g(,w) [rzrw[_v_:i-r I ]
+ re(ry — 2)(1, — iiT) 0
0 rw(rw —2)(Ly — Ww 1)
>0,
since @ = —@ Zoandf}:_w > 0.

The following corollary comes immediately from Theorem 4.3.
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Corollary 4.2 Let (z, W) be a pair of local solution for the problem of form
min {g(z. w) : [|z|* = 1, |w|* = 1},

where g is homogeneous of degree r with respect to both the variables z and w. Then for
a=p=—5g(z W) €R, we have

4.27)

5T =T
Haa(, W) + 28 |:(r 2)zz rZw :|

rwzil o (r—2)ww !
4.2 Optimality conditions for the bi-quartic problem
In this subsection, we specialized the results obtained in Sect. 4.1 to the case of bi-quartic

function defined in (4.8), where r, = ry = 4. We study the first- and second-order optimality
conditions of (4.8). Let

Bj = [aijkl]lfi,kfn (,I=1,...,m) and Cy = [aijkl]lijlfm (i, k=1,...,n)

be n x n matrices and m x m matrices, respectively. Let Z = Diag(zy,...,z,) and W =
Diag(wyi, ..., wy). Then the objective function g(z, w) in (4.8) can be written as

m n
g(z,w) = z (zTZleZz) w?w2 = z (WTWCjkWW) z,zz%.
=1 ik=1

Let B(z) = (2" ZBj; Zz) and C(w) = (W WCyrWw) . Then we further have

1<jl<m I<i,k<n
gz, w)=w' WB@EZ)Ww=1z' ZC(W)Zz.
Based upon the expression for g(z, w) above, it follows, by a direct computation, that
V.g(z,w) =4ZC(w)Zz and Vyg(z,w)=4WB(z)Ww. (4.28)

Hence szg(z, w) = 8ZC(w)Z+4Diag[C(w)Zz], V‘vag(z, w) = 8W B(z) W+4Diag[B(z)
Ww] and

21D h W WCiy W
2D h W WCxy W

szwg(z, w) =16 : , (4.29)
Zn D p W WCuW
which together form
V2,8, V2,8,
Vgw) = | W Vg W) (4.30)
[Vzwg(z, w)] Vaw&(Z, W)

Let (z, w) be an optimal solution to (4.8). From (4.15) and (4.28), we know that the KKT
conditions of (4.8) are equivalent to
2ZC(W)ZZ+ @z = o,
2WB(@Z)WW + W = o, ] .30

which implies that @ = 8 = —2g(z, W). In other words, the Lagrange multipliers & and
of (4.8) are uniquely determined by (z, w).
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Now (4.29) implies that V7, ¢z W)W = 16ZC(W)Zz and [Vi,gz W)]'z =
16W B(z) Ww. Hence, by (4.30), we have
P A ZC(W)Zz
\Y% g(z,w)[w] _zg[WB(i)WW]' 4.32)

By this, we know that the first-order optimality condition (4.31) can be rewritten as
2 - - - z
(Vi@ W)+ 14& Inim) | o | =0 (4.33)

It is well-known that the second-order necessary optimality conditions for problem (4.8)
involve the Hessian of the Lagrangian (recall that ¥ = —2g(z, w) = B),

Hg (2. W) = V2g(Z W) + 20 Ly = Hz(Z. W)

and require in addition to (4.33) that
z]" z
[w] Hy(z, W) [w] >0 forall[z',w']T e R™" withz'z=w'w = 0. (4.34)
Moreover, since r = 4, by (4.27), it holds that

(4.35)

72T HzeT
V2g(z, v‘v>+2&1n+m+4a[ 22w } >0,

2wz ww

where V2g(z, W) is as in (4.30).
Since a;j; < O forall i, j, k and [, it is easy to see that the problem (4.8) is equivalent to

min {g(z, w) : |zI> < 1, [w|]> <1, (z, W) € R" x R"}. (4.36)

For a local minimizer (z, w) of (4.36) and @ = B = —2g(z, w), we get via (4.30), (4.29) and
preceding relations, and dividing (4.25) by 4,

. _ o -

) [ZC(W)Z 2G ] + Dia [ C(W)Z7 ] a

26T WB@W By W | T e =0, (437)

where G = (WC\Ww, ..., WC, WW)T and C; = Z; > p_, 22 Cix.

5 Optimality conditions: relations among different formulations

In this section, we consider the one-to-one correspondence among solutions of the original
problem and its bi-quartic formulation. For sake of convenience, let us define the two trans-
formations x = Tj(z) with x; = ziz (i=1,....,n)and y = Tr(w) with y; = w? (=
1,...,m), respectively. Without loss of generality, we assume that z > o and w > 0. We
denote by z = Tl_1 (x) andw = Tz_] (y) the inverse transformation of 77 and 75, respectively,
namely z; = /[x;| foreveryi = 1,...,n and w; :\/Wforj =1,...,m.

We readily see that the transformations x = 71(z), y = T>(w) and their (partial) inverse
z=T 1_1 xX),w = Tz_1 (y) are well-defined and continuous. Therefore, we have the following
result which can be shown by arguments similar to those employed for proving [5, Theorem
51.
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Theorem 5.1 Let (X, ) be a feasible solution to (1.1). Then (X, y) is a local solution to (1.1)
if and only if (z, W) = (Tf1 x), T{l ()7)) is a local solution to (4.8). Further; a point (X, y)
is a global solution to (1.1) if and only if (z, W) is a global solution to (4.8).

Theorem 5.2 Let (X, §) be a KKT point for (1.1). Then (7, W) = (T]_l(i), T;l(y)) is a
KKT point for (4.8).

Proof Since (Xx,y) is a KKT point for (1.1), it follows that there exist X, i € R such that

(3.5) holds. From the first two expressions in (3.5) and the fact that x; = zl.z fori =1,...,n,
we obtain from the complementarity conditions

(165" A1 +7) 2 =0, fori =1,....n,

which implies

7§y A)ZZ+ Az = o. (5.38)
Moreover, by the relation between y and W, it is easy to verify that R(y) = yjy'A=C (W).
Since A = —p(X,y) = —g(z, w), it is clear that the first expression in (4.31) with & = 2A

holds. Similarly, we can prove that the second expression in (4.31) with 8 = 2/ is also true.
Therefore, we obtained the desired result and complete the proof of the theorem. O

The converse of Theorem 5.2 is not true in general; this follows from the related result
for quartic reformulations of StQPs [5]. Before we proceed to establish equivalence of the
second-order optimality conditions, we simplify the Hessian of the objective function p:

y'A  2F(xy) C(w) 2F(x,y)
2F(x,y)T  Axx' 2Fx,y)"  B(2)

V2p(x,y) = 2[ ] . (5.39)

where F(x,y) = [y A1(X), ...,y A, ()] with 4;(x) = [>, a,-jklxk]j’l is as in (3.7).

Theorem 5.3 Let (X,y) = (T1(z), Th(W)) € A, X Ay, withz > 0 and W > o. Then the
following statements are equivalent:
(a) (X,Y) is a KKT point for (1.1) which satisfies the second-order necessary optimality
condition (3.6);
(b) (z,w) is a KKT point for (4.8) which satisfies the second-order necessary optimality
condition (4.35);

Proof (a) = (b). Since (X, y) is a KKT point for problem (1.1), by Theorem 5.2, it follows
that (z, w) is a KKT point for problem (4.8), i.e., (4.31) holds. Now we prove (4.35). For any
(u,v) € R" x R, we define two vectors § = Z(u—35%z) and ¢ = W(v— yW), where§ = AR
and y = Ww'v. It is easy to verify that, n; = 0 for every i ¢ I(X) and DM = 0,
and ¢; = O for every j ¢ J(y) and Zjej(y) ¢j = 0, where I(x) = {i : x; > 0} and
J(¥) = {j : y;j > O}. This shows that (3, {) € 7 (X, y). Consequently, by the second-order
necessary condition (3.6), we have

T
n 2 o | M
05[4] VP(X,Y)[C]
- T - - _ T -
| Zu 2 oo | Zu| 82z 2 = o | Zu
_[Wv] Vp(x,y)[wv} 2|:yWW] Vp(x,y)[Wv}

- - _
+ [y(sv%/z-v ] V2p(@&, ) [yséév ] . (5.40)
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By (5.39) for x = x and y =y, it follows that the first term on the right-hand side of (5.40)
amounts to

- T - T - _ - - — =
Zu 2 o | Zu| _ _fu ZCw)Z 2ZFW u
|:in| V&) [WV] = z[v] [2WFTZ weaw ||v]| 4D
where we denote F = F(X, y). Moreover, it is easy to verify that 2 ZFWw = X' Fy =

Z?_: 1 Xi yT_A,» x)y = p(X, 5'2 = g(z, w), which implies, together with the fact that g(z, w) =
Z2' ZC(W)ZZ = w' W B(Z) Ww, that the last term on the right-hand side of (5.40) equals

=_ T =
[VSV%:’_V ] V2p(&, §) [)flffiv] = 2(82iTZC(W)Zi+48yiTZFWW + yzv"vTWB(i)Wv"v)

= 2g(z, W) (8% + 48y +y?)

Tr == __
3 et |
where the last equality comes from the fact that § = Z'u and ¥ = W' v. On the other hand,
we have
WIWFT Zu = [yTAl(i)y, o yTA,,(i)y] Zu
= (1657 RN 21, . [GFT AR ) u
=[zcw)ZZ]" u
=gz Wz,
where the last equality comes from (4.31), using Theorem 5.2. This implies
yw! WFET Zu = gz, w)(v w)(z " u). (5.43)
Similarly, we can prove that
82" ZFWv = gz, w)(u' 2)(W'v). (5.44)

Consequently, by (4.31), (5.43) and (5.44), it follows that the middle term on the right-hand
side of (5.40)

- _ T -
67217 2 - - Zu _ -T 5 .5 — T 7 — 1T
[yWW} Vip(X,y) [WV] = 20z ZC_‘(})V)_Zu—l-Zyw _W_B(f)WV
+482" ZFWv +4yw WF ' Zu
= 2g(z, W)(u'Z)(Z"u) + 2g(Z, W) (v W)(W V)
+4g(z, W)U Z)(W' V) 4 4g(Z W) (V' W)(z u)

Tr 22T 97T
zzg(i,v‘v)[‘vl] [ZZﬁZ'iT inJVVTH'v‘] (5.45)

By combining (5.40), (5.41), (5.42) and (5.45), we obtain

.
n 2 = = |1

OS[C] Vp(x,y)[c]

_L[u] ([2zcwmz 2zFW Tz 22w ]\ [u

v owitz we@w | P awam ww' |) | v |
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which implies that

zcwyz 2zFw | _ _ [ zz' 2zw'
[2WFTZ we@W | W | 25z wwT | =0 (5.46)

On the other hand, since ZZ:I Xk Cir = A;(X), it is easy to verify via (4.29) that

21D lzkw Twepw ¥' (i XkCi) W
o 2% lsz TWeyw v (e 1ka2k) o
V2. ¢z W) =16 = 16Z =16ZFW.
Zn Doy zgv'vTchkW y' (ZZ=1 X Co) W

Recall also that C(W)ZZ + e > o and B(Z)WWw + jie > o from (3.5), which means that
2Diag (C(w) Zz) + al, > 0 and 2Diag (B(z) Ww) ,5 > 0. By combining this, (4.30)
and (5.46), we know that (4.35) is true.
(b) = (a). Since x; = zl.z fori =1,...,nand y; = wf for j = 1,..., m, the first-order
condition (4.31) can be rewritten equivalently as

QRICWX]; +a)z; =0, fori=1,...,n,

(2[B@yl; +B)w; =0, forj=1,...,m ]
Notice that x; > 0 if and only if z; # 0, and y; > 0 if and only if w; # 0. If x; > O,
then 2[C(W)X]; + & = 0, which means [(§§ T A)X]; + A = 0, if we define X = J@, because
C(w) = nyA. If x; =0, by (4.35) foru = ¢; € R" and v = 0 € R”, we obtain that

T —_ — -
0<|%| (vV2e@ W) +2alpsm + 4 a2’ 22w\ [e
~lo ’ ot 2wz ww' ol

which implies
0 < 8¢/ ZC(W)Ze; + 4¢ Diag[C(W)Zile; +2& + 4a (7' e;)°.

This means that 0 < 2[C (W)X]; + @, from the fact that Ze; =z, =z'e; = 0 and ZZ = X.
Consequently, we have [(nyA)i]i + X > 0. The first two expressions in (3.5) hold. Sim-
ilarly, taking u = 0 € R” and v = e; € R™, we can prove that other two expressions in
(3.5) are also true. Therefore, (X, y) is a KKT point for problem (1.1) with the correspond-
ing multipliers A = @/2 and i = ﬂ/2 = X. Now let us prove that (X, §) satisfies also the
second-order condition (3.6). Let [u',v']T € T(x,¥). We define (3, £) € R" x R™ by

[0 ifz =0, 4o 0 ifw; =0,
I e irm =0, M ST e, >0,

Then we have Z n = u and Wi; = v. Moreover, it holds that
n
= mii= ) mii= p ui=0
i=1 iel (X) iel(X)

and

V_VT§=Z§'1'II)]'= z {jﬂ)j: Z Uj=0.
=1

JeJ () JeJ®)
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On the other hand, by (4.31), it is easy to prove that
) o - a
n ' Diag [cow)zz]n = z [C(W)ZZ]in? = —§||’7||2
iel(®)
and
. i = a
¢ "Diag [B(Z)WW] = Z [B(Z)Ww]jé'j2 = —5”4”2-
JEJ¥)

Therefore, by (4.35), we obtain

21 (e - [ 22" 22w 1\ [n
O§|:;:| (V g(z,w)+2aln+m+4a|:2v_viT V_VV_VTi|)|:Ci|

-3 [nTZC(W)Zn + cTWB(z)W;] +4 (nTDiag [C(W)ZZ] 0 + ¢ Diag[B#) WW] ;)
+320T ZFW¢ +2a (Inl? + 1£1%)
=8 [UTC(V_V)U + VTB(i)V] +32u' Fv

_a[v] v &Y
- v PX,y v |’

using (5.39). This shows that the second-order condition (3.6) holds, and the proof of the
theorem is complete. O

Theorem 5.3 states the relations among points satisfying the second-order necessary con-
ditions of problems (1.1) and (4.8). Hence, if we want to use the bi-quartic formulation
to obtain a solution of the original problem (1.1), we need an algorithm that converges to
second-order KKT points of problem (4.8).

6 A penalty method for the StBQP

The bi-quartic formulation (4.8) of the StBQP can be solved by a penalty method, which
is based upon the use of a continuously differentiable exact penalty function. Our main
technique used in this section follows lines similar to that of [5].

6.1 A continuously differentiable penalty function

We denote by a and g the maximum and minimum elements in the tensor A consisting of the
coefficients a;jx; in (1.1). It is clear that —||Allf <a <a < —ﬁIIAIIF <0< ||AllF,
from the assumption that all entries of A are negative. Then, for any (z, w) € R" x R”, we
readily verify that

— LAl Flzl*Iwl* < allzl*Iwl* < g(z, w) < allz|*Iwl* < JAllFlzI*Iwl*.  (6.47)

For the bi-quartic optimization problem (4.8), we introduce an exact penalty function,
which is defined by

1 1
P(z,w; ) = g(z, W) + " (lz)* - 1)2 +- (Iwll* — 1)2

+a(z,w) (lz]* = 1) + az, w) (IwlI> - 1),
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where o (z, w) = —2g(z, w). Then
2 n | 4 2 1 4 2
P(z,w; ) = g(z.w) (5—2[z]” —2lw|*) + Z (lz* —1)" + - (Iw)* = 1)".
(6.48)

Note that the definition of P is similar to (but not the same as) the definition of the penalty
function used in [5] and [13]. For any fixed (2%, w9 € R" x R™, let us define the sub-level
set of P

Ly = {(z, w) eR" x R" : P(z,w; &) < P(zo, w'; 8)}.

Observe that @ < 0O ensures that all sub-level sets of P are bounded without any fur-
ther assumption. This implies the existence of a global minimizer and the boundedness
of sequences in £ generated by any iterative unconstrained minimization method.

It is easily seen that P (-, -; &) is twice continuously differentiable on R” x R™ for any
fixed ¢ > 0. Moreover, it holds that

VP wie) = Vg(zw) (5= 2|z = 2| wl*) — 4g(z. W) [vﬂ
8 4 2|z 8 4 2|0
+= (2l = 1) izl [0}+g(nwn — 1) Wl [w} (6.:49)
and

V2P(z, w;e) = Vig(z, w) (5 —2)1z|* = 2|Iw|%) — 4g(z, W) Iym
T
—4Vg(z, w) |:vzvi| —4 |:vzvi| Vg(z, W)T
8 4 [, 0] 8 4 [0 0
+= (lz)* = 1) izl [0 o |2 (wit=1)Iwi* | g I

16 T 0 16 0 0
+?(3||z||4—1)[zf) 0]+?(3||w||4—1)|: T]. (6.50)

0 ww
Denote by
et 2(-9Y) (¢t -)’ o 6.51
VTP e T Tat Sl St B M To B Y rarraraz)

where 9 € (0, 1) and C > 1 are user-selected constants. If C is large and 9>C < 1, a safe
rule of thumb is & &~ [3C8||A|| 17"

The following theorem in some sense quantifies the boundedness of the sub-level sets.
The result is needed for establishing the first-order exactness property (Theorem 6.4).

Theorem 6.1 Ler (z°, w) € R" x R™ be a point such that |z°|| = 1 and |w°| = 1.
If9 € (0,1) and C > 1 are the constants appearing in (6.51), then for0 < e < &

Lo C{@w) eR" xR": 9 < |z <C. 9 < |w| < C}.

Proof Since ||z°| = 1 and |[w°|| = 1, it follows that

P@E°, W% e) = g(2°, w°) < || Al
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Moreover, it holds that for any (z, w) € R" x R™,

— 2 2
allz*Iwl* (5 — 20zl = 2Iwl?) + L (lz)* = 1)" + L (IwlI* = 1)°,
if 5 < 2||z||® + 2||w||%,
2 2
allz*Iwli* (5 = 201zl> = 2Iwl?) + L (llzlI* = 1)” + L (IwlI* — 1),
if5 > 2)z) + 2w,

P(z,w;e) >

which implies that

sallz|*Iwl* + L (Iz)* = 1)7+ L (Iwl* = 1)7, if 5 < 2)1z])> + 2| wl?,
P(z,w;e)z[ i( )2 i( )’

Sallzl*Iwl* + 1 (lzl1* —1)" + 1 (Iw]* - ) L if 5 > 2]z 2 4 2]lwlf?,
since a < a < 0. Hence, by (6.47), we have

Pawie) = —SIAlrlal Wl + 3 (jzl* - 1)* %z(l Wit = 1)* 2] 6.52)
= = 3AlF (21 + Iwl®) + 1 Iz = 1)7 + 1 (lw) = 1)

Now we first prove that ||z| > C > 1 and ||w|| < C implies P(z, w; &) > P(z°, w'; ¢).
Since ||w|| < C, by (6.52), it follows that

5 1 2
P, wie) = =2 || Alr (Izl® + C®) + g (lzl* = 1)". (6.53)
On the other hand, since ¢ < ¢ < & we obtain
= Al FC8(745C8)°
2
(Ilzl|* — 1)

lAlLE (1+ 30+ %) i
which implies that

(20— 1)°
lAlLe (1+ 331218 + %))

By combining this and (6.53), we know that P(z, w; €) > ||Allr > P(z°, w°; ¢). Similarly,
we may prove that |[w|| > C > 1 and ||z|| < C implies P(z, w; &) > P(z°, w; ¢).
Secondly, we prove that ||z|| < C and |w| < @ < 1 implies P(z, w; ) > P(z°, w%; ¢).
By (6.52), we only need to prove

5 1 2
— S IAllr (C®+ %) + . (Iwl* = 1) > 14l r, (6.54)
der the gi ditions. Si e 200 b
unaer the glven conditions. dince € < € < IIAHF(2+5(C8+198))’ we obtain

(1w’
lAlLE (1+3(C3+9%)

&<

because of |[w|| < ¢ < 1. Hence (6.54) holds. Similarly, we may prove that ||z| < ¢ < 1
and |w| < C implies P(z, w; &) > P(z°, w'; ¢).

@ Springer



J Glob Optim

Finally, we prove that ||z|| > C > 1 and ||w| > C > 1 implies P(z, w; &) > P(z°, w'; ¢).
To this end, we only need prove

5 1 2.1
—31AlFzl® + L (lz* —1)" > Sl AllF and ] (6.55)

2
=3l FIwIE + 2 (Iwl* = 1)7 > LAl
From (6.51) and the condition that ||z|| > C > 1, it follows that
2
(Ilzl1* — 1)
< 78 ,
I AllFllzll

which implies

2 (Jz* = 1)°
EL /.
1Al F (1 + 501z]1%)

By this, the first relation in (6.55) holds. The second relation in (6.55) can be similarly proved.
Hence we obtain the desired result. O

By means of the penalty function P, the problem of locating a constrained global minimizer
of problem (4.8) is recast as the problem of locating an unconstrained global minimizer of P.
About the one-to-one correspondence between global/local solutions of (4.8) and global/local
minimizers of the penalty function P, we have the following two theorems. The arguments
are quite standard for the penalty approach, so we omit the proofs here and refer to [5] for
details.

Theorem 6.2 (Correspondence of global minimizers). Let 0 < & < & be as in (6.51). Every
global solution to problem (4.8) is a global minimizer of P(z, w; €) and vice versa.

Theorem 6.3 (Correspondence of local minimizers). Let 0 < ¢ < & be as in (6.51). Every
local minimizer (Z, W) of P(z, w; ¢€) is a local solution to problem (4.8), and the associated
KKT multipliers are («(z, W), «(Z, W)).

The following theorem describes the relationship between the stationary points of
P(z,w; ¢) and (4.8).

Theorem 6.4 (First-order exactness property). For 0 < ¢ < & as in (6.51), a point (z, W) €
Lo is a stationary point of P(z, w; €) if and only if (z, W) is a KKT point for problem (4.8),
and the associated KKT multipliers are (a(Z, W), a(Z, W)).

Proof (). Since (z, w) is a KKT point for problem (4.8), i.e., (4.15) holds, it is in particular
feasible. Consequently, by (6.49), we have

VP, W;e) = Ve(z, W) + 2a(z, W) [VZV] —o.
(=).If VP(z, w; &) = o, then we have

ZiTVZP(i, W:e)=0 and %v’vTVwP(i,W; £) = 0.

Now let 7; = ||Z||> — 1 and 72 = ||W||* — 1. Then the above equations imply together with
(6.49), that
[20Z01* (zI* + 1) — 3eg(z, W)] 71 — 2e¢(z, W)2 =0
_ Ao __ (6.56)
and —2eg(z, w)Ti + [2[W]* (IW]* + 1) — 3eg@ W)]» = 0.
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Theorem 6.1 and (z, w) € Lo imply ¢ < ||z|| < C and ¥ < [|w]|| < C. Thus the determinant
of the homogeneous system of linear equations (6.56) in [y, )T is

_ | 20z1* (1217 + 1) — 3eg(z. W) —2eg(Z, W)
B —2eg(Z, W) 20wt (IWl* + 1) — 3eg(Z, W)
= 4)jz|I*[WI* (1Z1% + 1) (IW]1* + 1) + 5°¢* @, W)
—6eg(Z, W) [IZI* (1ZI1* + 1) + [w]* (Iw]* + 1)]
> 2{201z|®IWII° = 3ell Al FlZI* IwI* [Iz1* (1z1° + 1) + (wi* (w)* +1)]}
= 20zl IWI* {2012 1w1* — 3l Alle [I1Z1* (12117 + 1) + 1WI* (W1 + 1)]}
> 20% {294 — 6¢|| Al F (C® + C*)}
> 0,

A

where the first inequality comes from (6.47), and the last inequality is due to (6.51). There-
fore, it follows from (6.56) that 7; = 1, = 0, i.e., |Z|*> = 1 and ||W|? = 1. Consequently,
from (6.49), we obtain

Ve(z, W) + 2a(z, W) [VZV] = o,

which means that (z, w) is a KKT point for problem (4.8) with the multipliers @ = B
«(z, w), and the proof is complete.

mi

For the second-order optimality condition of (4.8), we have

Theorem 6.5 (Second order exactness property). For0 < ¢ < g asin (6.51), let (z, w) € Lo
be a stationary point of P (z, w; ¢) satisfying the standard second-order necessary conditions
for unconstrained optimality. Then (z, W) satisfies the second-order necessary conditions for
problem (4.8).

Proof By Theorem 6.4, the first-order optimality conditions hold. Therefore, it follows that
IZI> = 1 and ||Ww||*> = 1. Moreover, we obtain

Ve (z, W) + 2a(Z, W) [VZV] —o,
which implies, together with (6.50), that
o oo o _ _[zz" zwT ] 32[zz" O
VZP(Z, W; 8):V2g(z, W) - 4g(Z, W)In+m+160[(Z, W)|: \TviT \TV\TVT] +?|: 0 W T] .

Consequently, for every (u, v) € R" x R™ with Z'u=w'v =0, we have

T T
0= [:] VP (2, W; €) [lvl] = [u] (V?g@ W) + 20(Z, W) Inym) [3}

v

which shows that (4.34) holds and the proof is complete. O

6.2 Algorithmic aspects of the penalty method
Theorems 6.2 and 6.5 show that we may generate a sequence {(z*, wX)} via an unconstrained

method for the minimization of the penalty function P, which converges to a point (z, W)
satisfying the second-order necessary conditions. Indeed, by Theorem 6.5, stationary points
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of P in Ly satisfying the second-order necessary conditions, are points satisfying the sec-
ond-order necessary conditions for problem (4.8) which, in turn, by Theorem 5.3 are points
satisfying the second-order necessary condition (3.6) for the StBQP (1.1).

We observe that given a feasible starting point (z, w®) any reasonable unconstrained
minimization algorithm is able to locate a KKT point with a lower value of the objective
function. In fact, any of these algorithms obtains a stationary point (z, w) for P such that
Pz, w;e) < P(zo, wo: €). Then Theorem 6.5 ensures that (z, w) is a KKT point of problem
(4.8). On the other hand, if (z°, w°) is a feasible point for (4.8), recalling the definition of
P, we get that

g@ w) =Pz w;e) < P, w'; ¢) = g(z°, w°).

In conclusion, by using an unconstrained optimization algorithm, we get a KKT point (z, w)
of the problem (4.8) with a value of the objective function lower than the value at the starting
point (z°, w°). However, in general, the point (z, W) obtained by the algorithm mentioned
above is not a global minimizer of the problem (4.8). In order to obtain a global solution of
the problem (4.8), we need a appropriate global optimization technique to determine

P*(¢) := min {P(z, w;€):(z,w) € R"+m} . (6.57)

There are many options for solving this task, see, e.g. [25]. Here we choose the following pro-
cedure which can be regarded as a modification of Algorithm GOM proposed in [24]. Finally,
from the obtained solution (z*, w*) of (4.8), we can obtain an optimal solution (x*, y*) of
the considered original problem (1.1).

Denote the unit box (£*°-ball) in R**™ by

Q= l(z,w) e R"™™ : max [max|zi|,max|wj|} < 1}.
i J

Given a positive number u, we say that (z, w) is a u—approximate global minimizer of
(6.57),if 0 < P(z,w; &) — P*(¢) < u. Observe that we safely can work in € due to the
equivalence result in Theorem 6.2.

Algorithm 6.1 (Penalty method for StBQP):

Step 0. Choose n > 0, u > 0 sufficiently small numbers. Initialize g > 0. Set k := 0 and
go to Step 1.
Step 1. Set ¢ = ¢y in (6.57). Choose M > 0 as a sufficiently large number such that

®) VP w: e (z—17,w—W)
o = max

UM > mgy’ > 5 ~
(z,w)eQ lz—z|” + [lw — W|2

with a chosen point (z, W) & 2. Choose qo such that go < M is a large positive
number, and choose so > [ is an appropriately chosen small positive number such
that mgk)/qo < 89. Choose (zg, wo) € Q. Set £ := 0.
Step 2. Obtain a local minimizer (zj, w;) of problem (6.57) with & = &y by using a local
search procedure starting from the initial point (zy, wW¢). Let ¢ = qo and s = so.
Step 3. Define

F® (2, w) = iVP(z wier) (z—2,w—W)
q,s,0\% = 2!] s W, Ek ’

@ —2.w =W [Pz, w; ex) — P(z}, Wi ex) +5].
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Consider the following constrained optimization problem:

min P(z, w; &)
k
s.t. Fq(,s),z(z’ w) <0,
(z,w) € Q.

If this problem is infeasible, then go to Step 4. Otherwise, use a local search method
with initial point (z;, W}) to solve this problem, and let (z¢, Wy) be the local mini-
mizer obtained. If

P(z¢, We; er) < P(zy, Wi &),
then let (zgy1, Woy1) := (Zg, Wg) , € := €+ 1 and go to Step 2; if
P(Zg, We; €x) = P(z;, W; 1),

then go to Step 4.

Step 4. If g < M ors > p, then increase q and/or decrease s such that mg)k)/q < s, goto
Step 3; else (z;, w;) is a ji—approximate global minimizer of (6.57) with & = &
(see Remark 6.3); go to Step 5.

Step 5. If (lzj ]l — )2 < nand (wyll — 1)2 < n, stop. Otherwise, decrease ¢y and let
k:=k+1; goto Step 1.

Remark 6.1 Itis easy to see that we can obtain an appropriate value m((Jk) from (6.49), which
depends only on the coefficients a;jz; of g(z, w), (z, w) ¢ Q and g. For example, it holds
that ||V P(z, w; e)|| < my for any (z, w) € Q where

_ 3 3 8 3 3
Mg = 4+/n+m (n2m2(5+2n+2m)+n2m2) ||~A||F+; ((n2+1)n2+(m2+1)m2) )

On the other hand, it is easy to obtain a lower bound b; > 0 of dist ((i, W), Q) Conse-
quently, based upon mj and by, we can choose a sufficiently large positive number M such
that m(()k) /M < p for any given sufficiently small positive number 1.

Remark 6.2 By asimilar way used in [24], we can prove that for any &; > 0 in Algorithm 6.1,
the cycling between Step 2 and Step 3 terminates after a finite number of iterations, under the
assumption that —oco < P*(e;) < +o00. Furthermore, we can prove that a u—approximate
global minimizer of (6.57) with ¢ = & can be found in finite number of steps.

Remark 6.3 For any g, > 0 in Algorithm 6.1, suppose that (z;, w}) is the final point gener-
ated in Step 4, then m(()k)/q < s < w.If P(z}, w;; er) — P*(ex) < i, then (z}, wy) is already
a ;u—approximate global minimizer of (6.57) with ¢ = ¢;. Otherwise, (zz, w}‘) is not a global
minimizer of (6.57) with ¢ = &, which implies that the feasible set of the programming prob-
lem in Step 3 is nonempty. Moreover, from Step 3, we know P (Z¢, Wy; ) > P(ZZ‘, w}‘; &k).
Consequently, from the fact that m(()k)/q <s =< u< P(z}f, W}‘; ex) — P*(er), we may

prove that F' q(ks) ¢(Z¢, Wg) > 0 by arguments similar to that used in [24], and thus arrive at a
contradiction. Hence, we assert that (zj, w}) is a u—approximate global minimizer of (6.57).

7 Numerical results

Although the focus of our paper is more theoretical than computational, we in this section
report our preliminary numerical test results. We implemented Algorithm 6.1 in MATLAB
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7.8 and the numerical experiments were done by using a Pentium III 733 MHz computer
with 256 MB of RAM. In the three examples to follow, we used the following parameter
specifications in the algorithm:

=107, M =102, u=10"1 s9=1, g =1.

We choose gy = 100m(()k) with m(()k) = 40m’ + 16m4/8k and (zg, wo) = —[1, ..., N"eQ
in Step 1. Let g := qz/m(()k) and s := s/10 in Step 4, and let g;4+1 := &1 /2 to decrease &i
in Step 5. The optimization subroutine within the Optimization Toolbox in MATLAB 7.8 is
used in Step 2 and Step 3.

Example 1 Consider the problem min {p(X,y) : (X,y) € A3 x A3z} with
P(X,Y) = x1yi + 353 + 305 + 2 (x{y3 + x3y35 +x37)
=2 (x1x2y1y2 + X1X3y1y3 + X2X3y2y3)

where the objective function is taken from Example 1 in [12]. It can be shown [7] that
the global optimal value of the objective function over the Cartesian product of two unit
spheres is 0, which means that the global optimal value of the objective function over the
Cartesian product of two unit balls is also 0. Moreover, noticing the fact that the stan-
dard simplex A, is contained within the unit ball in R?, we know that the considered
problem has a nonnegative global optimal value. Let A := A — 2€ where & ik = L
Then A < 0 and the optimal value of the new optimization problem will be that of the
originally considered problem minus two. Using the local Optimization Toolbox in MAT-
LAB 7.8, we obtain the solution candidate (X, y) with x = [0.3780, 0.2797, 0.3422]17 and
y = [0.2797, 0.3780, 0.3422]17, and corresponding objective value —1.9787. The respec-
tive objective value of the original problem is therefore 0.0213. Now, based upon the
bi-quartic formulation (4.8), we use Algorithm 6.1 to solving the considered problem.
We choose (zg, wo) = —4[1,1,1,1,1,1]7 & €. We obtain a solution (z*, w*) with
z* = [0.0035,0.1082,0.9941]" and w* = [0.0015,0.9941,0.1082]". The correspond-
ing objective value is —2, which implies that the objective value of the original prob-
lem is 0. Hence, we obtain a solution (x*, y*) with x* = [0.0000, 0.0117, 0.9883]T and
y* = [0.0000, 0.9883, 0.0117] . Note that p(x*, y*) = 0 attains the exact minimum objec-
tive value.

Example 2 Consider the objective function
4 3
px,y) = Zaj (x12 +x§) y]2~ + Z4bj X1X2YjVj+1s
j=1 j=1
with a = [0.7027, 0.1536, 0.9535, 0.5409] " and b = [1.6797, 1.0366, 1.8092] . Denote
by pmin = min {p(x,y) : (X,y) € Ay X A4} its optimal value.

For this problem, we verify that its global optimal value is 0.0598. In fact, there are three
cases. [f x; =0, then x, = 1 and p(x,y) = Z‘;:l aj yjz.. Correspondingly, we have

4
px.y) = 1/ — =0.0923.

1
7
j=1"

Similarly, if x, = 0, then p(x,y) > 0.0923. Now we are ready to consider the case that

x1x2 > 0. In this case, by the first order optimal condition, it is easy to see that pp;, is equal
to the optimal value of the StQP
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Table 1 Test results for Problem n m SR(%) Problem n m SR(%)

example 3

(1) 3 3 70.5 (2) 5 5 58.0

66.5 8 57.3

63.0 10 55.3

3) 15 15 480 (4 20 20 44.0

20 56.0 25 62.0

25 65.0 28 70.0

min {yTMy 1y € A4} , (7.58)

wherey " My = % Z‘;:l aj y12.+2311 b;y;y;+1 foranappropriate matrix M € S*. Suppose
that y is a local solution to (7.58). Without loss of generality, we assume thaty = [y,T, o'"
for some nonempty index set I C {1, 2, 3, 4} where all coordinates of y; are strictly positive.
By the KKT optimality conditions we infer M;y; = Ae; where e; has all coordinates equal
to one. Denote by M the principal minor of M with index set /. From the fact that M is

nonsingular for every nonempty index set I (there are 2* — 1 cases), it is easy to see that

y; = ely Afl :j’e - ﬁ. It is clear that the global optimal
value pmin of (7.58) satisfies pmin = min{v; : y; > o}. Hence, by a direct computation, the
optimal value 0.0598 of (7.58) can be obtained. Therefore, we know that the global optimal
value of the original problem is 0.0598.

By contrast, the Optimization Toolbox in MATLAB 7.8 suggests a solution (X, §) with
% = [0.5000, 0.5000] " and § = [0.4349, 0.0000, 0.0000, 0.5651] ", with an objective value
of 0.1528.

To use the penalty method, we let A = A — 1.80926 with Eijrw = 1 for all

and the objective value is v; =

i,k = 1,2 and j,I = 1,...,4, and then reformulate the considered problem into
the form of (4.8). Using Algorithm 6.1 with (zg, wg) = —10[1, ..., I]T, we obtain an
optimal solution z* = [0.7071, —0.7071]7, w* = [0.0000, —0.8825, 0.0000, 0.4703]"
with objective value —1.7494. So a solution x* = [0.5000,0.5000]7 and y* =

[0.0000, 0.7788, 0.0000, 0.2212]" of the original problem with objective value —1.7494 +
1.8092 = 0.0598 is obtained, which therefore yields the global solution.

Example 3 We tested random problems where the coefficients of p(x,y) in (1.1) are gener-
ated in the following way: the entries A; jx; in A are generated randomly by uniform distribu-
tion on (0, 1), and then replaced A;;;; := % foralli =1,2,...,nand j =1,2,...,m.
For both cases n = 3 and n = 5, we tested 200 problems. For the two cases n = 15
and n = 20, we tested 100 and 50 problems, respectively. We apply Algorithm 6.1 with
(zo, wo) = —4[1,..., 117 ¢ 2 to these problems, whose test results are shown in Table 1.
In Table 1, we denote by SR the success rate in the tested problems. Here a case is said
to be successful if the objective value obtained by the penalty method presented in Sect. 6
improves strictly the objective value obtained by the Optimization Toolbox in MATLAB 7.8.
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