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Abstract. A standard quadratic problem consists of finding global maximizers of a quadratic form
over the standard simplex. In this paper, the usual semidefinite programming relaxation is strengthened
by replacing the cone of positive semidefinite matrices by the cone of completely positive matrices
(the positive semidefinite matrices which allow a factorizatith! whereF is some non-negative
matrix). The dual of this cone is the cone of copositive matrices (i.e., those matrices which yield a
non-negative quadratic form on the positive orthant). This conic formulation allows us to employ
primal-dual affine-scaling directions. Furthermore, these approaches are combined with an evol-
utionary dynamics algorithm which generates primal-feasible paths along which the objective is
monotonically improved until a local solution is reached. In particular, the primal-dual affine scaling
directions are used to escape from local maxima encountered during the evolutionary dynamics
phase.
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1. Introduction

A standard quadratic problem (standard QP) consists of finding global maximizers
of a quadratic form over the standard simplex, i.e. we consider global optimization
problems of the form

x" Ax — max! subjecttax € A, (1)

whereA is an arbitrary symmetrie x n matrix; a" denotes transposition; antl
is the standard simplex in thedimensional Euclidean spaéé,

A:{xeR’i:eszl},
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wheree = [1, ... ,1]" andR". denotes the non-negative orthantfif (of course,

the region{y € R% : e’y < 1} can always be represented By < R"™,
introducing a slack variable). To avoid trivial cases, we assume throughout the
paper that the objective is not constant overwhich means thagA, E} are lin-

early independent wherE = ee' is then x n matrix consisting entirely of unit
entries, so that " Ex = (e"x)?2 = 1 on A. For a review on standard QPs and its
applications, which also offers a justification for terminology see [9].

Note that the maximizers of (1) remain the sama i replaced withA + y E
wherey is an arbitrary constant. So without loss of generality assume henceforth
that all entries ofA are non-negative. Furthermore, the question of finding maxim-
izers of a general quadratic functien Qx + 2¢ " x over A can be homogenized in
a similar way by considering the rank-two upddte= Q +ec' +ce' in (1) which
has the same objective values an

Of course, quadratic optimization problems like (1) are NP-hard [24]. Never-
theless, there are several exact procedures which try to exploit favourable data
structures in a systematic way, and to avoid the worst-case behaviour whenever
possible. One example for this type of algorithms is specified in this paper: the
proposed procedure exploits extensively the special structure of a standard QP (e.g.,
that the feasible set is the standard simplex), as opposed to the general formulation
of a quadratic problem.

This article deals with the application of an interior-point method to an exten-
sion of semidefinite programming called copositive programming, and is organ-
ized as follows: Section 2 contains a concise exposition of primal and dual prob-
lems in copositive programming which involves copositive rather than positive-
semidefinite matrices, using an explicit characterization of the dual cone of the
convex, non-polyhedral cone of all copositive matrices. We also shortly treat (the
relaxation of copositive programming to) all-quadratic problems on the simplex
as considered in [43]. In Section 3, this will be then specialized to be applied to
standard QPs, which enjoy the property that the copositive programming relaxa-
tion becomes an exact reformulation of (1). Here the dual is in fact a univariate
copositive-feasibility problem which can be seen as a straightforward general-
ization of an eigenvalue bound problem. Section 4 contains a short review on
the replicator dynamics, which by now has become an increasingly popular local
optimization procedure for standard QPs. This technique is combined with primal-
dual search directions from general conic programming [30, 47], which are used
to escape from inefficient local solutions returned by the replicator dynamics iter-
ation.
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2. Copositive programming problems: general setup

Consider the following primal-dual pair of linear programming problems over a
pointed convex con& C R?, see, e.g. [18, 30, 39, 47]:

f(x) =c'x - max! subjectto Dx=0b, x € K, (2)
whereD is anm x d matrix with full row rank andb € R” while ¢ € R4, and
g(y) =b'y - min! subjectto D'y—s=c, yeR", se X*, (3)

whereX* = {s e R? : sTx > Oforallx € X} is the (convex) dual cone ok .

In semidefinite programmingl = (’“2“1) and.X coincides with the cone? of all
symmetric positive-semidefinite x n matrices, which is self-duaf = »* under
the usual inner produgsS, X) = trace(SX) on thed-dimensional Euclidean space
4" constructed by identifying the upper triangular half of a symmetsic: matrix
with its vectorized version.

However, we need not restrict ourselves to cases of self-dual cgniésve
can handle the dual conk&™*, even if the geometry oK and X* becomes more
complicated. In fact, it turns out useful to study more general cases, e.g. putting
JK* equal to the cone of copositive matrices.

Recall that a symmetrie x n matrix M is said to becopositive(more precisely,
R’ -copositive), if

v ' Mv >0 whenevew > o, (4)

i.e., if the quadratic form generated By takes only non-negative values on the
positive orthantR” (for lucid notation, we denote the zero vector dyvhile O
designates a matrix of zeroes, to distinguish these entities from the number 0).
The matrixM is said to bestrictly (R, -)copositive, if the inequality in (4) is strict
wheneverv # o. Clearly, this coneX* has non-empty interior and so does its
(pre-)dual coneX (see Proposition 1 below) which can be described as follows,
see, e.g. [20, 45]:

K =convi{xx' :x e R}, (5)

the convex hull of all symmetric rank-one matrices, i.e. dyadic products, generated
by non-negativevectors. Elements of¢ are calledcompletely positive matrices.
Note that dropping non-negativity requirement, we again arrive at the semidefinite
case. Even without constraints, checking whether or not a matrix belor#j$ i®
co-NP-hard [38]. Some algorithms for this problem can be found, e.g. in [35, 19,
48, 5, 49, 50, 14, 6], to mention just a few. Less obvious is the primal feasibility
problem (also without constraints). In fact, the authors are not aware of any finite
and exact procedure to determine whether or not a given symmetricmatrix is
completely positive iz > 4. See also [3, 4, 15, 34, 27, 51, 21, 31]. However, the
following result may be helpful:
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PROPOSITION 1.Let X be as in (5)4 = ("57), and denote by

X, ={X € £ : v/X has no negative entri¢s (6)
Then
KX = {FF" : Fis anon-negative: x (d + 1) matrix} = conv X, . (7)

Proof. In view of Caratheodory’s theorem, the first identity (cf. Theorem 1 of
[34]) is obvious by taking

F=[xy,...,xs01diag(V/As, ..., V/Aar1)

if X = Y hxx for somer; > 0,alli € {1,...,d + 1}, and by noting
that the middle set in (7) necessarily is a subsekof = K due to the fact that
(M,FFTy =Y"_ fTMf, > 0if M € X* and f; € R" are the columns of.
But then the inclusionkK . C X is also immediate. To finalize the proof, observe
thatv/xxT = \/%xx—r € X, if x € R" implies thatX < co .. O

Unfortunately, the coneX, itself is not convex and therefore strictly smaller

than X, as the following example shows:
0
, b= ,c=10],
1

belongs taX (cf. [3]). However, its square root is approximately

0.908 —0.092 0.408
VX ~ | -0.092 0.908 0.40
0.408 0.408 1.63

EXAMPLE 2. The nonsingula8 x 3 matrix

101
X=|011|=aa" +bb" +cc” witha =

113

P OoOR
P RO

whenceX ¢ X although the rank-one matrices: ', bb™ andcc' as seen above
belong toX . A singular variant is obtained hya " +bb ", i.e. replacing the lower
right corner entry ofX with 2.

As a general application of the primal-dual approach given by (2) and (3) con-
sider the so-called all-quadratic problem anwhich appears as a subproblem
in [43]:

x'Aox — max! subjecttax € A, x Aix =b;, 1<i <m. (8)

Note that also inhomogeneous quadratic constraints can be written in this form (see
above), so that by introducing slacks we also can write problems with quadratic
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inequality constraints in the form (8). Further, additional linear constraints of the
formd"x = § can be written a$D, X) = §2 with D = dd ", givend " x does not
change sign over the feasible set (otherwise one has to subdivide this set accord-
ingly). So the normalization condition i can be written a$E, X) = (¢'x)? =

1. Hence withX as in (5), we may view the following copositive programming
problem as a relaxation of (8):

(Ag, X) — max!
subjectto (E,X)=1,{A;,X)=b;, 1<i<m, Xe XK.
)

Indeed, linearity (in fact, convexity) of the objective ensures that one solition

to the problem (9) is attained at an extreme point of the feasible sEthHppens

to lie also on an extreme ray ok, then automaticallyX = xx', so that this
condition can be dropped without loss of generality. In this case, the relaxation (9)
becomes an exact reformulation of (8). Unfortunately, this is not always the case,
as the following example shows:

EXAMPLE 3. Consider the problem (9) to maximiz&g, X) = 2x11+x22 Subject
to (A, X) = xq1 = % = by and, of courseX € KX as well as(E, X) = 1.
Obviously, the only solution to this problem is given by the rank-two mattix
with xj; = x3, = 5 while x; = Oelse.

We proceed as in the general case with the primal-dual pair (2),(3) to estab-
lish the dual problem of (9) which has + 1 structural variablesy andy =
[y1,...,ym]", and alsaf slacks contained if:

Yo+b'y — min! subjecttoyE + Y yiA; — S = Ag
i=1
withype R,y e R", § e X*. (20)

Given that we can solve the primal and dual feasibility problems with limited
effort, it is possible to use the search directions for a feasible primal-dual interior
point algorithm. Indeed, the following results of Nesterov and Nemirovskii [39] are
valid for a general class of convex cones which include the dorgven by (5):

— There exist so-called self-concordant barrier functions for the cgtesd
Y

— Interior point methods which converge in a polynomially bounded number of
steps can be formulated using the self-concordant barriers.

Unfortunately, no polynomially computable self-concordant barriers are known for
K and.X*, for an elaborate discussion on this topic see [45]. However, Tuncel [47]
has recently noticed that even in this case one can still formulate a class of interior
point methods known as primal—-dual affine scaling algorithms.
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For ease of reference we now reproduce a generic roster for a primal-dual
interior-point method from [22, 29, 36]. Of course, it is in general not harder
to solve (8) to optimality than to resolve the feasibility questions (i.e., to check
membership ofK or K*) below, but there could be special instances where the
procedure is still helpful.

Generic Interior-Point Primal-Dual Algorithm

1. Choose an initial pointX?, y°, §°) with X% € int X, y° = [9,...,y°1" €
R"*+1 such thatE, X°) = 1 and @;, X% = b, foralli =1, ..., m; and that
SO=y3E + Y, A — A% e int X*. Put(X, y, S) = (X, )7, SO).

2. Until a stopping criterion is satisfied, repeat the following step: choose an
improving feasible directiondX, dy, dS) and step lengtlx > 0 such that
still X + adX € int X as well asS + adS € int X*. Update(X, y, S) =
X +adX,y+oady, S+ adS).

Feasibility w.r.t. the equality constraints is maintained by the so-called primal-dual
affine scaling (or zero-order) search direction provided by Kojima and Tuncel [30,
47]. Slightly simplified, this class of directions is the solution of the linear system
in 8" x R™+1 x g7

(E,dX) =0,

(A;,dX) =0, ie{l,...,m},
Edyo+ YY", Aidy; —dS =0,
dX + QudS = —X

(11)

where# is an arbitrary positive-definite, symmetric linear operatostmand

(X.Y)_ (S, #Y)
QY = FHY X — FHS, Yeis". 12
” xSt T s ) © (12)

As usual, the remaining (strict) feasibility requirements are guaranteed by a suit-
able choice of the step lengths. Note that a solution to (11) always exists @;also
is positive-definite provided that the duality g&p, S) > 0 which is guaranteed
for interior point pairs(X, S) € int X x int X* (cf. Theorem 3.3 in [47]), since
we assume thdtE, A,, ..., A,,} are linearly independent, in correspondence with
the full row rank assumption of in (2). Thus we have the same situation as in
the classical SDP case for the search direction commonly used there, cf., e.g. [16].

Kojima and Tuncel prove in [30] (cf. Theorem 3.4 in [47]) that if we choose
the search directions from (12), then the duality gap decreases linearly with a
factor essentially being the step length, and both primal and dual objectives will be
improved, unless optimality is reached. Decisive for their arguments is the positive
definiteness off and the property tha® 5 S = X.

Looking at formula (12), it is evident that much would be gained if the terms
containing# S vanished, which of course is impossiblefff is positive-definite.
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We therefore propose a positive-semidefinite variant of the above-mentioned result
where ¢ has a single zero eigenvalue belonging to the direcfioNote that we

no longer assume thak, ) € int X x int X*, but only (X, §) > 0. Recall that

the latter relation characterizes non-optimality of pais S).

THEOREM 4. Suppose tha# is a positive-semidefinite, symmetric linear oper-
ator on 4" with

(Y €8 : HY =0)={rS:reR}.

Consider a pairX, S) € X x X* with (X, §) > 0and define the symmetric linear
operator R 3 on 8" by

(X,Y)
Ry = HY + —X, Yeis". 13
H + X.5) € (13)

ThenR 4 is positive-definite and satisfig® ;S = X.
Furthermore, the solutiold X, dy, dS) to the system iB” x R+ x §"
(E,dX) =0,
(A;,dX) =0, ief{l,...,m},
Edyo+ Y ", Aidy, —dS = O,
dX + RpdS = —-X

is unique and satisfiesX + ad X, S + adS) = (1 — a)(X, S).

(14)

Proof. The first argument is quite similar to that in Theorem 3.3 of [47]. For any

Z € 4", consider

(X,2)*

(X, S)
which is non-negative and can vanish only if béth Z) = 0 and#Z = O. But
unlessZ = O this is absurd as the latter relation impligs= 85 for someg € R
by assumption whered¥X, Z) = (X, S), and, again by assumptiotX, S) > 0.
Hence the operator is positive-definite. Final%S = O +1- X = X. Turning
to system (14), we show that the related homogeneous systeiXinly, dS) has
only the trivial solution. Indeed, substituting f@f in the equation/X + R 5d S =
O yields

(Z, RuZ)=(Z,HZ) +

dX = —dyoR»xE — Y dyiRuA;
i=1
and substituting then fefrX in the firstm+1 equations of (14) gives, after changing
the signs, a homogeneous systerdynwith coefficient matrix
(E, RxE) (E,RzpA1) - (E,RzpAn)
(A1, RyE) (A1, RypA1) -+ (A1, RyuAn)

<Amv fR]{E) <Amv C(RJ‘(’Al) (Amaﬁﬂ’Am>
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which is, due to linear independence{éf, A4, ... , A,,}, easily seen to be positive-
definite asR g is so. Thusly = o, yieldingdS = dX = O. Hence (14) has always

a uniqgue solution. To establish reduction of the duality gap, let us first deal with the
second-order termd X, dS) which vanishes because of the feasibility conditions
imposed ondX, dy, dS) in (14): indeed,

(dX.dS) = (dX.Edyo+ Y _ Aidy;) =Y _0dy; =0.
i=1 i=0

Now the first-order terméX, dS) + (dX, S) = —(X, S) because of

(dX,S) = —(X, S) — (RyedS, S)
= —(X, S) — (dS, RyuS) = —(X, S) — (dS, X) .

This establishe$X + adX, S + adS) = (1 — a)(X, S). O

Using similar arguments as in [30], one can also show that both primal and
dual objectives are improved by the directions given by (14). We will establish this
result directly in the next section for the special case we focus upon in this paper.
Further observe that becau&eor S might be singular a zero step might occur.
Extra care is needed to guarantee the existence of a positive step.

REMARKS

In semidefinite programming (SDP) whefé = K* = &, there are many pos-
sible choices of the operataRy; only one choice is known to allow conver-
gent algorithms to an optimal solution, namely the Nesterov-Todd primal—-dual
affine-scaling direction, wher® Y = TYT with

r= i ﬁsﬁ)ﬁ

Note thatR %S = X and thatR » is a positive definite linear operator. Also note
that this choice ofR 4 is not possible for copositive programming, Sin¢& Sv/X

is not positive-definite for all copositive matricés For SDP, the primal-dual al-
gorithm using this search direction is globally convergent and polynomial for a
suitable choice of the step length [28].

Another choice of primal-dual scaling direction is the so-called (primal) HKM
affine-scaling direction, wher® 5 Y = % (XYs—!+ s~y X). As mentioned, this
search direction is not globally convergent to an optimal solution for any choice of
step length. In particular, it can converge to a non-optimal point [37]. Moreover, it
cannot be used for copositive programming because a copositive riiatar be

singular despitéX, S) > Oforall X € KX\ {0}, e.qg.S = [‘21' ﬂ which is linearly
independent fronk.
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Finally, a primal-dual affine scaling direction for SDP which is also defined for
copositive programming is the so-called dual HKM direction, which is given as the
solution of

(E,dX) =0,
(Ai,dX) =0, iefl,...,m},
Edyo+Y " Aidy; —dS =0,
dS+ 3 (X1dX)S+ Sdx)Xt) =-5.

(15)

As with the (primal) HKM direction, no primal-dual SDP algorithm using this
search direction is globally convergent [37].
The preceding observations prove two things:

— Using only primal-dual affine scaling directions in interior point methods
for conic programming does not necessarily lead to a globally convergent
algorithm;

— One cannot guarantee a fixed feasible step length for all primal-dual affine
scaling directions (even in the SDP case); in other words, ‘jamming’ can
occur.

Therefore we will discuss a hybrid algorithm in Section 4 which uses primal-dual
affine-scaling steps only as an escape strategy.

The reason why we use affine-scaling directions, as opposed to path following
directions, is that we have no characterization of the central path for our problem.
We could imitate the dual path-following HKM direction of SDP by using the
above system (15) and adding a tew® —* on the right hand side, wheye now
imitates the centrality parameter. Note that this will not work for the other direc-
tions, since the inverse ¢f does not necessarily exist, and the terms involving
there also involves .

3. Standard quadratic optimization and copositive programming

First note that the standard QP (1) is a special case of the all-quadratic problem (8)
with no quadratic constraints artl, = A. Hence in this case we arrive at the
copositive programming problem (9) with a single constraint:

(A, X) —> max! subjectto (E,X)=1, X € X, (16)
so that the dual has only one structural variable yg:*
y — min! subjectto yE —S=AwithyeR, Se€ K*. a7

This amounts to search for the smallestuch thatyE — A is copositive. In this
sense, the dual problem (17) is related to the question of eigenvalue bounds [26]
(replaceE with the identity matrix/ and ‘copositive’ with ‘semidefinite’).

* From this point ony will denote a scalar variable.
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Further observe that in this case, (16) is no relaxation but indeed an exact re-
formulation of the standard QP (1): indeed, the objective function in (16) is linear
so that a solution of this problem is attained at an extremal point of the feasible
set. Now the next result shows that these extremal points are eXaetlyx ', the
rank-one matrices based on vectors A, so that from extreme solutions of (16)
we can easily construct a solution of the original standard QP (1) with the same
objective valugA, X) = x " Ax.

LEMMA 5. The extremal points of the feasible set of (16) are exactly the rank-one
matricesX = xx ' withx € A.

Proof. Of course allX = xx' with x € A belong toM = {X € X :
(E, X) = 1}. Now suppose that for a vectere A, we havexx” = (1 — VU +
AZ for someZ,U € M and somel with 0 < A < 1. Choose an orthogonal
basis{x1, xo, ..., x,} of R" with x = x,. Then sinceZ andU also are positive
semidefinite, we get from

0= (x;x)% =1 —MxUx; + rx;' Zx;

thatx, Zx; = x'Ux; = 0 for alli < n and therefore botlZ and U have rank
one. As both belong t&k, we thus obtainZ = zz" andU = uu' for some
z,u € R". Butthen we obtain;, z = x,/u = O for alli < n, so thatZ andU must
be positive multiples ofx ™. The requirementE, Z) = (E, U) = 1 shows that
Z=U=xx".

To show the converse, suppose thatis an extremal point ofM c K. Then
X =Y axx with x; € R\ {o} anda; > 0 for all i as well asy ¢ 2, = 1.

SinceX € M, we get

d+1

1=(E,X)= ZA,-(Jx,-)Z (18)
i=1

wheree"x; > 0 for alli. Now putu; = (e"x;)"1x; € A, so thatU; = u;u € M
for all i. Hence
d+1
X = Zki(eTxi)zUl-
i=1
is, due to (18), a convex combination of matriéésn M, whence by the extremal-
ity assumptionX = U, is of the form stated. O

In principle, the roster of the algorithm of Section 2 applies, but the update
equations (14) now reduces to

(E,dX) =0

Edy —dS = O (19)
dX + RydS = —X
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which for the dual part means simply that we have to continue the line search for
the generalized eigenvalue boundfas in (17). Of course, a similar reduction
applies to the Kojima-Tuncel search directions from (11), whi&sereplacesr .

Now let us calculate the update steps explicitly, in order to avoid unnecessary
numerical complications. Remember that we have still freedom in choosing the
positive-semidefinite operatat as long asS gives the unique direction to the
zero eigenvalue of¢ (note that by assumption on linear independencgAofE},
the matrixS = yE — A never can vanish regardless whether it belong toor
not). For instance, we may assume that the orthoprojectiafi ofto the ortho-
gonal complement of in 4" is also an eigenvector @i with a suitably chosen
eigenvalue. > 0. As#S = O, this is equivalent to imposing

(E,S)

HE = M(E —
(5,5)

S). (20)

THEOREMG6. PutS = yE — A, assuméX, S) > 0and denote byd X, dy, dS)
the solution of (19). Then (20) implies

2
dy = —[hn? — &) + g7t
dS = Edy, (21)

AX = I+ g IX + 2y (5 E = 55 A).

Proof. From (E, dX) = 0 we get 0= (X, E) + (R#dS, E). InsertingdS =
Edy we further obtaindy(Rx E, E) = —1. NoW Ry E = HE + 55X and

relation (20) yields the result faty, observing thatE, E) = n?.
Similarly, we derivelX = —X —dyRyxE = —X — AdyE +adytEsls — X,
and the proof is complete. O

For further formulation, it may be convenient to wrifetad X = (1—a) X+aY

with
Y =dy [A<<A’S>E—<E’S>A>— ! X] (22)
(S,S) (S, S) (X, S)

We now directly show that both objectives are indeed improved by the chosen
directions.

THEOREM 7. Assume thatX, S) € X x KX* with (X, S) > 0. If the improving
feasible direction(dX, dy, dS) is chosen as in Theorem 6, then tor> 0 both
primal and dual objective function improve strictly, i.e.

(A, X +adX) > (A, X) and y+ady < y.
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Proof. First, dy is strictly negative, since? — %‘?)2 = (E,E) — <<ES’SS>>2 > 0 by
the Cauchy-Schwarz inequality (note that al&b S} are linearly independent).

To see the strict monotonicity in the primal objective function, compare the
reduction of the duality gap with the improvement in the dual objective. From
Theorem 4, we know that the reduction of the duality gap(i§, S). Therefore, to
show that also the primal objective contributes to this reduction, we have to show
that—ady < a(X, S). But

(X, )
—dy = 2 < (X’ S)v
(X, $)H (2 — F5r) +1

since the denominator of the above fraction is a positive number bigger than 1.

For the sake of completeness, we now also provide explicit update formulae for
the original Kojima/Tuncel search direction, i.e. for the solutions to the system

(E,dX) =0
Edy—dS =0 (23)
dX + QudS = —X

with # now again positive-definite but otherwise arbitrary, aag from (12).
Of course, for concrete implementation it remains to specify the valti€sand
HS =y HE — HA.

THEOREM 8. Assume thatX, S) € X x KX* with (X, S) > 0. PutS = yE — A
and denote byd X, dy, dS) the solution of (23). Then

2
dy =—[(#E,E)— <Z}§elfs’,ss>> + <X%S>]_l’

dS = Edy, (24)

dX = —[1+ 251X +dy(eesl 3¢S — HE) .

Furthermore, both primal and dual objectives are strictly improved if O.

Proof. The arguments are very similar to that of Theorems 6 and 7, and therefore
omitted. O

4. A hybrid method: replicator dynamics and primal-dual escape steps

To find local solutions to the standard QP (1), we propose to use replicator dynam-
ics. For the reader’s convenience, we here provide a short overview, and refer for
more detail to [7, 11, 12]. Consider the following dynamical system operating on
A

%(t) = xi(O[(Ax (1)), — x(0)"Ax(®)], ief{l, ....n}, (25)
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where a dot signifies derivative w.r.t. tirneand a discrete time version

(Ax (1))

xi(t+1) =Xi(f)m,

e{l1,...,n}. (26)
Note thatx(0) € R impliesx(r) € R’ for all + > 0 sinceA is nonnegative by
assumption.

Thestationary pointainder (25) and (26) coincide, and all local solutions of (1)
are among these. Of course, there are quite many stationary points, e.g. all vertices
of A. However, it can be shown [7] thatis a strict local solution if and only if is
asymptotically stable.e. every solution to (25) or (26) which starts close enough
to x, will converge tax ast  co.

Both (25) and (26) arise in population genetics under the regteetion equa-
tionswhere they are used to model time evolution of haploid genotypd®ing
the (symmetric) fithess matrix, and(z) representing the relative frequency of
allelei in the population. The Fundamental Theorem of Selection states that aver-
age fitness, i.e. the objective functiey) " Ax(¢) is (strictly) increasing over time
along trajectories [13, 23], and moreover every trajecidiry converges to a sta-
tionary point [23, 33]. Furthermore, one can prove [7, 12] the following facts: if no
principal minor ofA = AT vanishes, then with probability one any trajectory con-
verges to a strict local solutian of (1); further, ifoc = {i € {1,... ,n}:x; > 0},
theny Ay < x" Ax forall y € A, with y # X; andA? is contained in the basin
of attraction ofx, where for a subset C {1, ..., n}, we shall denote the face of
A corresponding te by

As={xeA:x;=0ifi ¢ o}
and its relative interior by
A ={xelA,:x;>0ifi ec}.

The dynamical systems (25) and (26) are frequently cadipticator dynamics
and are well suited for implementation in practical applications, see [8, 11, 42].
This is reflected also in theory by the result that (25) is most efficiently approach-
ing fixed points in the sense that it is a Shahshahani gradient system [46]. The
discrete time version (26) also corresponds to a particular instance of an algorithm
widely popular in computer vision. Thesgaxation labeling processese closely
related to artificial neural network learning systems, and have found applications
in a variety of practical tasks, e.g. to solve certain labeling problems arising in
the 3-D interpretation of ambiguous line drawings [25, 41, 44]. Furthermore, the
dynamics (26) belongs to a class of dynamical systems investigated in [1, 2], which
has proven to be useful in the speech recognition domain [32].

Although strictly increasing objective values are guaranteed as we follow tra-
jectories under (25) or (26), we could get stuck in an inefficient local solution
x of (1). From the preceding results, then necessafily= 0 for somei. One



314 I.M. BOMZE ET AL.

possibility to escape from is by the G.E.N.F. approach [12]. An alternative is to
merge the replicator dynamics method with the usual interior-point steps borrowed
from semidefinite programming, and this will be described in the sequel. But given
any escape procedure, we are now ready to describe the principal algorithm for
solving (1) globally. Note that this procedure stops after finitely many repetitions,
since it yields strict local solutions (in every relative interivf there is at most

one of these) with strictly increasing objective values:

Replicator Dynamics Algorithm

1. Start withx(0) = %e or nearby, iterate (26) until convergence; the limit
lim,_. - x(¢) is a strict local solution with probability one (provided no prin-
cipal minor of A vanishes);

2. call an escape procedure to improve the objective, if this is still possible; denote
the improving poinfr;

3. repeat step 1., starting witt{0) = x.

Now we are ready to present a combination of the above procedure and the interior-
point method yielding improving direction, in the hope that this way it will be
possible to escape from inefficient local solutions.

A Hybrid Algorithm

1. Initialization: choose:(0) = %e or nearby. Putg = max ; a;;. ThenyoE —
A e K*.

2. Replicator dynamics for fast primal updates: starting frof®) iterate (26)
until convergence; the limit = lim;_ ., x(¢) is a strict local solution with
probability one; puy = x ' AX.

3. Dual update: check copositivity 9 — A via shortcuts (cf. Fig. 1 in [6], for
a special case see [10]).

In the affirmative x is the global solution of (1), since the duality gap is zero
(cf. also Theorem 7 in [7]); stop.

If however a poink € A is found such thak " (7E—A)X < 0, then¥ improves
the objective; repeat step 2 starting with this point.

Else (no decision), keep the old valueygf and proceed to step 4.

4. Step back from the boundary: Chogse> 0 so small, that the point =
(1—p)x + Le € A and the matrixX = (1— p)xxT + 21 satisfies (witht the
previous iterate, so that' Ax—x ' AX is the previously obtained improvement)

1
(A, X) —XTAT > E[fTAf —%TAX] > 0.

This condition is a quadratic inequality fprwhich ensures that not more than
half of the previously obtained improvement is lost. Note that by construction,
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X is both positive-definite and has a non-negative square root:

f—l—(l—p)xTx—\/g
VX = Bl—l— xx .
V n

xTx

5. SinceX is both positive-definite and has a non-negative square root, one can
chooseY as in (22) andr > 0 sufficiently small suchtha&f = (1—- o)X +aY
shares the same properties. This is possible because the mappingy/ X
is Holder continuous aroun®. Hence primal feasibility ofX is maintained
(cf. Proposition 1), and we get an explicit positive (square root) factorization
of X = FFTwith F = [f1, ..., fsr1] Wheref; € R"\{o} are all non-negative
(a square root factorization df can be computed by computing the spectral
decomposition ofX first, and subsequently replacing the eigenvalues by their
square roots to get the spectral decomposition of the square raft @hus
X =Y xx! with 2, > 0andy; = A fieforallie(l,... d+1).

6. Primal update: Now ' A% ~ (A, X) < (A, X) = Y 3:xT Ax,. If possible,
chooséx such that

XTAX = max xAx; > x'AX.
1<i<d+1

This will always be possible ifA, X) > X" AX but otherwise may fail some-
times.
Repeat from step 2, starting with{0) = X.

The following small example illustrates the ideas behind the hybrid algorithm. In
particular, the example is meant to illustrate how the escape strategy in steps 4
through 6 works.

EXAMPLE9. LetA = i é] and suppose we arrived via replicator dynamics

0

1
starting atx = [%} already at the (suboptimal) local solution = [
2

1]. Then

X =xx" = [(1) 8] andy = x' AX = 2 with improvement

1

—T 4= AT 4~
Ax —x Ax = -—.
X X —X X a

AsX is not the global solution, the matrik= yE—A = [g _11} iS not copositive.
Following step 3 of the hybrid algorithm, we return to the old= max ; a;; = 3

and arrive at the dually feasible (i.e., copositive) mat§ix= yoE — A = B a
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which incidentally coincides with the optimé&t = y*E — A (see below). Note that
although neithetX nor S is interior, we havgX, S) = 1 > 0.

Suppose for the moment we ignored step 4 above and tried to proceed directly
in forming the matrixY (the sign’ shall emphasize that this trial is preliminary)
for the escape step along (21) and (22). The key quantities in (21) and (22) are
(E,S)=5; (A, S) =6;and (S, S) = 9. Hence

(4.5) . _(E.5) 1[—4 1]

(27)

(5. 5) _(S,S)A:§ 1 -9

and, furthermoredy = —[A(4 — %) + ﬁ]‘l = —[4x + 1]7. Therefore

4 i
P[]
9

which is positive-definite but has negative off-diagonal entries soXhat (1 —

a)X + aY is infeasible for all positive.. This shows that the step back from the
boundary,.e.step 4 in the hybrid algorithm is really necessary. Note that ignoring
primal feasibility in this respect, one could investigate instead whether the vector
Xe=1-—a)x+ ozYe belongs toA (i.e., has no negative coordinate, as automat-
ically ¢” Xe = (E, X) = 1), and improves the objective. With regard to the latter
aim, it is desirable to take: as large as possible (recall thatis locally optimal

and the objective is quadratic so that the improvement will be largest for the largest
possible distance — if there is one at all). In our case, this means considering as a
candidate for an improving point ia the vector

5 3049 3
Ye= |:11é\f9] — [E} as A — oo,
113+9 11

and indeed we manage to escape because we get an improverhestcifiosen
large enough, asYe)TA(Ye) — £2 > 2for 1 — oo.
But let us return to the hybrid algorithm as proposed above: choose,eg.,

0.2in step 4, so that

B _ p _J09 . [081 0.09
x=1=-px+e= [0.1] and  xx’ = [0.09 0.01]

as well as
— - x4 20, = [g'gig 8'%3 with (X, S) = 1.036,
n . .

so that the duality gap will be slightly increased, as expected. NoteStaat the
update part (27) of remain the same as the dual variableloes not change, and
observe that, as required in step 4, the choice ef 0.2 satisfies

1 1
(A, X) —xTAX =1.964— 1.75> 5= E[ETAY —xTAx].
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Now

1 a4 —1
Y:_dy[<x,5>x+§[—1 9]]

Motivated by the trial withX above, we chooselarge enough to enable an escape,
e.g.r = 9/(X, S) ~ 8, and arrive at the positive-definite matrix

1714748 —-0928
~12|-0928 9.108]"

Hence the primal feasibility requiremeﬁt =A-a)X+ aY € K will be met
if and only if all entries of the latter matrix are non-negative, which means
985 ~ 0.482. A typical choice af in step 5 would ber = 23 (cf. [47]), but for
simplicity we choose heke = % Then

- [06306 0.022 /= [07939 0.016
X~ [0.0222 0.3253 eintx with VX~ [0.0163 0.5693

and(X, A) = 2.2806> 2 = (X, A). In step 6 of the hybrid algorithm we therefore
obtain

X ~ [0.0278, 0.9722] ,

by normalizing the last column af X, with objective valu&™ AX ~ 2.8912> 2.
The last steps in the hybrid algorithm are as follows: use the improving point
as the starting vector for the replicator dynamics iteration, which finally leads to

the global solutionc™ = (1) . For the final check for optimality we now calculate

X*=x*(x*)" = [8 (1)} y* =X AXx = 3;and §* = y*E — A = S as specified

above, with(X*, §*) = 0.

While exploiting sparsity is problematic in general for primal-dual interior point
methods for semidefinite programs (cf. also [16, 17]), this is not the case here
since we only consider a special problem, namely (16). In this case the dual prob-
lem has only one variable, and the Newton system may be efficiently formed and
solved. A similar approach is described in [26] where a primal-dual interior point
method is formulated to find the smallest eigenvalue of a symmetric matrix using
a semidefinite program. In this case the dual looks just like (17), if one replaces
E by the identity matrix andK* by &. For such problems, sparsity issues are not
problematic. We even know the solution of the Newton system explicitly via (22)
and Theorem 8 where we can exploit sparsitydofor the matrix calculations
explicitly.

All the steps in the algorithm can be implemented efficiently, except the line
search in step 5 to fin&, where we may have to calculate several square root
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factorizations. This is the reason why we recommend not to iterate step 5 but rather
use this as an escape procedure. The workhorse of the optimization process is more
or less the (locally optimizing) replicator dynamics iteration. It remains to be seen

if this can be done in a practical way.

While convergence to a local solution is guaranteed with probability one (re-
ferring to the choice of a starting point) by virtue of the replicator dynamics under
mild conditions [12], it should be plausible from NP-hardness of problem (1) that
one cannot hope for a general convergence result of the whole hybrid algorithm.
Rather, we suggest to use the affine-scaling steps as an escape procedure which
hopefully enables us to find an improving feasible point if the local solution found
by replicator dynamics turns out to be inefficient.

5. Conclusions

The problem of maximizing a quadratic form over the simplex has an exact refor-
mulation as a copositive programming problem, i.e. a conic programming problem
over the cone of copositive matrices. The advantage of such a reformulation is that
successful ideas from the theory of interior point methods can thus be applied to
nonconvex quadratic optimization. In particular, primal-dual affine scaling direc-
tions can be used in escape strategies if inefficient local solutions are obtained from
local optimization procedures like replicator dynamics.
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