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Abstract. Let A, B be symmetric n X n real matrices with B positive definite and strictly diagonally dominant. We
derive two localization sets for the complementarity eigenvalues of (A,B), the tightest one assuming additionally
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1. INTRODUCTION

Let A, B be symmetric n X n real matrices and B be positive definite. The symmetric eigen-
value complementarity problem (EiCP) is to find x € R"\ {0} and A € R satisfying:

(A—AB)x >0 (1.1a)

x>0 (1.1b)

x (A=AB)x=0 (1.1c)

e'x=1, (1.1d)

wheree:=(1,...,1)" € R"is the all-ones vector and the inequalities are meant to be component-

wise. For a pair (x,A) satisfying (1.1), A € R is a complementarity eigenvalue and x € R" is
a complementarity eigenvector. The orthogonality condition (1.1c) together with the nonneg-
ativity requirements (1.1a) and (1.1b) imply that x; = 0 or w; = 0 with w = (A — AB)x for all
i=1,...,n

Seeger introduced this problem in [24] for the case when B is equal to the identity matrix.
In this context, this problem is often referred to as the Pareto eigenvalue problem because the
complementarity spectrum is then attached to a single matrix A under the nonnegativity cone
(also known as Pareto cone). Queiroz et al. [22] subsequently extended the formulation to
general symmetric pairs (A, B), motivated by the stability analysis of mechanical systems with
frictional contacts. The practical importance of EiCP is further underscored by applications in
copositive matrix analysis [12], asymptotic studies of Fucik curves [13], graph theory [9, 25],
and linear dynamical systems governed by complementarity conditions [24].
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Theoretical and numerical properties of the symmetric EiCP have been investigated in recent
years, as well as different generalizations [4, 5, 7, 15, 16]. The numerical resolution of EiCP
is often based on its reformulation as a more manageable problem, for which specialized algo-
rithms can be designed. For instance, in [17], the EiCP is formulated as a difference-of-convex
program over the standard simplex, then solved with an alternating direction method of mul-
tipliers, which globally converges to a solution of the symmetric EiCP. In [10], the symmetric
EiCP is reformulated as finding a stationary point to the minimization of the sum of a convex
function and a smooth but nonconvex function. An algorithm, that solves a sequence of convex
quadratic problems obtained by linearizing the nonconvex term, is shown to converge to a so-
lution of the EiCP under mild assumptions. A different reformulation, as a fractional program,
is to minimize the ratio of two quadratic functions, namely the generalized Rayleigh quotient,
over the standard simplex [18, 22]. In [19], a stationary point is computed by using an efficient
implementation of the Dinkelbach’s method [23] after linearizing the numerator of the objec-
tive function around a current iterate. In [2], the EiCP is formulated as an equivalent nonsmooth
system of equations based on complementarity functions [6] and solved using a semi-smooth
Newton method. In [1], the EiCP is formulated as a nonlinear system of equations, solved with
two versions of the interior point method, which appear to be numerically more efficient than
the smoothing method on medium-sized instances (n ~ 100), but not on smaller instances.

EiCP (1.1) extends the generalized eigenvalue problem [14], defined as Ax = ABx, that is
(1.1a) satisfied at equality and dropping (1.1b) and (1.1c). Note that if (x,A) solves (1.1) with
x; > 0, for all i = 1, ...n, the orthogonality constraint (1.1¢) forces Ax — ABx = 0. More gener-
ally, if a subvector xg > 0 on an index set S C {1,...,n}, then (xg,A) is a generalized eigenpair
of the submatrices (Ags,Bgs) [8]. This submatrix perspective suggests a constructive path: by
scanning principal submatrices and computing classical generalized eigenpairs, one can enu-
merate complementarity eigenvalues [24]. This procedure is computationally viable only for
very small instances (n < 15). Unlike the generalized eigenvalue problem, which has at most
n solutions, the system (1.1) may exhibit exponentially many complementarity eigenpairs as n
grows, at most 2" — 1, then exhaustive enumeration becomes prohibitive [8].

Recently, He et al. [11] resolved an open question of Seeger [24], regarding the location of the
complementarity eigenvalues when B is the identity matrix. The authors derived computable
localization sets, as intervals in R, that depend only on row sums of A, in a way related to
the Gershgorin circle theorem [14] for ordinary eigenvalues. These results provide explicit
algebraic bounds for A.

In this paper, we address the same question for the symmetric EiCP (1.1) with B strictly di-
agonally dominant. It is worth mentioning that generalizing B from the identity matrix to any B
positive definite and strictly diagonally dominant represents a contribution in this context. Al-
though it may appear restrictive, the positive definiteness of B is commonly assumed in EiCPs
to ensure the existence of a solution [8, 10, 17, 19, 22], and the diagonal dominance assumption
is also standard and frequently employed in the localization theory of various eigenvalue classes
via Gershgorin-type sets [20, 21, 26]. Extending the approach in [11], we present localization
sets, based on either single rows or pairs of rows, under the extra assumption that A is copos-
itive in the latter case. When B is the identity, our formulas reduce to those in [11], thereby
recovering the Pareto setup. We also show that the two-row refinement provides tighter sets
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than the one-row analysis and that there is no dominance between the bounds provided by these
localization sets and the extreme (largest and smallest) generalized eigenvalues.

This paper is organized as follows: first we introduce the necessary notation and preliminary
concepts. In Section 2, we derive the one-row localization set K; and the two-row localization
set K, under the additional hypothesis that A is copositive. We then prove in Section 3 that K> is
contained in K. Section 4 extracts computable lower and upper bounds from these sets. Finally,
Section 5 compares our localization sets with the standard generalized eigenvalue spectrum, and
Sections 6 and 7 provide concluding remarks and discuss potential extensions.

NOTATION AND PRELIMINARIES

We indicate with [n] the set of natural numbers between 1 and n, i.e., [n] :={1,...,n}. Let R",
R and S" denote the n-dimensional Euclidean space, the nonnegative orthant, and the space of
n X n real symmetric matrices, respectively.

For a vector x € R", we denote its j-th component by x;, j € [n]. The element (i, j) of a
matrix M € R"*" is denoted as m;;, and Ml-T represents the i-th row of M.

The j-th standard basis vector in R” is denoted by e;. We denote by e € R" the n-dimensional
vector of ones and by E = ee' € S” the matrix with all elements being equal to one.

Definition 1.1 (Diagonal dominance). Let M € R"*". We say that M is diagonally domi-
nant (DD) if |mj;| > Z im;;| forevery i € [n]. It is strictly diagonally dominant (SDD) if
J#
imii| > Y |mjj| for every i € [n].
J#
Definition 1.2 (Positivity). Let A € S”. We say that A is positive semidefinite (PSD) if x Ax >0
for all x € R”. It is positive definite (PD) if x' Ax > 0 for all x € R" with x # 0.

Definition 1.3 (Copositivity). Let A € S”. We say that A is copositive if x' Ax > 0 for all
x € R" with x > 0. It is strictly copositive if x' Ax > 0 for all x € R” with x > 0.

Clearly, any nonnegative or positive definite matrix is copositive. It is also known that sym-
metric SDD matrices with positive diagonal elements are PD (see Thm. 6.1.10 in [14]).

Property 1.4. EiCP(A,B) has a solution (x,A) if and only if EICP(A + uB,B) has a solution
(X, A +u) with u > 0.

Note that since B is PD, then for some p > 0 the matrix A + uB is also PD [14]. So, we can
assume without loss of generality that A is a PD (or at least copositive) matrix in EiCP (1.1).

Property 1.5. Let A,B € S" and B be positive definite. If A is a copositive matrix, then in any
solution (x,A) of the EiCP(A,B), the complementarity eigenvalue A is nonnegative.

A solution (x,A) of the EiCP satisfies the orthogonality condition (1.1c), then x > 0 and

B xAx

~ x'Bx

is the generalized Rayleigh quotient of (A,B) [22]. If A is copositive and B is PD, then by
Definitions 1.2 and 1.3, we obtain the result in Property 1.5.

(1.2)
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2. LOCALIZATION SETS FOR EICP SOLUTIONS

If A and B are diagonal matrices, the complementarity eigenvalues can be located easily.
Indeed, they are the points a;;/b;;, i € [n], in the real space [24]. As done for Gershgorin circle
theorem [14] for the classical eigenvalue problem in the complex space, we consider localizing
the complementarity eigenvalues with respect to the points a;;/b;; when the matrices A and B
are not diagonal. The first localization set examines how far the matrices are to be diagonal, by
regarding the off-diagonal entries row-by-row.

Definition 2.1. For any matrix M € R™*", and row i € [n], the row sums of positive and negative
off-diagonal entries and the associated diagonal shifts are denoted as follows:

rF(M) = Zmax{mij,O}, r; (M) :=— Zmin{mij,O}.
J# J#i
mi = my +r (M), m; = my; —r; (M),

1 1 1

Note that m;L > 0 for matrices that are positive definite or strictly copositive. However, the
sign of m;" is not determined a priori for these classes of matrices.

Theorem 2.2 (One-row localization). Let A,B € S,,, and assume that B is positive definite and
strictly diagonally dominant. Let A € R be a complementarity eigenvalue of (A,B), then

a. a. a.Jr a%r
A€ U {min (—’_,—l+),max (—’_,—:_)} =: K;.
| b; b, b; ' b;

icn i Vi
To prove this theorem, we make use of the following result.

Lemma 2.3. Let M € R™", x € R" withx > 0 and any p € argm?)};xi, then:
icln
(i) myxp < M;X < m;,r Xp
(ii) if M is strictly diagonally dominant and mi; > 0, then m;” > m; > 0.

Proof. Since x, > x; > 0, for j # p,

—ry M)xp < ) mpjx; <Y mppx; <Y, mpix; < 1y (M),
J#p J#p J#p
mpj<0 mpj>0
Adding my,px, yields (i). If M is SDD and m;; > 0, then mj; = |my| > Y [mij| = ri" (M) +
J#i
r7 (M) >r; (M) >0, and m;” > m; =my;—r; (M) > 0.

0

Proof of Theorem 2.2. Let (x,A) be a solution of EiCP(A,B). Then x >0, and e¢'x = 1 and

there exists p with x, = ma[u}cx,- > 0. Withw:= (A —AB)x >0 and x'w =0, all terms x;w;, for
i€n

i € [n], are nonnegative and sum to zero. Hence x,w, = 0, therefore w, =0 and A = A;x / B;x.

‘Lemma 2.3 (i) provides boun(.ls to the operands: a;x‘p‘g A;X < a;xp and b;xp < B;X < b;,rxp,
with the bounds on the denominator being both positive since B is SDD and B is PD then
bpp =€, Be, > 0. Thus, a,x,/B,x <A <ajfx,/B,x.
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The map u — v/u is monotonic on R, then a;xp/B;X > min(a, x,/b, xp,a, xp/b,xp) =
min(a;/b;,a;/b;,'), and, similarly, a;xp/B;X < max(a;/b;,a;/b;) asx, < 1.
The localization set K is expressed as the union of such intervals for every possible value of
p € [n], all intervals being well defined since b;” > b;” > 0 for all i € [n].
O

Corollary 2.4. Let A,B € S,. Assume that B is positive definite and strictly diagonally domi-
nant, and A is copositive. Let A € R be a complementarity eigenvalue of (A,B), then

a. af"
A 0, - ), -~ | = K].
Qb3

Proof. The copositivity of the matrix A allows refining the localization set K| by considering
the following properties.

(i) Property 1.5 establishes a trivial lower bound of zero for A. The lower bounds of each
interval in K; depend on the sign of a;. With a negative a; , the corresponding lower
bound is also negative and thus dominated by zero. On the contrary, a tighter lower bound
can be obtained when a;” > 0. Since the copositivity of the matrix alone does not induce
a sign on a; , we redefine the lower bound of each interval in K{.

(ii) Since a; > 0and b;" > b, > 0 the upper bound of each interval in K is simply a;" /b; .
0J

We now introduce an alternative localization set, which considers pairs of rows i, j € [n] of
the matrices A and B. As before, we compute quantities based on the off-diagonal entries.
Moreover, to derive this new localization set, we make the additional assumption that A is
copositive, then by Property 1.5 one has A > 0. Note that the copositivity hypothesis of A is
not restrictive since it can be enforced by a shift, as shown in Property 1.4.

We begin with the following definitions.

Definition 2.5. For any M € R"*", and two rows i, j € [n], let us denote:
5 o= mmjj—r; (M)r; (M)

my; = mymjj—r; (M)r; (M).

m

Definition 2.6. For any pair A,B € R"*" and two rows i, j € [n], let us denote:
si;(AB) = aiibjj+ajbii+r7 (A)r; (B) + 1] (A)r; (B)
si;(AB) = aiihjj +ajbii+r; (A)r] (B) +r; (A)r](B)

. -2 1 . 2 — —

Pl-l;p(y) = bijy —s;;(A,B)y—ka;;, Pijow(y) = b?;y —sij(A,B)y+aij Vy e R.
Theorem 2.7 (Two-row localization). Let A,B € S,. Assume that B is positive definite and
strictly diagonally dominant, and A is copositive. Let A € R be a complementarity eigenvalue
of (A,B), then

ae |J [ max{0, min{y € R| ™ (y) = 0}}, max{y € R| PP(y) = 0}] =i Ko.
i,j€ln]
i#j

The proof of Theorem 2.7 makes use of the following results.
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Lemma 2.8. Let M € S, and x € R" withx > 0 and e ' x = 1, and the two largest elements
p € argmax;c(,) Xi and q € argmax;e )\ {1 Xi
then the following bounds hold for i = p and fori = q:
—ry (M)xpxg < ) mijxixj < rf (M)xpxg,
J#i
Proof. Because x > 0 and x,, > x, > x; for j ¢ {p,q}, we have for the p-row
_ _ ot
Z MpjXpXj= Z MpjXpXj+ Z MpjXpXj < Z MmpjXpXq =7Tp (M) xxg,
J#p J#p J#p J#p
mpj>0 mpj<0 mpj>0
and, symmetrically,
Z MpjXpXj = Z MpjXpXj = — Z [mpj|xpxg = —r, (M) xpxy.
J#p J#p J#p
m,,j<0 m,,j<0

For the case i = g, we use that x; < x,, for all j # g, then

Z MgjXgXj < Z MgjXgXp = r;“(M)xpxq, Z MgjXgXj > Z MgjXgXp = —r;(M)xpxq.
J#q J#4q J#4q J#4q
mqj>0 mqj<0
O

Lemma 2.9. The quadratic functions PlOW and P ‘P presented in Definition 2.6 can also be
written as follows, for all y € R,

PiP(y) = (ybis— i) (vbj; — aj;) — (r (A) +yr; (B)) (7] (A) +yr} (B)),  (2.1)
P (y) = (b — au) (b — aj) — (r (A) +yr (B) (r (A) +yrf(B).  (22)
Proof. The definition of P P(y) can be retrieved by expanding the expression (2.1):

(biibjj—ri (B)r; (B))y* + (aua;j—ri (A)rf (A))

— (aibyj +ajjbi+rf (A)r5 (B)+ 17 (A)r7 (B)) ¥
= by =535 (AB)y+aj; = PF(y)
Note that, due to symmetry in Definition 2.6, P*¥ (y) in (2.2) is obtained from P (y)in(2.1)
only by replacing the terms r* with r~ and vice versa.
O

Lemma 2.10. Under the hypotheses of Theorem 2.7, the quadratic functions PloW and Pllp

are strictly convex and have real roots. As a consequence, for any y € R, if P, Jp( ) <0, then
y<max{y e R| Pil]l-p(y) =0}, or ifPl-ljOW (y) <0, then y > min{y € R | Pl-ljow(y) =0}.

Proof. According to Lemma 2.3 (if), the leading coefficients bi_j and b;; of the quadratic poly-
nomials are positive, thus P10W and P are strictly convex. For a strictly convex quadratic
polynomial P with two real roots (not necessarily distinct), the interval in-between is precisely
{y € R: P(y) <0}. Thus, it remains to show that PlOW and P,; ‘P have nonnegative discriminants

low up
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Since A is copositive and B is PD, their diagonal terms are nonnegative, so are the one-row
sums r and r~ from Definition 2.1, hence:

1

aibjj+ajibi > 2\/aia;ibibjj, 1 (A)r; (B)‘f"’ ) > 2\/ ri (B)r} (B).
By summing and squaring each side, we get
— _ 2
B)2 2 (zﬂ/aiiajjbiibjj"f’z\/rj (A)l”] (A)r;r(B)r;L(B)) .

Subtracting 4b, Lag; = 4(bibjj—ri (B)r; (B)) (auajj—r; (A)r; (A)) yields

2
A = 5;(A,B)> — 4bja; > 4(\/aiiajjri+(B)r;r(B)—|—\/b,-,-bjjrl._(A)rj_(A)) > 0.

The proof is symmetric for A, jp by inverting ' and r~ as observed in Lemma 2.9, i.e.,

2
AP = s ABY = 4t > 4 faas o (B (8) by () () > 0

O

Proof of Theorem 2.7. Let (x,A) be a complementarity eigenpair of (A,B). The proof is split
into two cases, depending on whether the vector x has one nonzero value (i.e., x = e, for some
index p € [n]) or at least two.

Casel: x=e¢), pc [n]. Due to the complementarity constraints, the p-row of (1.1a) reads as
Abpp—ap, =0, thatis, A = a,,/bp, which is nonnegative due to the positivity assumptions on
A and B. For any index j € [n], with j # p, according to Lemma 2.9, P; Jp and PlOW evaluate at
A =app/bpp as

PP(A) = = (rf (M) +Ar, (B)) (1 (A) + A1 (B))
P (A) = = (15 (A) + 475 (B)) (17 (A) + 271 (B)),

which are both nonpositive, since A, r*, and r~ are all nonnegative. By Lemma 2.10, A belongs
to at least n — 1 intervals (with i = p) defining K5.

Case 2: x, > x, > 0, p # g. From now on, assume that x has at least two positive elements
and p and ¢ are distinct indices in [n] of the largest and second largest elements of X as in
Lemma 2.8. The complementarity condition (1.1c) reads as

(lbl’,‘ — aii)x,-z = Z(aij — lbij)xixj, fori e [n] (2.3)
J#
Applying bounds from Lemma 2.8 to this identity for i = p or i = ¢, and using A > 0 by
Property 1.5 yield
(Abi—ai)xt < (r (A) +Ar; (B)) xpxy, fori€ {p,q}. (2.4)
If A > a;;/b;; for both i € {p, ¢}, then left-hand sides of inequalities (2.4) are positive. Mul-
tiplying the two inequalities and dividing by xf,xé > 0 give
(Abpp — app)(Abgg — agq) < (’";(A) +Ar,(B)) (r;r(A) +Ar, (B)).
By rearranging all the terms to the left side and by using (2.1), we have P,0(1) <0.
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We consider now that A < a;;/b;; for some i € {p,q}. From Case 1, we have that P,5(ai/b;i) <
0, which allows concluding that A < a;;/b;; < max{y € R | P,P(y) = 0}.

Symmetric arguments apply to prove that A > min{y € R | P;ZW (y) = 0}. We first multiply
both sides of identity (2.3) by —1, then we apply Lemma 2.8 with A > 0, yielding

(aii—lbii)x;?‘ < (lr;“(B) -l—ri_(A))xpxq, fori € {p,q}. (2.5)

If A < aji/bj; in (2.5) for both i € {p,q} then these inequalities have positive left-hand sides;
their product reads Pll,‘c’lw(l) <0,and then A > min{y € R | P[.}g‘” (y) =0}. If A > a;;/b;; for some
i €{p,q}, then P},‘;W(aii/bii) < 0, and, by transitivity, A > a;;/b; > min{y € R | P;gw(y) =0}.

Thus we have shown that A belongs to at least one interval, with (i, j) = (p,q), of K>.
0

Remark 2.11. From Case 1 in the latter proof, we see that each interval in the union defin-
ing K; is well-defined for every pair of indices i, j € [n], as it contains the values a;;/b;; and
a;jj/bj;. Indeed, applying Lemma 2.9 at y = a;;/b;;, which is nonnegative by hypothesis, yields
Plow(a,,/b,,) < 0and Pup(a,,/b,,) < 0, then, from Lemma 2.10,

min{y€R|Pilj~°W( )= }<a,,/b,,<max{y€]R|PuP( ) =0}.

3. COMPARING THE LOCALIZATION SETS

In this section, we show that the two-row set K, presented in Theorem 2.7 is smaller than
the one-row set K| given in Theorem 2.2. At this aim, it is necessary to consider the same
assumptions for both statements (in particular, the copositivity of A in Ki). Note that K| C K
(by construction) and then prove that K, C K { directly implies K> C K. Therefore, we introduce
below the notations C;}P and C};’W representing the two-row version of the endpoints from the
intervals, which define K] in Corollary 2.4.

Lemma 3.1. Let A,B € S,,. Assume that B is positive definite and strictly diagonally dominant,
and A is copositive. For any i, j € |n|, such that i # j, let us define

af" aTL a_ a.
c;? ;:max{b—’_, b—f} clowz—mln{b+, bi} (3.1)
1 J
+ p—
o M yleow — M (3.2)
& 2bi_]. R 2b;;

Then, the following properties hold

a) v and low are the vertices o P and Plow, respectively.
ylj ylj 12} p y

(b) )’,*]up < Cup and y *IOW > Clowfor every i, j € [n], such that i # j.

Proof. To prove the statement in (a), recall from Lemma 2.10 that Pil;p is a strictly convex
quadratic function. Its minimum occurs at the vertex of this parabola, which can be found by
setting the first derivative equal to zero. This gives yl*J "Pin (3.2). Similarly, y*1% in (3.2) is the
vertex of PIIJOW

The two inequalities in (b) can be obtained by the following reasoning.
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(i) From the definition of C;}p and b; >0 and b; > (0 as B is PD and SDD:
af <CPb;, af <C7Pb;.
Multiplying the first inequality by b;; +r; (B) and the second one by b;; + r; (B) and
adding the two resulting inequalities yield
a; (bjj+r; (B)) +aj (bi+r; (B) < G (b; (bjj+7; (B))+bj (bii+r; (B))).
The right-hand side equals 2C; pb and expanding the left-hand side gives
si(A,B) + air; (B) +ajjr; (B)+r] (A)bjj+rf (A)bi,
where all terms are nonnegative. Thus s; (A B) < ZCUPb which yields

*up ](A7B)

o 2b;;

<Gy

(i1) Similarly, as b~ > 0 we have
a; (bjj—r; (B))+a; (bi—r (B) > i (b (bjj — ri (B))+b7 (bi—r; (B)))

1

which yields
SI;(A B) > s;j(A,B) — ai,-r;r(B) —ajjr;“(B) —7r. (A)bjj (A)b > 2Clowb+

i ij’
Bt
hence y:‘J o > clow,

O

In the proof of the following theorem, we can assume without loss of generality that C}?w >0
because, otherwise, from the definition of K{ in Corollary 2.4, the lower bound of the interval

associated with (i, j) is zero (which is always equal to or less than any endpoint of the intervals
that define K5).

Theorem 3.2 (K; is tighter than K;). Let A,B € S,. Assume that B is positive definite and
strictly diagonally dominant, and that A is copositive, then Ky C K, (precisely Ky C K| C Kj).

Proof. For any i € [n] and y € R, let us denote
Xi(y) = biy—aii, Ui(y) =1 (A)+yr; (B), Li(y) =r; (A)+yr; (B).
By Lemma 2.9, for i, j € [n],i # j, we have

PP =X(0) X;(») —U(»)U;(v),  PYY () =Xi(3) X (y) = Li(y) Lj (»)- (3.3)
Furthermore, U;(y) > 0 and L;(y) > 0 for y > 0 and we have the equivalences:

Xi(y) > Ui(y) <= (bii—r; (B))y>ai+r](A) <= y>a;/b;, (3.4)

—Xi(y) > Li(y) <= (bii+r{ (B))y<ai—r; (A) <= y<a; /b]. (3.5)

+oat
o Ify> max{%, b_j} Cll;p, then X;(y) > Ui(y) > 0 and X;(y) > U;(y) > 0. By using
A

the definition of P;” in (3.3), these conditions yield to P, (y) > 0. Since P;” is a strictly
convex quadratic function, the values of y such that b W i is positive lie beyond its smallest
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and largest root. However, from Lemma 3.1, we get y > Cil}p > yl*J “P that is y lies to the
right of the largest root of P;".

a; a;
e IfO<y< m1n{b+, b+} C};’W, then —X;(y) > Li(y) > 0 and —X;(y) > L;(y) >0,
hence P,-ljow( ) > 0. Again, from Lemma 3.1, y lies to the left of the vertex y’ ; oW of Plow,

and to its smallest root.
+

a. a.

Since the endpoints that define K| are b_l+ and b—‘_, for i € [n], and the endpoints that define K,
i i

are the smallest roots of Pii-ow and largest roots of P, j P for i # j, the two items above imply that

every interval contributing to K, is contained in some interval contributing to Kj. Taking the

union over all ordered pairs (i, j) with i # j yields K, C K| implying K> C K.

O

4. LOWER BOUNDS AND UPPER BOUNDS

The localization sets K1 and K> constrain each complementarity eigenvalue, which is stronger
than giving only global lower or upper bounds. For practical screening and benchmarking, it
is often enough to control the extremes of the complementarity spectrum. We therefore extract
computable bounds for the largest and the smallest complementarity eigenvalues, first in the
one-row case and then in the two-row case, as stated in Corollaries 4.1 and 4.2.

Corollary 4.1 (One-row bounds). Let A,B € S, and assume that B is positive definite and
strictly diagonally dominant. Let A be a complementarity eigenvalue of (A,B). Then,

; i a;’ aJr
min{mm =, } <A< max{max —, max }
eln] b; ,e[ ] b+ iclh] by icl] bJr

Corollary 4.2 (Two-row bounds). Let A,B € S,,. Assume that B is positive definite and strictly

diagonally dominant, and A is copositive. Let A be a complementarity eigenvalue of (A,B).
Then,

. si;(A,B)—\/si;(A,B) — 4b}, ;<A< . s;;(A,B)Jr\/s;;(A,B — 4b;af; a
i.jeln] 2b;; T ijel) 2b;;
i#] i#] ’

It is possible to interpret both bounds above as the convex hull of K; and K. In other words,
Corollaries 4.1 and 4.2 can be rewritten as A € conv(K)) and A € conv(Kj), respectively.

Example 4.3. Consider the matrices in R> given by

4 1 1 6 0 O
A=|1 11 -2], B=|0 10 2
I -2 13 0 2 10

Note that both matrices are SDDs with positive diagonals, so they are both PD. In particular,
A is copositive. Then, the assumptions of Theorem 2.2 and Theorem 2.7 hold.

As described in the introduction, we can enumerate complementarity eigenpairs by supports
S C {1,2,3}: for each nonempty S, candidates A are the generalized eigenvalues of (Agg,Bgs)
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with xg > 0, then verified by the off-support inequalities (A;s — AB;s)x > 0 when i ¢ S. Feasible
supports are {1}, {1,2}, {1,3}, {2,3} and {1,2,3}, and the complementarity spectrum is

IT ~ {0.822, 2.333, 2.347, 2.349, 2.352}.

(1) The one-row enclosure from Corollary 4.1 gives

38
ITC conv(K}) = [4_1’ 5] ~ [0.750, 2.667].

(i1) The two-row enclosure from Corollary 4.2 reduces to

31-+127 109+ /1081
24 ’ 60

IT C conv(Ky) =

] ~[0.822, 2.365].

As shown in Theorem 3.2, we have that conv(K;) C conv(Kj).

Let us compare this with the spectrum [tmin(A,B), Umax (A, B)] of the classical generalized
eigenvalues. The smallest and largest generalized eigenvalues of two symmetric matrices (A, B)
and with B being PD can be defined as the solution of minimization and maximization problems
of the generalized Rayleigh quotient (1.2) for x # 0 (see Sect. A.5.3 in [3]), that is

xTAx xTAx

 Hmax(A,B) ::I;le;%( x Bx

Umin(A,B) := min 4.1)

x£0 X ' Bx
Then, we have IT C [Umin(A,B), Umax (A, B)] ~ [0.804, 2.352]. Hence, in this instance, the
generalized spectrum is also a localization set for the complementarity eigenvalues, which is
contained in conv(Kj) but only overlaps conv(K>).

5. COMPARISON WITH THE GENERALIZED SPECTRUM

In this section, we show that this last remark is not incidental: the smallest and largest gener-
alized eigenvalues always provide lower and upper bounds for the complementary eigenvalues
of (1.1), and they are not comparable with the bounds of Section 4.

Proposition 5.1 (Generalized spectral localization set). Let A,B € S, and assume that B is
positive definite. If A is a complementarity eigenvalue of (A,B) and lmin(A,B) and fimax (A, B)
are the minimum and maximum generalized eigenvalues of (A, B), then

A e [.umin<A;B)a.urnax(AaB)] =T
x'Ax
Proof. Let (x,A) be a solution of EiCP (1.1). The orthogonality constraint (1.1c) yields A = TBx

which is well defined as B is PD and x # 0. By using the definitions in (4.1), we get the result.
O

To show that dominance does not hold between I' and the sets K; and K>, we rely on the
following lemma, which characterizes the generalized eigenvalues when A and B commute.
We then derive two families of problems where the generalized spectrum is either strictly looser
(Proposition 5.3) or strictly tighter (Proposition 5.4) than our localization sets.
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Lemma 5.2. Let A,B € S,,, assume that B is positive definite and AB = BA. Let ,uiA, e ,u,‘f‘ be
the standard eigenvalues of A and let u}} ey ,LL,]? > 0 be those of B, all counted with multiplicity.
Then, the generalized eigenvalues [y, ..., W, of the pair (A,B) are exactly the n ratios

M1 = Mg 1)/ Be(1)s -+ o = L)/ Hel)

for some permutations &, 7 of [n]. By indexing a common orthonormal eigenbasis, one can take
O and T as the identity, to obtain p; = u /u® for i € [n).

Proof. By the fact that commuting real symmetric matrices are simultaneously diagonalizable
by an orthogonal matrix (see Thm. 2.5.5 in [14]), there exists an orthogonal V € R™*" such that

VIAV =diag(u*,...,uy), V' BV =diag(up,...,up).
Consider the equation Ax = u Bx for any generalized eigenvalue . Settingy = Vix yields
(VIAV)y=u (V' BV)y <= (u* —uuP)y;=0 forallie [n].

If y # 0, then some y; # 0 enforces u = u/uP. Conversely, for each i € [n], taking y = e;
(hence, x = Ve;) produces a nonzero solution ; = ,ulA / ,uiB. Thus the generalized eigenvalues

are precisely the n ratios ,uiA / “I_B (counted with multiplicity).
0J

Proposition 5.3 (A family where K| =K, CT). Fixn>2and € > 1. Let E =ee', and define
A=E+¢l, B:=((n—1)+¢)I-E.
Then, B is SDD and PD, and A is copositive (so Theorems 2.2 and 2.7 apply). Moreover,

I+¢ n+é€ € n+é&€
in(A,B A B)| = .
n—-2+¢e’ e—1]’ [Honin (A, B) Hmax (A, B)] n—1+¢e’ e—1

Hence, Ky = K> C [Umin(A,B), Umax (A, B)].

conv(Kj) =conv(K;) = , ;

Proof. Bis SDD because b;; =n—2+¢€ > Z |bij| =n—1for € > 1, and B is symmetric with
1

positive diagonal elements, thus B is PD. Mi)?réeover, A is nonnegative, thus it is copositive. The
matrices A and B commute (as AB = BA = 01 — E for some constant §) and from Lemma 5.2
we can compute the values of Ui, and Umax by calculating the largest and smallest eigenvalues
of A and B. To show that, we first recall the spectral properties of E. Since E = ee', it follows
that Ee = ne and Ev = O for all v such that v' e = 0. Hence, E has eigenvalue n associated with
the eigenvector e, and eigenvalue 0 with multiplicity n — 1 associated with any vector orthogonal
to e. Using this decomposition of E, we can determine the eigenvalues of A and B below in (i)
and (ii).

(i) For A = E+ €I, we have
Ae= (E+el)e=(n+ele, Av=(E+el)v=ev forevery v such thatv'e=0.

Therefore, from the eigenvalue equations above, the classical spectrum of A is equal to
A A
{n+e¢, €,...,€} and then ;= €, and u,,, = n+e.

n—1 times
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(i) ForB= ((n—1) +¢€)I—E,
Be=((n—1)+¢e)e—Ee=((n—1)+e—n)e=(e—1)e,
and for any v such that vie=0,
Bv=((n—1)+&)v—Ev=((n—1)+¢)v.
Similarly, the spectrum of B is given by {e —1, n—1+e,...,n—1+ €} and thus we have

P
n—1 times

.ur]?nn =e—1 anduﬁaX =n—1+¢.
€ n+¢
Hence, Umin(A,B) = P and Umax(A,B) = 1
For K», substitute r; (A) =0, r/ (A)=n—1, r; (B) =n—1, r;"(B) = 0 into polynomial
expressions of Lemma 2.9. This yields

PRVO) = (n=2+ely—(14€))", PPO) = ((n—2+e)y—(1+€) = (n—1(1+)%,

I+¢€ n—+¢
n—-2+¢e’ e—1
lary 2.4, note that all intervals in K also coincide with this. The upper bound coincides with
Umax, but the lower bound strictly improves upon Ly, as:

1+¢ e (n—1)+2¢
n—2+¢ n—l+e (n—2+¢&)(n—1+¢)

so the intervals in K are all equal to } independently of (i, j). From Corol-

>0,

0

Proposition 5.4 (A family where I' C K| = K3). Fix n > 2 and parameters 3 > R > 0 and ¢ > 0.
LetE=ee', set p:=R/(n—1), and define

B:=BI+p(E-I), A:=cB.
Then B is SDD and PD, and A is copositive (so Theorems 2.2 and 2.7 apply). Moreover

cB  c(B+R) -
B+R’ B . [HUmin(A,B), thmax (A, B)] = {c}.
Hence, [min(A,B), tmax (A, B)] € K| = K.

conv(Kj) = conv(K>) =

Proof. Each row of B has diagonal entry f > 0 and the sum of the off-diagonal elements is
(n—1)p, which is R by definition. Also, since 3 > R, then B is SDD and then PD. The
matrix A is copositive as ¢ > 0 and B is PD. Therefore Theorems 2.2 and 2.7 are valid. For
the generalized spectrum, B™'A = ¢I, hence Umin (A, B) = tmax(A,B) = ¢, and therefore the
interval I" is the point {c}.

To compute K, note the row-sum quantities are constant across i € [n]:

ai=cB, ri(A)=cR, r;(A)=0, b;=p, r (B)=R, r (B)=0.

1 1 1

Substituting in the polynomials of Lemma 2.9 yields, for any i # j,

PV (y) = (B —cB)* = (VR)* and P’ (v) = (yB — cB)* — (cR).
Hence,
c(B+R)

min{y : Plow(y) =0} = i, max{y: Pup( )=0}= B

B+R
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independently of (i, j), so K, = [c¢B/(B+R), c(B+R)/B]. Using the formula in Corollary 2.4
gives exactly the same endpoints, hence K| = K».
cp c(B+R)

Finally, since B/(B+R) <1 < (B+R)/B for B > R >0, we have B iR <c< B
so {c} € K| = K; strictly.

O

6. DISCUSSION

We can unify the formula of Kj in Corollary 2.4 and of K, in Lemma 2.9, under their common
assumptions (A copositive and B SDD and PD) as follows. For m = 1 and m = 2,

Kn=|J [max{0, min{y € R| Ps™(y) = 0}}, max{y € R | P§¥(y) = 0} (6.1)
SC|[n]
|S\C:m
given P;p(y) = H(b,-iy—ai,-) — H(r;r(A) —i—yri_(B))7 (6.2)
icS icS
Péow(y) = H(aii —bi,'y) — H(r; (A) —l—yr;r(B)) Vy € R. (6.3)
ieS ieS

In these two cases, m denotes the number of rows considered to derive each interval. One may
ask if this formula extends to m > 3. Unfortunately, Example 4.3 provides a counter-example
for m = 3. Indeed, defining (6.2) and (6.3) for the triple S = {1,2,3} gives

PP (y) = (6y —14)(10y — 11)(10y — 13) =2, P (y) = (14— 6y)(11 - 10y)(13 — 10y).

The smallest real root of P is 1.1, yet the complementarity eigenvalue A ~ 0.822 € I lies

to its left. The largest real root of P;p is & 2.336, yet A ~ 2.347 € I lies to its right (indeed
P; P(2.347) ~ 8.5 > 0). The question of finding a hierarchy of localization sets based on the size
of the considered submatrices remains thus open.

7. CONCLUSIONS

We analyzed the symmetric EiCP(A,B) with B being positive definite and strictly diagonally
dominant. Extending the He-Liu-Shen enclosures to a more general positive definite matrix B,
we present Gershgorin-type localization sets K; and K>, the latter improving upon the former,
assuming A copositive. The bounds on these sets provide inexpensive approximations of the
smallest and largest complementarity eigenvalues, as do the smallest and largest generalized
eigenvalues, and no dominance exists between these bounds.

Our results also suggest several directions for future research. In an algorithmic use, the lo-
calization sets or their bounds provide fast certificates for candidates of complementarity eigen-
pairs. The discussion opens the question of generalizing the approach to multi-row coupling.
Finally, this approach could be adapted to EiCP variants, such as the tensor eigenvalue comple-
mentarity problem.
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