PERTURBATION BOUNDS OF P-MATRIX LINEAR
COMPLEMENTARITY PROBLEMS *
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Abstract. We define a new fundamental constant associated with a P-matrix and show that this
constant has various useful properties for the P-matrix linear complementarity problems (LCP). In
particular, this constant is sharper than the Mathias-Pang constant in deriving perturbation bounds
for the P-matrix LCP. Moreover, this new constant defines a measure of sensitivity of the solution
of the P-matrix LCP. We examine how perturbations in the data affect the solution of the LCP and
efficiency of Newton-type methods for solving the LCP.
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1. Introduction. The linear complementarity problem is to find a vector x € R™
such that

Mzx+qg>0, x>0, xT(Mac—i—q):O,

or to show that no such vector exists, where M € R"*™ and ¢ € R"™. We denote this
problem by LCP(M,q). A matrix M is called a P-matrix if its all principal minors
are positive, which is equivalent to
max x;(Mz); >0 forall z#0.
It is well-known that M is a P-matrix if and only if the LCP(M, ¢) has a unique
solution for any ¢ € R™ [3]. Moreover, if M is a P-matrix, then there is a neighborhood
M of M, such that all matrices in M are P-matrices. Hence, we can define a solution
function x(A4,b) : M x R™ — R, where 2(A,b) is the solution of LCP(A,b) and
" ={zeR"|z2>0}.
In [12], Mathias and Pang introduced the following fundamental quantity associ-
ated with a P-matrix,
M) = i (Mzx);}.
(M) mn max {x;(Mz)}
This constant has often been used in error analysis of the LCP [2, 3]. In particular,
the following Lemma has been widely applied in perturbation bounds.
LEMMA 1.1. /8] Let M € R"™"™ be a P-matriz. The following statements hold:
(i) for any two vectors q and p in R™,

lo(M, q) — (M, p)l o0 < c(—;@uq — Dl

(ii) for each vector ¢ € R"™, there exist a neighborhood U of the pair (M,q) and a
constant cg > 0 such that for any (A,b),(B,p) €U, A, B are P-matrices and
(A, 6) = 2(B,p)lloc < co(l|[A = Blloo + [[b—pllo)-
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Lemma 1.1 shows that when M is a P-matrix, for each ¢, z(A4,b) is a locally
Lipschitzian function of (A4,b) in a neighborhood of (M, ¢q), and z(M,b) is a globally
Lipschitzian function of . This property plays a very important role in the study
of the LCP and mathematical programs with LCP constraints [11]. However, the
constant ¢(M) is difficult to compute, and ¢g is not specified. It is hard to use this
lemma for verifying accuracy of a computed solution of the LCP when the data (M, q)
contain errors.

In this paper, we introduce a new constant for a P-matrix,

M) = I-D+DM)™'D
Bp(M) = max (I =D +DM)~'Dlj,

where D=diag(d) with 0 < d; <1,i=1,2,...,nand ||-||, is the matrix norm induced
by the vector norm for p > 1.

Using the constant 3,(M), we give perturbation bounds for M being a P-matrix
as follows.

(L.1) (M, q) = 2(M,p)llp < Bp(M)llg = pllp,
Bp(M)? Bp(M)
(1.2)  [lz(A,0) — z(B,p)lp < WII(—IJMIpHA = Bllp + 5= ” 16— pllp,
and
[x(M,q) —z(A,b)]lp _ _2e

where n € [0,1) and € > 0 can be chosen, A,B € M := {A|G,(M)||M — A, <n},

and [|q = bll, < €l[(=a)+|p-
The constant 3,(M) has the following interesting properties.

e If M is a P-matrix, then for || - ||co,

1

(L4) Bue(M) €

o If M is an H-matrix with positive diagonals, then for || - ||, with any p > 1,
(1.5) Bp(M) < || M,
where M is the comparison matrix of M, that is,
M;; = My, Mij = —|M;;|, for i#j.
o If M is an M-matrix, then for || - ||, with any p > 1,
(1.6) Bp(M) = M|,
e If M is a symmetric positive definite matrix, then for || - ||2,

(1.7) Ba(M) = || M~H2.
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Inequalities (1.1) and (1.4) show that the constant G(M) derives a new perturba-
tion bound which is sharper than the bound in (i) of Lemma 1.1 in ||+||oo. Furthermore,
Example 2.1 shows that 3(M) can be much smaller than ¢(M)~! in some case. In-
equality (1.3) indicates that the constant B(M)||M|| is a measure of sensitivity of
the solution (M, q) of the LCP(M,q). Moreover, from (1.3), (1.6) and (1.7), it is
interesting to see that the measure is expressed in the terms of the condition number
of M, that is,

Kp(M) o= [ M|, |[ M, = B, (M) M]],

for M being an M-matrix with p > 1 and a symmetric positive definite matrix with
p = 2. Hence, it makes connection between perturbation bounds of the LCP and
perturbation bounds of the systems of linear equations in the Newton-type methods
for solving the LCP. Using the connection, we investigate the efficiency of Newton-type
methods for solving the following two systems

(1.8) r(z) := min(z, Mz +¢q) =0
and
(1.9) F(z,y) = ( ]‘m{i(;qy)_y > —0.

It is known that for the P-matrix LCP, the system of linear equations in Newton-
type methods for solving (1.8) or (1.9) is mathematically well-defined, that is, the
generalized Jacobian matrices are nonsingular [5]. However, the matrices can be
computationally ill-conditioned. A matrix A is said to be an ill-conditioned (well-
conditioned) matrix if x,(A) is large (small) [8]. The condition number x,(A4) is a
measure of sensitivity of the system of linear equations Az = b when A is nonsin-
gular. Hence, a linear system is called ill-conditioned (well-conditioned) if x,(A) is
large(small) [4]. From (1.3), (1.6) and (1.7), we find that 8,(M)||M]|, is a measure of
sensitivety of the LCP(M, ¢) when M is a P-matrix, and 8,(M)||M||, = &p(M) when
M is an M-matrix or a symmeteric positive definite matrix. Moreover, we show that
for the M-matrix LCP, the systems of linear equations in the Newton-type methods
for solving (1.8) are well-conditioned if and only if the condition number x,(M) is
small. However, the system of linear equations in Newton-type methods for solving
(1.9) can be ill-conditioned even when x,(M) is small.

A word about our notation. For a vector ¢ € R", ¢ = max(0,q). Let N =
{1,2,...,n}. Let e be the vector whose all elements are 1. A matrix A € R™*" is
called an M-matrix, if A= > 0 and A;; < 0 (i # j) for i,j € N; A is called an
H-matrix, if its comparison matrix is an M-matrix.

In the rest of this paper, we use 5(-), || - | and x(-) to present 3,(-), || - ||, and
kp(-) with any p > 1, respectively.

2. A new constant for the P-matrix LCP . In this section we introduce a
new Lipschitz constant for the P-matrix LCP based on the observation that for any
z,x* Y,y € R,

(2.1)  min(x;,y;) —min(z},yf) = (1 —d;)(x; — x)) + di(ys — y)), 1€ N

where
: if yi <y, yj <}
min(z;, y,) — min(e}, y7) + 5 — 3,

Yi —y; T -

d; =
otherwise.
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It is easy to see d; € [0,1]. Set z = z(4,q), =* = z(B,p), vy = Az(4,q) + ¢, y* =
Bz(B,p) + p in (2.1). We obtain

0= (I - D)(z(A,q) — z(B,p)) + D(Az(A,q) + ¢ — Bz(B,p) — p)
which implies
(2.2) (I =D+ DA)(x(B,p) — z(A,q)) = D(A - B)x(B,p) + D(q — p).

Here D is a diagonal matrix whose diagonal elements are d = (dy,da, ..., d,) € [0,1]™.
LEMMA 2.1. (Gabriel and Moré[7]) A is a P-matriz if and only if I — D + DA
is nonsingular for any diagonal matriz D =diag(d) with 0 < d; < 1.
For M being a P-matrix, we introduce the following constant

B(M)= max |(I—D+DM)7'D|.
defo,1]n

From Lemma 2.1 and (2.2), we have

(2.3) (B, p) — z(A, q)|| < B(A)|[(A - B)z(B,p) +q —p

provided A is a P-matrix. In the following, we compare B(M) with c(M)~! in || - |0
and give a simple version of S(M) for M being an M-matrix, a symmetric positive
definite matrix, and positive definite matrix.

THEOREM 2.2. Let M be a P-matriz. Then

1
(M) = I—-D+DM) 'D|s < )
Boo (M) dgﬂo?i‘]n ¢ + ) oo < )

Proof. We first prove that for any nonsingular diagonal matrix D =diag(d) with
d e (0,1]™,

1
I—-D+DM) ™ 'Dl|e < ——.
I(1 =D+ DM)" Dl < 575

Let z € R™ with ||z||o = 1 such that ||[([—D+DM)™'D|l = |I-D+DM) ' Dz||«
and define y = (I—D+DM)~'Dz. Then Dz = (I—-D+DM)y, My = z+y— D~ 1y.
By the definition of ¢(M), we have

0< e(M)|lyl% < maxy;(My); = maxy; <$z e Z_> .

Note that f(t) = a (b +a— %) is monotonically increasing for ¢t > 0, where a,b are
constants. Therefore, we deduce

.,
v (a1 0= %) < v < Dol = ol
(2

which implies

1
(M)

0 <c(M)|yllZ < Iyl and (I =D +DM)™'Dljsc = [yl <
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Now we consider d € [0,1]". Let de = min(d + €e, ), where € € (0,1]. Then, we have

1
c(M)’

I(Z = D+ DM)™'Doc =lim (I ~ De+ D)™ Dell <

a

It is known that an H-matrix with positive diagonals is a P-matrix, and a positive
definite matrix is a P-matrix [3]. Now, we consider the two subclasses of P-matrix.
LEMMA 2.3. ([8]) If M is an M-matriz, then I — D + DM is an M-matriz for
d € [0,1]™.
LEMMA 2.4. Let A be an H-matrix with positive diagonals, and let A be the
comparison matriz of A. Then the following statements hold:
(i) [A7H < A7L,
(i) For B € R™™ with |Blso||A " |ee < 1, A+ B is an H-matriz with positive
diagonals.
Proof. (i) See problem 31 in [10, page 131]
(ii) Let = A~te. Since A=1 >0, z > 0 and ||z]|co = [|A~"||oe- Moreover, from
Az = e, we have

aii$i=1+2\aij|xj, for i € N.
J#i

By ||z]|col| Blloo < 1 and || Blleo = |[|Blellco, We get ||z||co|Ble < e. Hence for alli € N,
n
aiwi > > bl elloe + Y laslzy > > (lais] + [bij )z + [bisl i,
j=1 i i
and

(@i +bi)zi > (@i — |bi|)zi > Z(Mz‘j\ + [bij|) ;.
J#i

By Iy7 of Theorem 2.3, Chap. 6 in [1], this implies that the comparison matrix of
A+ B is an M-matrix. Hence A + B is an H-matrix with positive diagonals. O
THEOREM 2.5. Let M be an H-matrix with positive diagonals. Then

B(M) < ||,

where M is the comparison matriz of M. In particular, if M is an M-matriz, then
the equality holds with M = M.
Proof. First we will show that if M is an M-matrix, then

BM) = | M.
Since for any d € (0, 1]™, by Lemma 2.3,
(DM)™' — (I~ D+ DM)™" = (DM)~Y(I - D)(I - D+ DM)~' >0,
we have

(DM)™'D—(I-D+DM)'D=M"'—(I-D+DM)"'D >0.
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Note that for any matrices A and B, |A| < B implies ||A|| < ||B||. Hence the following
inequalities hold

M*>I-D+DM)'D>0, |M'>|(I~-D+DM)'D|.
Let d. = min(d + ee, e), where € € (0,1]. Then, we have

M) = lim ||(I — D. + D.M)™'D.|| < [|[M~Y.
B(M) e im | + ) <M

It is obvious that 3(M) > |[M~!| ase € [0,1]". Therefore, we obtain 3(M) = [[M .
For M being an H-matrix, M is an M-matrix. From (i) of Lemma 2.4, we have

(I =D+ DM)™ Y <(I-D+DM)™L
Hence, we obtain

B(M) = max [[(I—D+DM)™'D|| < max |(I—D+DN)"D| < ¥},
delo,1]" delo,1]n
a
LEMMA 2.6. [9] Let A and B be symmetric positive definite matrices.
(i) B — A is positive semidefinite if and only if A~1 — B~ is positive semidefinite.
(ii) If B — A is positive semidefinite, then A\;(B) > X;(A), where A\ (A) > Xa2(4) >
<o > A (A) and M\ (B) > XAa(B) > --- > A\ (B) are eigenvalues of A and B,
respectively.
THEOREM 2.7. Let M be a symmetric positive definite matrix. Then

B2(M) := max ||(I =D+ DM)"'Dl2 =M.
de[o,1]™

Proof. Tt is obvious that Ba(M) > || M™Y. Now we show [Bo(M) < ||M~Yo.
For any nonsingular diagonal matrix D =diag(d) with d € (0,1]", M + D=*(I — D)
is positive definite. By (i) of Lemma 2.6, M~! — (M + D~1(I — D))~ ! is positive
semidefinite. By (ii) of Lemma 2.6, we have

|(M + D=1 = D)) |2 = [|(I = D+ DM) ™" Dl|2 < [ M2

Since the largest eigenvalue is a continuous function of elements of the matrix, we
have

M) = li I-D.+D.M) D<Mt
Ba(M) = max lm (I = De+ DeM) ™' Dellz < [ M2,

where D, =diag(min(d + ee,¢e)). O
In comparison to Lemma 1.1, the following theorem gives sharp perturbation error
estimates for the P-matrix LCP

THEOREM 2.8. Let M € R™ "™ be a P-matriz. Then the following statements
hold:

(i) For any two vectors q¢ and p in R™,

(M, q) — x(M,p)|| < B(M)]q— pl|.
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(i) Every matriv A€ M :={A | B(M)||M — A|| <n <1} is a P-matriz. Let
a(M) = ——p(M).

Then for any A,B € M and q,p € R™
|l2(A, q) — (B, p)|| < a(M)?||(=p)+ A = B|| + a(M)]lg - p].-

Proof. (i) It follows directly from (2.3) by setting M = A = B.
(ii) For every A € M, since ||(I-D+DM) ' D(A-M)|| < B(M)||M—-A| <n <1,

(I-D+DA)=(I-D+DM)(I+ (I -D+DM)*D(A~ M))

is nonsingular for any diagonal matrix D =diag(d) with 0 < d; < 1. By Lemma 2.1,
A is a P-matrix. Moreover, from

(I-D+DA)™*D=(I+(I-D+DM)*DA-M))"(I-D+DM)'D,
and

1 1
o -1 A— -1

we find B(A4) < a(M).
Since matrices A, B € M are P-matrices, using (2.3) yields,

(2.4) l2(4,q) — «(B,p)| < B(A) (|4 = Blll[l=(B;p)ll + llg — )

Notice that 0 is the solution of LCP(B,p4 ). Using (2.3) again, we get

(2.5) lz(B,p)ll < BB)(=p)+I-

Applying G(A) < o(M) and B(B) < a(M) to (2.4) and (2.5), respectively, we obtain
the desired bounds in (ii). O

From Theorem 2.5 and Theorem 2.7, the Lipschitz constants B(M) and «(M)
can be estimated by matrix norms, if M is an H-matrix with positive diagonals or a
symmetric positive definite matrix. In particular, from Lemma 2.4, Theorem 2.5 and
Theorem 2.7, we have the following two corollaries.

COROLLARY 2.9. Let M € R™ "™ be an H-matriz with positive diagonals. Then
the following statements hold:

(i) For any two vectors q and p in R",

(M, q) — (M, p) oo < M H|oollg = Pl

(ii) Bvery matrizc A € Mo, == {A | |M~Y|oo|M — Alloo < n < 1} is an H-matriz
with positive diagonals. Let

1 ~
Qoo(M) = T—|IM Hloo-
n
Then for any A,B € My, and q,p € R™

l2(A, @) = 2(B,p)lloc < oo (M)?[[(=p)+ |0 llA = Blloo + atos(M)llg = | co-
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COROLLARY 2.10. Let M € R™ ™ be a symmetric positive definite matriz. Then
the following statements hold:
(i) For any two vectors q and p in R™,

lz(M, q) — (M, p)ll2 < | M~ l2]lg — pll>

(ii) Every matriz A € Mg :={A | |M~Y|2||M — All2 < n < 1} is a P-matriz. Let
az(M) = j||M_1|\2.

Then for any A,B € My and q,p € R™
lo(4, ) — 2(B,p)l2 < as(M)2(=p)+l2ll A — Bllz + az(M)llg - plz-
A matrix A is called positive definite if
=T Az > 0, 0#x€R".

A+ AT A4 AT
rat x, A is positive definite if and only if +

is symmetric

Since 2T Az =z
positive definite. Note that a positive definite matrix is not necessarily symmetric.
Such asymmetric matrices frequently appear in the context of the LCP.

Combining the ideas of Mathias and Pang [12] and Corollary 2.10, we present
perturbation bounds for the positive definite matrix LCP.

THEOREM 2.11. Let M € R™ ™ be a positive definite matriz. Then the following
statements hold:

(i) For any two vectors q¢ and p in R™,

M+ MT

—1 _
=) zllg — =

(M, q) — x(M,p)l[2 < [|(
(ii) Every matriz A € Mg := {A | ||(M+TMT)_1H2HM — All2 < n < 1} is positive
definite. Let

1 M+ MT

0a(M) = 1= (=

)" l2-
Then for any A, B € My and q,p € R™
2(A,q) — (B, p)ll2 < aa(M)?||(=p)+ 2| A = Bll2 + az2(M)llg — pll2-

Proof. We first show that the following inequality holds

(2.6) [[z(A,q) —2(B,p)2 < I( )7 Hl2(1l4 = Bll2lla(B, p)ll2 + lp = qll2),

A+ AT
2

if A is a positive definite matrix and the LCP(B, p) has a solution z(B, p).
Since x(A4, ¢) and z(B, p) are solutions of the LCP(A, ¢) and LCP(B, p), respec-

tively, we have
0> (z(A,q) — x(B,p))" (Az(A, q) + ¢ — Bx(B,p) — p)
= (x(A,q) — z(B,p))" (A(z(A,q) — x(B,p)) + (A — B)z(B,p) + ¢ — p),
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which implies

(I(A7q) - l‘(B,p))T((B - A)l‘(B,p) +p— q)
Z (ZC(A, q) - $(B,p))TA($(A7 q) - Z‘(B,p))
T
= (@(4,0) ~ 2(B.p) T (w(A,q) ~ 2(B.p))

—_

z —ar (A9 — z(B,p)|l3-
1(55=) 7 e
Using the Cauchy-Schwartz inequality, we get (2.6).
(i) Set A= B = M in (2.6), we get the desired bound.
(ii) Note that for any matrix C, ||C||2 = ||CT||2. For any z € R™ with = # 0, we
have

oM+ MT T(A+AT_M+MT

T
A =
' Az =z 5 T+ 5 5 )
M+ M7T A-M AT — MT
s ot M 2
oot MM A, A2 e
M4+MT N
> (1525 e) el - 14 - Malol
M+MT o\ M+ MT _
> (155 ) (1= IR alar - Al )

Hence for any A € My, 7 Az > 0, and thus A is positive definite. Moreover, from

A+ AT M+MT | A+AT M+MT | MA+MT
:I —
(2)(+(2)(2 2))(2)
and
A+ AT M+ MT 1
I=—5— = =5l < 54— Mll2 + [|AT = MT|l2) = ||M — Al
we have

II( )72 < II( )7 Hl2 < a2(M).
2 1= [[(HHE) 7 o) A5 — A 2

Similarly, for B € Ma, ||(B+TBT)_1||2 < as(M). Notice that 0 is the solution of
LCP(B,py). Setting A = B and ¢ = p in (2.6), we get

T
2B, )2 < (520 ol ()l

Using these inequalities with (2.6), we obtain the perturbation bound in (ii). O
Example 2.1 Theorem 2.2 shows that for every P-matrix, 8o, (M) < ¢(M)~1. Now
we show that B, (M) can be much smaller than ¢(M)~! in some case. Consider

1 —t
M= ( 0 t )
For t > 1, M is an M-matrix. By Theorem 2.5, Boo(M) = |[M~!|» = 2. For
z = (1,t71), we have

(M) <maxZ;(MZz); =

1
ieN t

Hence, ¢(M)~! >t — oo, as t — c0.
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3. Relative perturbation bounds for the LCP. Using the results in the last
section, we derive relative perturbation bounds expressed in the term of G(M)|M||.
THEOREM 3.1. Suppose

min(z, Mz +q) = 0 M e R"™™, 0# (—q)+ € R"
min(y, (M + AM)y+qg+2Aq) = 0 AM € R*™™, NAq€ R"
with
[AMI| < el[M]l,  [[Aqll < ell(=g)+]-

If M is a P-matriz and eB(M)||M|| =n < 1, then M + AM is a P-matriz and

ly —xf _ _2e
< ——BM)||M].
] L=

Proof. First we observe that z is a solution of LCP(M, ¢) and y is a solution of
LCP(M + AM,q+ Aq). Then following the proof of (ii) of Theorem 2.8, we obtain
that M 4+ AM is a P-matrix and

B(M + AM) < Tlnﬁ(M),

which, together with (2.3), give

1
L=mn
From Mz + g > 0, we deduce (—¢)+ < (Mz); < |[Mz|. This implies ||(—q)+]| <
|[Mz|| < ||M]||lx||. Hence, we have

(3.1) lz -yl < BAO([AM|llz] + [[Aql)-

(3.2) BB MHGM >0,

Combining (3.1) and (3.2), we obtain the desired bounds

lly — || 1 1A 2¢
< ——BM)(|AM]| + 5—F) <
edl L—mn ] L=

S| M.

O
Theorem 3.1 indicates that B(M)||M|| is a measure of sensitivity of the solution
of the LCP(M, q) for M being a P-matrix. Moreover, Theorem 3.1 with Corollary 2.9,
Corollary 2.10 and Theorem 2.11 gives G(M)||M|| in the term of condition number
for the H-matrix LCP, symmetric positive definite LCP and positive definite LCP.
COROLLARY 3.2. Suppose

min(z, Mz +q) = 0 MeR"™™, 0#(—¢)+ € R"
min(y, (M + AM)y+q+2q) = 0 AM € R, /Aq € R™.

(1) If M is an H-matriz with positive diagonals, ekoo(M) =1 <1, and

IAM|loo < €| Mlloo,  [1AGlloo < €ll(—a)+ oo
then M + AM 1is an H-matriz with positive diagonals and

— 2|l ) -
Iy =l _ 2 oo
[l =17
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(i) If M is a symmetric positive definite matriz, exo(M) =1 < 1, and
[AM|2 < el[Mll2,  [[Aqll2 < €ll(=q)+ll2,
then M + AM is a P-matriz and

||’y—IL‘||2 < 2e HQ(M).
[zl 1—=n
(iwi) If M is a positive definite matriz, efig(M+TMT) =n<1, and
M+ M" | M+ M7,
AMls < €| ————]|2, Aqlle < €||(— _—
0 < d 5 Al < -0+ le P

then M + AM 1is a positive definite matriz, and

— 2 M+ MT
||$ y”2 < € HQ( —+ )
(B[P 1—-n 2

Remark Note that |[(—q)+|| < |l¢]]. If Mz + g = 0, then (i) of Corollary 3.2 for M
being an M-matrix and (ii) of Corollary 3.2 reduce to the perturbation bounds for the
system of linear equations [8].

For the H-matrix LCP, componentwise perturbation bounds based on the Skeel
condition number ||[M~!||M]||s can be represented as follows.

THEOREM 3.3. Suppose

min(z, Mz +q) = 0 MeR™™, 0#(—q)+ € R"
min(y, M + AM)y+q+2Lq) = 0 AM € R"™™™ Aq € R"
with
(3.3) |AM| < elM],  [Aq| <e(—q)+

If M is an H-matriz with positive diagonals and EHOO(M) =n<1, then M+ AM is
an H-matriz with positive diagonals and

ly — 2l

34 E

2€ ~ o~
— | M M| oo
n

Proof. From (3.3), we have
1AM oo < €| Mlloo, and  [[Aglloo < €l (=0)+ oo, < €l Mlloo|12]|oo,

where the last inequality uses (—q)y < (Mz)y < |M|z.
According to Corollary 3.2, M + AM is an H-matrix with positive diagonals.
Moreover, the equality (2.2) gives

(3.5) (I — D+ DM)(y — z) = DAMy + DAq,

for some diagonal matrix D =diag(d) with d € [0, 1]™.

Following the proof of Theorem 2.5, by Lemma 2.4, we get
(I =D+ DM)™'D|(|AM]y + |Aq])
<|(I =D+ DM)~'D|(|AM[y + |Aql)
< M~H(|AM|y +|Aq))
< eMH(|Mly + |M[z).

ly — x| <
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Therefore, we find

(3.6) ly = zlloo < el M HM|lloo(1¥llo + ll2s0)-
Furthermore, from (3.5), we obtain

y—(I-D+DM) 'DAM)y=x+ (I - D+ DM) 'DAq.
Hence, it holds

(L= el Moo | Mlloc)lylloe < (1= (I = D+ DM) ™ Dlfos || AM | o0) [yl oo
<lly= (I =D+ DM)"'DAMyl|x
< |l@lleo + T = D+ DM) ™' Do | Mg oo
< L+ el| M7 loo 1M o) 1| oo

This implies

1+7n
3.7 o < —|%)|0o-
(3.7) Yl < 1_nllafl\

Combining (3.6) and (3.7), we obtain the desired bounds (3.4). O

4. Newton-type methods. In the last two sections, we have given perturbation
bounds for the LCP in the term of S(M). In this section, we use the perturbation
bounds to analyze efficiency of Newton-type methods for solving the LCP based on
the systems (1.8) and (1.9).

Many semismooth Newton methods, smoothing Newton methods and path-following
interior point methods [5] solve a system of linear equations in their each iteration,

(4.1) (I — Dy 4+ DpM)(z — z*) = —r(zb),
- r—zk
(42> ( Iika Di ) < y_yk ) = _F(xk7yk)7

where Dy, is a diagonal matrix whose diagonal elements are in [0, 1].

Sensitivity of (4.1) and (4.2) will effect implementation of the methods and re-
liability of the computed solution. From the analysis of Dennis and Schnabel[4], if
the condition number of the coefficient matrix of the linear equations is larger than
(macheps)_l/ 2 the numerical solution may not be trustworthy. Here macheps is
computer precision. The linear systems (4.1) and (4.2) have the following relation
regarding to the condition numbers.

PROPOSITION 4.1. For any diagonal matriz D=diag(d) with 0 < d; < 1, i =
1,2,...,n, the following inequalities hold

(4.3) ,-;OO<IJ_”D Z)I ) > Koo(I — D + DM)

and

(4.4) R<I]_”D g)z%n(I—DJrDM).
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Proof. First we observe

M —I
1( My B )l 2 1 1l 2 max(t, [0 ]c) 2 1~ D+ DM

and

M-I max(L, | M]) 1
> 1, |M]||) > ———=||I-D+DM|| > =||I-D+DDM]||.
1( Yy 5 )1z maxtar > 225Dy pipar > Jir-p+ D)

Next, we consider the inverses. From

(5 )Y 5)-(rpton o)

M -IN"' (0 (I-D+DM)!
I-D+DM 0 “\ -1 MU-D+DM)™ )’
we find the inverse
M -I\' (0 (I-D+DM)! I 0
I-D D “\ -1 MUI-D+DM)™? D I
(I-D+DM)™'D (I-D+DM)™*
M(I-D+DM)'D—1 MI-D+DM)"! )

and

Therefore, we have

—1
M -1 —1
(Y 5 ) Izla-p+pa.

By the definition of the condition number, (4.3) and (4.4) hold. O
Since Dy, in the coefficient matrices of (4.1) and (4.2) changes at each step, we
consider the worst case

K(M) := JJex |(I =D+ DM)™*|I-D+ DM|

—1
. M-I M-I
K(M)':dé?oa}ﬁJ(D I—D) |”<D I—D>|'

From Proposition 4.1, we have

and

Koo (M) > Koo(M),

which implies that if (4.2) is well-conditioned, then (4.1) is well-conditioned, and if
(4.1) is ill-conditioned, then (4.2) is ill-conditioned. The following example shows that
Ko (M) can be much larger than K., (M).

Example 4.1 Let M = al(a > 1). Straightforward calculation gives

et 21 (5 TVt () = (Y f ) e =
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and

_ maxo<¢<i |(1 +af — §)|
Ko(M)= ma I—D+aD) Y I —=D+aD|o < — = a.
(M) G II( )" Mool oo < mino—e<1 (1 +af — )]

For large a, Koo (M) — Koo (M) (> a2 + a + 1) is very large.

From Proposition 4.1 and Example 4.1, we may suggest Newton-type methods for
solving the nonlinear equations (1.8) have less perturbation error than the Newton-
type methods for (1.9). Now, we focus on Newton-type methods for (1.8). Obviously,
it holds

K(M) = (M),
as e € [0,1]". For M being an H-matrix with positive diagonals, by Theorem 2.1 and
Theorem 2.3 in [2], we have

(4.5) Koo (M) < max(1, || M||oo)|| M~ max(A, I)]| oo,

where A is the diagonal parts of M.
For M being an M-matrix with || M| > 1, we have

(4.6) Koo (M) < Koo(M) < Koo (M) max(A, I)] .

Hence, the condition number ko, (M) is a measure of sensitivity of the solution of the
system of linear equations for the worst case. Note that we have shown that ko (M) is
a measure of sensitivity of the solution of LCP. Hence we may suggest that if A is not
large, then the LCP is well-conditioned if and only if the system of linear equations
(4.1) at each step of the Newton method is well-conditioned. Furthermore, for an M
matrix, its diagonal elements are positive, and the LCP(A~1M, A=1q) and LCP(M, q)
are equivalent. The inequalities in (4.6) yield Koo (A71M) = koo (A~1M).

5. Final remark. In [2], we provided the following error bound for the P-matrix
LCP

(5.1) |z —=2(M,q)| < L I(I = D +DM)7H|lr(z)|l, for any z € R"
o

and proved that (5.1) is sharper than the Mathias-Pang error bound [12]

1+ [[ Ml
lz —2(M, q)llec < WH (@)loos

for any z € R"

in || - |loo- Moreover, we showed that the error bound (5.1) can be computed easily for
some special matrix LCP. For instance, if M is an H-matrix with positive diagonals,
we have

p() = max (I =D+ DM)™!| < |1~ max(4, D)
elo, n

where A is the diagonal parts of M.
In this paper, we study the behavior of the solution z(M, ¢) when there are some
perturbations AM and Aq in M and ¢. In particular, we show

|2(M + AM,q+ Aq) — x(M, q)|| < B(M)||AMz(M + AM, g+ Nq) + Aqll.
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The constants p(M) and G(M) play different roles, where the former is for computa-
tion of error bounds and the latter is for sensitivity analysis.

Theorem 2.2 proves that (M) is smaller than the Mathias-Pang constant 1/¢(M)
for sensitivity and stability analysis [3]. Theorem 2.5 and Theorem 2.7 provide various
interesting properties (1.5) -(1.7) of B(M) when M is an H-matrix with positive
diangonals, M-matrix or symmetric positive definite matrix. These results show that
the condition number x(M) is a measure of the sensitivity of the LCP(M,q). This
means that if (M) is small(large), then small changes in M or ¢ result in small
(large) changes in the solution x(M, q) of the LCP(M,q).

When the LCP(M,q) is used in the modelling of a practical application, the
matrix M and vector ¢ often contain errors due to inaccurate data, uncertain fac-
tors, etc. Hence, to make x(M,q) useful in practical, it is very important to ob-
tain some sensitivity information of the solution. This is one reason why sensitiv-
ity analysis of the LCP(M, q) has been studied so extensively [3]. In the website
http://www.st.hirosaki-u.ac.jp/ ~ chen/ExamplesLCP.pdf, we provide numerical ex-
amples including free boundary problems [14] and traffic equilibrium problems [3, 6]
to illustrate the practical value of the new pertubations bounds (1.1)-(1.7).

Acknowledgments. The authors are grateful to Prof. Z.Q. Luo and two anony-
mous referees for their helpful comments.
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