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Abstract. We propose a generalized Newton method for solving the system of nonlinear
equations with linear complementarity constraints in the implicit or semi-implicit time-
stepping scheme for differential linear complementarity systems (DLCS). We choose a spe-
cific solution from the solution set of the linear complementarity constraints to define a
locally Lipschitz continuous right-hand-side function in the differential equation. Moreover,
we present a simple formula to compute an element in the Clarke generalized Jacobian of
the solution function. We show that the implicit or semi-implicit time-stepping scheme
using the generalized Newton method can be applied to a class of DLCS including the non-
degenerate matrix DLCS and hidden Z-matrix DLCS, and has a superlinear convergence
rate. To illustrate our approach, we show that choosing the least-element solution from
the solution set of the Z-matrix linear complementarity constraints can define a Lipschitz
continuous right-hand-side function with a computable Lipschitz constant. The Lipschitz
constant helps us to choose the step size of the time-stepping scheme and guarantee the
convergence.

Keywords: differential linear complementarity problem, least-norm solution, least-element
solution, nondegenerate matrix, Z-matrix, generalized Newton method.
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1 Introduction

Given four matrices A € R™*™ B € R™" N € R™™ M € R™", and two Lipschitz
continuous functions f : R — R™ and g : R — R"™, we consider the ordinary differential
linear complementarity system (DLCS):

&(t) = Ax(t) + By(t) + f(t)
y(t) € SOL(Nz(t) + g(t), M) (1.1)
x(0) =xzg, te€][0,T],

where SOL(Nxz(t)+g(t), M) C R™ is the solution set of the following linear complementarity
problem (LCP):
0 <wy(t) L Na(t)+ g(t) + My(t) > 0. (1.2)

The nonnegativity notation and orthogonality notation in (1.2) express that fori = 1,...,n,

yi(t) 20, (Nx(t)+g(t) + My(t)i 20, wi(t)(Na(t) + g(t) + My(t)); = 0.
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The orthogonality condition is called the complementarity condition, which means that one
of these two nonnegative components y;(t) and (Nz(t) + My(t) + g(t)); must be zero at any
time ¢t € [0, 7.

The DLCS (1.1) provides a powerful mathematical paradigm for the increasing number
of engineering and economics problems that involve dynamics, inequalities and complemen-
tarity conditions. For any fixed ¢ € [0,7], (1.2) is a standard LCP that has been studied
extensively in the last decades; see the excellent monograph [12] and the references therein.
The LCP is applicable only to static equilibrium problems which seeks a single solution
vector in R™. In contrast, the DLCS is a dynamic system, which seeks a solution function
over a given time interval [0, T]. In the study of DLCS, we are interested in finding con-
ditions which ensure the existence of a stable solution function of the whole system and in
developing efficient numerical methods to find such stable solution function. The DLCS uni-
fies several mathematical problems including ordinary differential equations (ODEs) with
nonsmooth right-hand sides, differential algebraic equations, differential Nash games and
evolutionary complementarity problems, which have wide applications in many areas such
as traffic equilibrium assignment, nonsmooth mechanics, robotics, biological systems, cir-
cuit systems, structural oscillation and pounding, etc. Recently, the DLCS has attracted
a growing interest from operations research, civil engineering, electrical engineering, trans-
portation sciences. Some systematic-theoretic results of the DLCS on the existence and
stabilizability of solutions in various concepts and how they relate to each other and de-
pend on initial conditions have been studied in [4, 6, 7, 29, 31, 33, 34]. Convergence and
error bounds of time-stepping schemes for solving DLCS have been investigated in [8, 18].
As the finite-dimensional LCP [12] is a special case of variational inequalities, the DLCS is
a special case of differential variational inequalities (DVI). Pang and Stewart gave a com-
prehensive introduction on DVI in [28]. Other interesting results on DVI and DLCS can be
found in [1, 4, 5, 14, 16, 17, 18, 19, 20, 21, 27, 31, 34, 36].

In this paper we consider the time-stepping method for solving the DLCS, which uses a
finite-difference formula to approximate the derivative &. In particular, this method divides
the time interval [0, 7] into N} subintervals

0=tho <th1 < <tpn, =T,

where t ;41 —th; = h = T/Np, i = 0,..., N, — 1. Starting from 20 = 20 € R™ we
compute two finite sets of vectors

{th’xh,Q, . ’xh,Nh} c R™ and {yh,l’yh,Q’ . ’yh,Nh} C R"
by the recursion: for ¢ =0,1,--- , Ny — 1,

$h,i+1 — :Eh’i +h [A(H:L‘h’i + (1 _ Q)xh,i+1) 4 Byh,iJrl + f(th,i—i-l)] ,

‘ | 1.
y™itl € SOL(Na™ L + g(tyi401), M), -

where 0 € [0, 1] is a scalar to distinguish an explicit (§ = 1), an implicit (6 = 0), or a semi-
implicit (6 € (0,1)) scheme. In this paper, we consider the implicit scheme and semi-implicit
scheme.

A critical part in numerical implementation of the time-stepping scheme is to find a good
solution y™**! in the solution set SOL(Nz™*1 + g(t),;+1), M). In many cases, the solution
set SOL(Nx™*1 + g(t),;41), M) is neither convex nor bounded. Using some vector in the



solution set can cause the numerical method unstable or make the linear complementary
problem unsolvable in the next step. Moreover, at each time step of the implicit scheme or
semi-implicit scheme, 2™t is a solution u* of the following system of nonsmooth equations
with linear complementarity constraints

w=H(u) = (1+h9A)e" + h[(1 - 6) Au+ By(u) + f(this1)

y(u) € SOL(Nu + g(tniv1), M). (1.4)

This system has to be solved efficiently and accurately. A bad numerical solution of the
nonsmooth equations (1.4) at one time step can cause the final numerical results failure.
In this paper, we choose a solution from the solution set SOL(Nu + g(tp,i+1), M) to define
a Lipschitz continuous solution function y(-). Moreover, we present a simple formula to
compute an element in the Clarke generalized Jacobian of the solution function, which will
be used for the generalized Newton method to solve the system of nonsmooth equations
(1.4) at each time step of the implicit scheme and semi-implicit scheme. To guarantee the
convergence of the time-stepping method (1.3), we give an upper bound of the size-size h
which depends on the Lipschitz constant of y(-). In this paper, we present a sharp and
computable Lipschitz constant of y(-).

In Section 2, we study how to choose a solution y(q) from the solution set SOL(q, M)
such that y is locally Lispchitz with respect to ¢. By the Rademacher Theorem [11], a
locally Lipschitz function is differentiable almost everywhere. Hence, we can define the
Clarke generalized Jacobian [11]

dy(q) = co{limy'(¢") :  ¢* = ¢, d" €},

where €2, denotes the set of points at which y is differentiable, and “co” denotes the convex
hull. To use the generalized Newton method for solving (1.4), we show that

—(I =D+ DM)™'D € dy(q) (1.5)
if I— D+ DM is nonsingular, where D =diag(dy, . ..,d,) is a diagonal matrix with diagonals

! 0, otherwise.

It is easy to see that —(I — D+ DM)~! is nonsingular if and only if the principal submatrix
M3 ; is nonsingular, where J = {i| y; > 0}. Hence we can use (1.5) and the generalized
Newton method to solve (1.4) if all principal minors of M are nonzero.

For a given matrix M, let M be the submatrix of M whose entries of M are indexed
by the sets J, K C {1,...,n}. If J = K, the submatrix Mk is called a principal submatrix
of M. The determinant of a principal submatrix of M is called a principal minor of M.

A matrix M is called a nondegenerate matrix if all principal minors of M are nonzero
[12]. A nondegenerate matrix is also called a nonzero principal minor matrix or principally
nonsingular matrix [3, 25, 35]. A matrix M is called a P-matrix (N-matrix), if all principal
minors of M are positive (negative). M is called an NP-matrix (PN-matrix) if each k x k
principal minor of M has sign(—1)* ((—1)*¥*1) [25]. Obviously, the class of nondegenerate
matrices includes the class of P-matrices, N-matrices, NP-matrices and PN-matrices. Such
matrices have many applications in engineering and economics [3, 12, 13, 25]. It is worth



noting that M is a P-matrix if and only if the matrix I — D + DM is nonsingular for all
d; € [0,1] [15]. A matrix M is a nondegenerate matrix if and only if the matrix I — D+ DM
is nonsingular for all d; € {0,1}.

In Section 3, we propose a generalized Newton method to solve (1.4) with a Lipschitz
solution function y(Nu + ¢(tpy1)) from SOL(Nu + g(th,i+1), M), and an element from
0y(Nu + g(th,i+1)) given in (1.5). We prove the generalized Newton method starting from
z"" is well-defined and superlinearly convergent. Moreover, we present an error bound of a
numerical solution to the true solution of (1.4).

We use the class of Z-matrices to show that the implicit scheme and the semi-implicit
scheme using Newton’s method can be applied to the DLCS (1.1) without the non-singularity
assumption on the matrix M. A matrix M € R"™" is called a Z-matrix, if its off-diagonal
elements are non-positive. A nonsingular Z-matrix with a nonnegative inverse matrix is an
M-matrix. The Z-matrix LCP arises from the finite element or finite difference discretiza-
tion of free boundary problems, reaction-diffusion problems, journal bearing problems and
equilibrium models in economics including input-output equilibrium models and Walrasian
price equilibrium models [2, 12, 13, 22, 32, 37].

If M is a Z-matrix and the feasible set

FEA(q,M)={y | ¢+ My >0,y >0}

is nonempty, then the solution set SOL(q, M) is nonempty [12], and there is a least-element
solution in SOL(g, M). A solution z* of LCP(q, M) is called a least-element solution if z* < x
for all x € SOL(q, M), which can be obtained by solving the following linear programming

minimize ely

subject to ¢+ My >0, y >0, (1.6)

where e € R™ with e; = 1,4 = 1,...,n [12]. We show that the least-element solution of
LCP(q, M) is global Lipschitz continuous with the following Lipschitz constant

L= max{ | M5\ | My, is nonsingular for J C {1,...,n} } .

Moreover, we show that £ defined by the || - [ is much smaller than the constant given by
Mangasarian and Shiau [23].

In Section 4, we use the constant £ to derive a time interval [0,7p], such that the
following least-element LCS has a unique solution (z*,y*) such that x* is continuously
differentiable and y* is Lipschitz continuous on [0, Tp].

Least-Element LCS

#(t) = Ax(t) + By(z(t)) + f ()
y(z(t)) = argmin  eTv

subject to v € SOL(Nxz(t) + g(t), M)
z(0) =z, t€]0,T].

(1.7)

Moreover, we show that the following implicit least-element time-stepping scheme con-
verges to (z*,y*) linearly, and the generalized Newton method using (1.5) is well-defined
and superlinearly converges to a solution u* of (1.4) from 2" on the interval [0, Tp] for any
S {0, .. .,Nh} with Np, = T()/h.



Implicit Least-Element Time-Stepping Scheme (ILETS scheme)

xh,?-ﬁ-l — ghi + h(Axh,i-‘rl 4+ Byh,i-i-l + f(th,i+l)) (1 8)
ym = argmin {efv | 0<v L Na™H 4 g(ty0) + Mo > 0}, '
In [18], Han, Tiwari, Camlibel, and Pang, proposed the following scheme.
Implicit Least-Norm Time-Stepping Scheme (ILNTS scheme)
ghtH = gt h(A T 4 By o f(ti00))
hivi (1.9)

Y argmin {flvlla | 0<v L NaP™H 4 g(ty.00) + Mo >0}

They showed that using such least-norm solutions of the discrete-time subproblems, an im-
plicit Euler scheme is convergent for passive initial-value DLCS. Obviously, a least-element
solution is a least-norm solution. Moreover, if M is a Z-matrix, then [12]

argmin{efv | 0<v L ¢+ Mv>0}=argmin{elv | v>0, ¢+ Mv>0}.

Hence, (1.8) can be considered as an implementation version of the implicit least-norm
time-stepping scheme proposed in [18] for the Z-matrix DLCS.

Throughout this paper, we use ||z|| to denote the maximum norm ||z|| := rrfa%g] lz(®)]l
€lo,
for a function x defined on [0,7] or ||z| := max |z;| for a vector z € R™. Let J° denote
sm

the complementarity set of J. Let e denote the vector whose all entries are one. We say a
function is differentiable if it is F-differentiable.

2 Solution function y(q) of LCP(q, M)

Let Rpop(M) denote the LCP-Range of M which is the set of all vectors ¢ such that
SOL(gq, M) # 0. M is called a Q-matrix if Rpcp(M) = R™ [12, 24]. It is known that M
is a P-matrix if and only if Rpop(M) = R™ and SOL(q, M) is singleton for any ¢ € R"
[12]. However, in general, SOL(g, M) can be empty or unbounded. Using some concepts,
such as the least-norm solution and the least-element solution [10, 12, 18], we may define
a single valued solution function y(-) on an open set  in Rrop(M). In this section, we
first give a necessary and sufficient condition for a single valued solution function y(-) to
be differentiable at ¢ € 2. Next, we present a simple formula to compute an element in
the Clarke generalized Jacobian of y(-) at ¢ € Q and give computable Lipschitz constants
of y(+) in 2 for nondegenerate matrices and Z-matrices.

For a single valued solution function y(q) € SOL(q, M), we define the following index
sets:

Jo = {il|yilg) >0}
I, = {i| (My(q)+q)i >0}
K, = {i| (My(q) +q)i = q =0},

We say y(q) is nondegenerate if K, = (. We define the diagonal matrix D, whose diagonal
elements are

1, i € Jy

0, otherwise.



Lemma 2.1 Suppose that Q C Rrop(M) is an open set. Let y be a continuous function
defined on Q such that y(q) € SOL(q, M) for q € Q. Denote J = J, and D = D,. Theny
is differentiable at q if and only if y(q) is nondegenerate and My ; is nonsingular. In the
case y(-) is differentiable at q, we have

v(¢q)=—-(I—-D+DM)"'D. (2.1)

Proof: Suppose that y(g) is nondegenerate. By the continuity of y, there is a neighborhood
of ¢ such that for any p in the neighborhood, we have

yr(p) >0, yse(p) =0, (My(p)+p)s=0, (My(p)+p)s>0.
Hence we obtain
(I = D)y(p) + D(My(p) +p) = 0.
If J is empty, then D = 0. This implies y(p) = 0 in the neighborhood. If J is not empty
and M j is nonsingular, then the matrix I — D + DM is nonsingular. This implies that

y(p) = —(I — D+ DM)~"Dp

is the unique solution of SOL(p, M) in the neighborhood. Hence in both cases, y is differ-
entiable at ¢ and (2.1) holds.
Conversely, we assume that y is differentiable at q. Suppose there is i € J¢ such that

(My(q) + q)i = yi(q) = 0.

By the argument in the proof of Proposition 5.8.2 of [12], we have

(My(q) + )i = yi(q) = 0,
which implies
M;.(y' ()i +1 =0, (2.2)

where M; . is the ith-row of M and (y'(¢)).; is the ith-column of y/(¢). By the argument
above, (y'(¢)).; = 0. This contradicts to (2.2). Hence y(q) is nondegenerate.

Let G(y(p)) = min(y(p), My(p) + p) for p € Q. Since G(y(p)) = 0, G is differentiable
and G'(y(p)) = 0. Moreover, we have

(My'(¢) +1);. =0 and yj(q) =0.
This implies
Mgy (@) + 15 =0 and My;(y'(q))s.se = 0.
Hence M ; is nonsingular, (v'(¢))s.s = —MJ_} and (y'(¢))sje = 0. Moreover, I — D + DM
is nonsingular, and
(I - D+ DM)y'(q) = —D.
We obtain (2.1). |

2.1 Nondegenerate matrix

In this subsection, we consider the class of nondegenerate matrices [3, 12, 25, 35]. This
class of matrices contains several classes of matrices characterized by the sign of the deter-
minants of principal submatrices such as P-matrices whose principal minors are all positive.



Theorem 2.1 Suppose that Q@ C Rrop(M) is an open set. Let y be a continuous function
defined on Q such that y(q) € SOL(q, M) for q € Q. Assume that any principle submatriz
My j of M is nonsingular then y is locally Lipschitz continuous in Q with Lipschitz constant

L= M 2.3
jmax (M7 (2.3

Moreover, the Clarke generalized Jacobian of y is defined by
dy(q) = co{limy/(p) = —(I — D, + D,M)™'D, : p— q,y(p) is nondegenerate}.
In addition,
~(I — Dy + D,M) ™D, € 9y(q). (2.4)

Proof: Take ¢ € Q. If y(q) is nondegenerate, then by the first part of the proof for Lemma
2.1, we know that there is a neighborhood N; C Q of ¢ such that for any p € N,

y(p) = —(I = Dg + DgM) ™' Dyp.
Hence, y is differentiable and Lipschitz continuous in N, with Lipschitz constant
(I = Dg + DqM)iquH = ”MJ_(:JqH < L.

Moreover, (2.4) holds with dy(q) = {v'(¢)}.
For the case y(q) is degenerate, there is a neighborhood N; C Q of ¢ such that for
p €Ny,
JyCJp and I, C I,
For i € K, if y;(p) = 0, then
((y(q) —y(p)))i = 0.
If yi(p) > 0, then (My(q) + )i = (My(p) + p)i =
)

(M(y(q) - y(p)

Hence for any p € N, we have

(I = Dpg + DpgM)(y(q) — y(p)) = —Dpy(q — p),

where D), is a diagonal matrix with diagonals

i = 0, which gives

)i = —(q—p)i-

Doy | L i€ dyoric Ky,
Pt =10, otherwise.

Hence, y is Lipschitz continuous in N, with Lipschitz constant L.

Therefore, y is locally Lipschitz continuous in €. By the Rademacher Theorem, y is
almost everywhere differentiable in 2. By Lemma 2.1, we obtain the Clarke Jacobian
dy(q)-

In addition, it is easy to see that for any positive number €, y(q¢+€(I — Dy)e) = y(q) is a
nondegenerate solution of LCP(q+¢(f —Dy)e, M). Hence y is differentiable at ¢+€(I —Dy)e
and y/'(q + (I — Dy)e) = —(I — Dy + D,M)~'D,. This implies

lig)ly’(q +¢(I —Dy)e) = —(I — Dy + D,M) 1D, € dy(q).



Corollary 2.1 Suppose that M is a P-matriz. Then for any p,q € R", we have

ly(a) =yl < Lllp = ql, (2.5)
where L is defined in (2.3).

Proof: It is known that for any ¢ € R™, LCP(gq, M) has a unique solution y(q) and y(-) is
globally Lipschitz continuous in R™ [12]. By [11, Proposition 2.6.5], we have

y(p) — y(q) € cody([p,q])(p — q),

where [p, ] is the segment between p and ¢. From Theorem 2.1, for any element C €
dy([p, q]), we have ||C|| < L. Hence (2.5) holds. |

It was shown in [15] that M is a P-matrix if and only if I — D + DM is nonsingular for
any diagonal matrix D with diagonals D;; € [0, 1]. In [9], we showed that

ly(@) —y(p)| < max (I -D+ DM)™'D|lp - 4| (2.6)
1:€[0,1]

for M being a P-matrix. Obviously, we have

L= max |M;j|= max |[(I-D+DM)'D|< max |(I-D+DM)'D|.
JCA1,...,n} ’ D;;e{0,1} D;;€[0,1]
Hence the error bound (2.5) is shaper than (2.6). Furthermore, the error bound (2.5) can
be used for a larger class of matrices than the class of the P-matrices. We use the following
example to illustrate Theorem 2.1 and the new Lipschitz constant L.

Example 2.1 Consider the LCP(q, M) with a nondegenerate matrix M = < (1) _11 > .

The solution set has the following form

SOL(¢q, M) = () (empty set), if g2 <O0;

SOL(q,M)Z{(8>, <q02>}, ifg1 >0, g2 > 0;

SOL(q, M) = {( 7611 > <maX(Q1qz’0) )} if g1 <0, g2 > 0.

q2

The matrix I — D + DM is nonsingular if the diagonal matrix D having D;; € {0,1},
but I — D + DM may be singular for D;; € [0,1], for instance, D32 = 0.5.

We can define a single valued solution function in SOL(q, M) by the solution of the
following optimization problem

y(g) = argmin{ |Cv — b||3 : v € SOL(q, M), g2 > 0},

where C' € R?*2 is a positive semi-definite matrix and b € R? is a vector. If we choose
C =1 and b = 0, then it is the least-norm solution [12]. However, the least-norm solution
is not unique in the region {q : ¢1 < 0,g2 > 0}. Let us choose C' =diag(0,1) and b = 0.
Then we have a piecewise linear single valued solution function

y(q) = (O’O)T’ @120,q220
(—q1,0)7, 1 <0,q22>0

8



in SOL(g, M). The function y(-) is Lipschitz continuous with the Lipschitz constant L = 1
and it is continuously differentiable in the region {q|q1 < 0,92 > 0} U{q|q1 > 0,q2 > 0}.
Moreover the Clarke generalized Jacobian at ¢ with ¢; = 0 and ¢ > 0 has the version

ay(q) = {( s 8>,a€[0,1]}.

The matrix M in this example is a PN-matrix. Similar arguments can be given for an
N-matrix M = ( -bl > and an NP-matrix M = ( B ) .
0 1 0 -1

Remark 2.1 If M is a positive semi-definite matrix and the solution set SOL(q, M) is
nonempty, then the solution set SOL(gq, M) is convex and has a unique least-norm solution
[12]. Hence we can define a single valued function by the least-norm solution. However,
the least-norm solution is not necessarily Lipschitz continuous for M being positive semi-
definite. See Example 3.4 in [23]. To have a Lipschitz continuous solution function y(q),
some additional conditions are necessary, for examples, we have the following results.

(i) When M is a P-matrix, there is a Lipschitz continuous function y : R” — R" such that
y(q) € SOL(q, M) for any ¢ € R™.

(ii) When M is a positive semi-definite matrix, and LCP(§, M) has a feasible interior point,
there is a Lipschitz continuous function y :  — R™ in a neighborhood €2 of § such

that y(q) € SOL(q, M).

2.2 Z-matrix

Now we consider M is a Z-matrix. In this case, M can be singular and the solution set
SOL(g, M) can be nonempty or unbounded. It is known that if the feasible set FEA(q, M)
is not empty, then there is a unique least-element solution in the solution set SOL(q, M)
when M is a Z-matrix [12]. In the following, we denote the least-element solution by y(q)
if SOL(g, M) # () and show the solution function is globally Lipschitz in Rrcp(M) with a
computable Lipschitz constant.

Lemma 2.2 Suppose that M € R" " is a Z-matriz. If ¢ € Rrcp(M), then for any p > q,
we have p € Rpop(M) and y(p) < y(q).

Proof: For any ¢ € Rpop(M) and p > ¢, the least-element solution y(q) of LCP(q, M)
satisfies p + My(q) > ¢ + My(q) > 0, which implies y(q) € FEA(p, M). By [12, Theo-
rem 3.11.6], FEA(p, M) contains a least element u which solves the LCP(p, M). By our
definition, y(p) = v and thus y(p) < y(q). |

Theorem 2.2 Let M € R™*™ be a Z-matriz, g € Rrop(M), and y(q) be the least-element
solution of LCP(q,M). With the index set J = J,; and diagonal matric D = D, the
following statements hold.

(i) My j is nonsingular for J # 0;

(ii) y(q) = —(I — D + DM)~"Dg;

(iii) ||(I-D4+DM) ' D|| < £ := max{ | M} ||| Ma,q is nonsingular for a C {1,...,n} };

(iv) For any neighborhood Ny of q, there is a p € Ny, such that SOL(p,M) # 0.
Moreover, we have —(I — D+ DM)~'D € dy(q).



Proof: Note that we can choose a permutation matrix U € R™*" such that

1 0 M My je
UDUT JJ UMUT = J,J 7,7
b _<O 0) and M _<MJC,J MJch)'

Thus

U(I -D+DMUT = < é”“ j_”“c ) . (2.7)

Since LCP(Uq,UM) and LCP(gq, M) are equivalent, without loss of generality, we assume
U=1in(2.7),J={1,2,...,k} and

My Mje ) ( ys(q) > < q7 >
M = ’ ’ , = s = .
( Mje g Mjye je y(a) 0 1 qJe
Note that y;(q) > 0. It follows M jys(¢) + q; = 0. If M ; is singular, then there exist a
nonzero vector g € RVl and a sufficiently small real positive number § such that

Mj jzo =0, ys(q) £ 0xg > 0, Mj 5(ys(q) £ 6x9) +q7 = 0.

Hence y;(q) £ dz9 € FEA(qy, M) and g5 € Rrcp(My,y). Since My is also a Z-matrix,
then there is a unique least-element solution 3; € SOL(qs, M s) such that

min(y;, My 55+ qs) =0, ¥y <ys(q) and 7; <ys(q) £ dxo. (2.8)

From (2.8), we see that 3, < y;(¢) and §; # y,(g) due to that xo # 0. Let 7 = (y5,0)T.
Since M e ;j <0 and
Me j9; +qse > Mye yys(q) + qe > 0,

then it derives that My + ¢ > 0. Therefore, 7 = (y%,0)T € FEA(q, M) and § = (y5,0)T >
y(q) = (ys(¢)T,0)T. It is a contradiction with §; < y;(¢q) and ¥; # ys(g). Hence M ; is
nonsingular.

(ii) From the nonsingularity of M s, expression (2.7) with U = I implies that [ —D+DM
is nonsingular and

-1 1
My My M7 0
(I—D+DM)_1D:<0J’J I“) D:(OJ:J 0). (2.9)

From (I — D)y(q) + D(My(q) + ¢) = 0 and (2.9), we obtain the desired results.

(iii) This result is directly from (2.9).

(iv) If y(¢) > 0, then by the discussion above, D = I and M is nonsingular. Moreover
from y(q) = —M~'q > 0, there is a neighborhood of ¢ such that for each point p in this
neighborhood, the corresponding LCP(p, M) is solvable and y(p) = —M ~1p > 0. Hence
y(+) is differentiable at ¢ and y'(¢) = —M ' = —(I — D+ DM)~! with D = I.

Now we consider the case that y(q) has zero entries. Let us define

q(e) = q+€e(l — D)e, for e > 0

that is, ¢;(e) = ¢; for i € J and ¢;(¢) = ¢; + € for i € J°.

10



By Lemma 2.2, ¢(¢) € Rrcp(M) and y(q(e)) < y(g). From the Lipschitz continuity of
y(+), we have

q(e) La, ylg(e)) Tylg) as €elO.
This, together with min(y(q), My(q) + q) = 0, derives that for all sufficiently small € > 0

ys(q(e)) = _MZ}QJ(G) >0, yje(q(e)) =0

(My(q(e)) +q(e))ge = Mye gys(q(€)) + qie + €ege > Mye jy5(q) + qje + €ege > 0.

This implies that y(g(e)) is a strictly complementarity solution and the index sets of nonzero
entries of y(q) and y(q(€)) are identical. Furthermore, for each fixed ¢(¢), we can choose
sufficiently small n > 0 such that for all p € B(0,1) := {p|||p| < 1},

nM; jps < =M 5q5(e), nMje M ips—npre < qre(€) — Mye 1M jqs(e),  (2.10)
since B(0,1) is a closed bounded compact set and
yr(q(e)) = =My jqs(e) >0, qge(e) = Mye 1M jqs(e) = (My(q(e)) + q(€)) e > 0. (2.11)

Set z € R" with z; = —M}j(q(e) +np)s and zje = 0. It is easy to verify from (2.11) that
z € R and z € FEA(q(e) + np, M).

Hence g(€) +np € Rrop(M) for all small n and p € B(0,1), that is, g(e) is an interior
point of Rypop(M). This, with that y(q(e)) is a strictly complementarity solution and y(-)
is Lipschitz continuous, implies y(-) is differentiable at g(e). Moreover, from (ii) of this

theorem,
v (¢(e))=—-(I—-D+DM)'D

for all small € > 0, which implies —(I — D + DM)~'D € 9y(q).

In particular, for the case J = (), we have ¢ > 0 and y(¢q) = 0. Choose q(¢) = g+ee. Since
q(e) > 0 for all € > 0, it is easy to verify that ¢(e) is an interior point of Rpcp(M). Note
that y(q(€)) = 0 and My(q(e)) + q(e) > 0. Thus y is differentiable at g(¢) and y'(gq(¢)) = 0.
This yields 0 € dy(q). We complete the proof. |

Theorem 2.3 Suppose M € R"™ " is a Z-matriz. Let y(p) and y(q) be the least-element
solutions of LCP(p, M) and LCP(q, M), respectively, for any p,q € Rrop(M). Then we
have

ly(p) — y(@)I| < Lllp —ql|- (2.12)

Proof: It is easy to see that for any A € [0, 1], the feasible set FEA(Ag+ (1 —\)p, M) is not
empty and thus we have the least-element solution y(Ag+(1—\)p) of LCP(Ag+(1—\)p, M).
From Theorem 2.2, we can see y(-) is Lipschitz continuous on the segment between p and
q. Therefore, y(-) is almost everywhere differentiable on the segment between p and ¢, and
we can write

1
y(p) —ylq) = /0 v A+ (1= X)p)(p — q)dA.

See [11, Proposition 2.6.5]. Moreover, if y is differentiable, then we have y/(Ag+ (1 —\)p) =
0y(Ag + (1 — N)p). Hence by (iii) and (iv) of Theorem 2.2, we complete the proof. |
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In the following, we show that the Lipschitz constant £ is much smaller than the constant
derived by Mangasarian and Shiau [23].

By Theorem 3.11.18 in [12], y(p) and y(q) are the unique solutions of the following linear
programming problems, respectively,

maximize —elz maximize —elz

: -M D . -M q (2.13)
subject to <—I >z§<0>, subject to <—I )z§<0>.

Hence, applying the perturbation error bound for linear programming problems in [23]
yields
ly(p) = ¥(D)| < veo(M)llp — 4l (2.14)

where

|u” P|j; = 1and rows of P := corresponding

M
I
to nonzero elements of u are linearly independent

Voo(M) = sup ¢ lullr |

u,v
Proposition 2.1 For any matriz M € R™", the following inequality holds
L= max{ 1M oo | My, is nonsingular for J C {1,...,n} } < Veo(M) (2.15)

Proof: Let W =diag(U,U) be a block matrix, where U € R™*" is a permutation matrix.
Then we have

sup {Jull | 7Pl =1, weu} = sup (Wl | [0V WPl =1 u el
ucR<™ ueR™
= 51]1%1; {Iwuly | |Wu)"WPU|1 =1, ueld},
ueR"

where
U={ue R | rows of P corresponding to nonzero elements of u are linearly independent}.

Hence, we have
Voo (UMUT) = voo(M).
Then for any nonsingular principle submatrix M ;, without loss of generality, we assume

Mjyy; Mjje > ( Iy 0 >
M = ' ’ and [ = ) )
< MJC7J MJC’JC 0 IJC’JC

Let b € Rl with b; = 1 and b; = 0 for j #i,j = 1,...,|J| such that ||M]§b||1 = ||Mjf||1
M;7Tb

Note that ||[M7L]l; = |M7}|s. Defi =
ote that | J,J”l | J,JHoo enne v <_M};7JMJ’31b

) € R"™. Then

M My e M My g
T J,J J,J _ _ J,J J,J _
||lv ( 0 T > Il = ||b]1 =1, rank ( 0 ) ) =n

and |[v]j; > HM;;;Fle = ||MJ_}H007 which implies v (M) > L. i
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Remark 2.2. The Lipschitz constant v, (M) is generally quite difficult to compute and it
is often much larger than £. Consider

M:<O O>, 7> 0.
-7 0

1
It is easy to find £ = 0 and veo(M) > — — o0, as 7 — 0.
T

Note that £ = L if all principal submatrices of M are nonsingular.

3 Convergence of the generalized Newton method

In this section, we consider the convergence of the generalized Newton method for solving
(1.4). We set 8 = 0, for the simplicity. Similar results hold for 6 € (0, 1).
We redefine the function H : R™ — R™ by

H(u) = ™ + h[Au + By(u) + f(th,it1)]

3.1
y(u) € SOL(g(u), M), 3.)
where
q(u) == Nu+ g(th,it1)-
We show that for a certain time step size h > 0, 2™t is the unique solution of
Flu)=u—H(u)=0 (3.2)
near 2™, and the generalized Newton method
T = Wb — VR (uF) (3.3)

hyi

converges to z™t! from the starting point u° = z*, where

Vi =1—h[A—B(I — D+ DpM)'DyN] € OF (u*)  with Dy = D).

Let
r = [|A[l + L BII|NT].
We take h < 1/k, and set

| BlAT 4 By ftien)|

hi A\ = £« |ls — 2P| < A1
2l L BaMa) = {2+ 2= 2™ <)

Lemma 3.1 Assume that M is nondegenerate matriz or a Z-matriz, and there is a con-
tinuous function y(q(z)) € SOL(q(z), M) for all z € B(z"*,~). Then (3.2) has a solution
in B(z"?, 7).

Proof: Suppose u € B(z" ). By Theorem 2.1 and Theorem 2.2, there is a v(u) €SOL(Nu+
g(thi+1), M) such that

1 (u) — 2" h (]| Az + By:f + [ (tnas) |+ [|A(u = 2") + B(v(u) — v(""))]])
h (| Az" + By + f(tns0)ll + (1Al + LIBN)Y)

Y.

I IAIA
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This implies that H(u) € B(z" ). Hence H maps B(z"?,v) into B(z, v). Suppose that
u,w € B(z"?, 7). Using Theorem 2.1 and Theorem 2.2 again, we obtain

[1H (u) = H(w)|| = hl|A(u = w) + B(v(u) = v(w))|| < hrfu —wl.

Hence H : B(azh’i,fy) — B(a:h’i,’y) is a contraction mapping. By the Banach fixed point
theorem [26], H has a fixed point in B(z"?, ), which is the solution of (3.2) in B(z"?,~). 1l

Under the conditions of Lemma 3.1, we can choose y(u) from SOL(g(u), M) such that
F is a Lipschitz continuous function in B(z%,v). By the Rademacher Theorem [11], F is
differentiable almost everywhere. Therefore, we can define the Clarke generalized Jacobian

OF () = co{lim F'(z*) : 2% — z, 2F € Qp },

where 2 denotes the set of points at which F' is differentiable, and “co” denotes the convex
hull.

From the convergence analysis of the generalized Newton method for nonsmooth equa-
tions in [30], we know that under the condition that F' is well-defined in a domain containing
21 and all matrices in OF (z+1) are nonsingular, there is a neighborhood of /! such
that the generalized Newton method (3.3) converges to the fixed point 2"+ of H super-
linearly from any starting point in the neighborhood. However, it is too hard to find such
neighborhood and too strong to assume all matrices in OF (z™**1) are nonsingular for a
Z-matrix DLCS.

In the following, we show that for certain small A, the generalized Newton method
(3.3), with the starting point u® = 2™ and a special matrix V}, in the generalized Jacobian
OF (u¥), is well-defined and converges to 2! superlinearly. Moreover, we give a method
to compute the matrix V; € OF (u¥).

The following theorem presents a nonsingular matrix in the generalized Jacobian 0F (u).

Theorem 3.1 Let J = Jy,) and D = Dgy(,y. Under assumptions of Lemma 3.1, we have
V(u)=1—h[A—B(I — D+ DM)"'DN] € 0F (u).

Proof: To show V(u) € 0F(u), it is sufficient to show that there is a sequence {uy} such
that ug — wu, a solution function y(g(ug)) € SOL(q(uy), M) is differentiable and

y'(a(ur)) = —(I = D+ DM)"'DN,
since it implies that F is differentiable at u; and
F'(uy) =1—h[A—B(I—D+ DM)"*DN].
For sufficiently small € > 0, we set
4.(u) = q(u) + (I = D)e.

From the proof of Theorem 2.1 and Theorem 2.2, we see that y(ge(u)) = y(g(u)) is a
nondegenerate solution of LCP(ge(u), M). Hence y is differentiable at ¢.(u) and gc(u)+np €
Rrop(M) for all small  and p € B(0,1).

We choose a sequence of positive numbers €, with kl;rgo e = 0.

14



Case 1: rank(N) = n: Since N is of full row rank, for each €, we set up = u +
ex NT(NNT)=1(I — D)e. Then uy is a solution of the linear equations

Nug = Nu+€ex(I — D)e and lim wug = u.

k—o0

Then y is differentiable at g, (u) = q(u) + ex(f — D)e = q(ux) = Nuyp + g(th 1) and
v (q(u)) = —(I — D+ DM)~'DN.
Case 2: rank(N) < n: Assume n < m. We choose a sequence of positive numbers 7,
with Elim ne = 0, and an n x n diagonal matrix
— 00

A =diag(A1, ..., \n), (Ml =1, i=1,2,...,n)
such that Au > 0 and
rank(N +nN1) =n, forl=1,2,...,

where N := (A,0) € R™*™_ since the leading mth-order principle submatrix of N has at
most n different eigenvalues.
Define ¢‘(u) = (N + n¢N1)u + g(ti+1)- Since

¢‘(u) > q(u) and lim ¢‘(u) = q(u),

£—o0

by assumptions of this theorem, LCP(¢*(u), M) has a solution y(q*(v)), and

lim y(q“(u)) = y(q(u)).

{—o0

Define D, =diag(dt, ..., d") with

o [ 1 wild*(w) >0
di = { 0, otherwise. (3-4)

Following the proof for Case 1, we have y is differentiable at
qe(uk) = ¢*(u) + e, (I — Dy)e

and
v (¢"(ug)) = —(I — Dy + DgM) "L Dy(N + 1 Ny).

Moreover, from the definition of ¢‘(uz), we have

lg"(wr) —a(@)ll < llg"(wr) — a" ()] + llg"(w) — q(u)]
< agn+l¢f(u) —q)] —0 as k— oo, £— 0.
Taking a subsequence ¢ (uy,) of ¢‘(uy) and using
y'(q" (ug,)) = —(I = D, + Dg, M)~ Dy (N + 100, N1 )
with (3.4), we obtain

lim (I —h[A— B(I — Dy, + Dy, M)~ Dy, (N + n,N1)))

EZ‘*)OO
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=1—h[A—B(I - D+ DM) *DN] € 9F(u).

Finally, we consider the case that rank(/N) < n and n > m. Let us consider the equiva-
lent augmented LOP(N@+g(tp,it1), M), where N = (N,0) € R™" and u = (u?,0)T € R",
then LCP(N@ + g(tpit1), M) and LCP(Nu + g(tni41), M) have the same solutions. From
the above proof for rank(N) < n and n < m, we can get the generalized Jacobian of the
augmented function. Note that the generalized Jacobian of the augmented function con-

fined to R™ is the generalized Jacobian of the original function [11]. We complete the proof.
|

Now we present the convergence theorem of the generalized Newton method (3.3). Let

_ hl|Az"* + By" + f(tn,i1) |
1 —3hk ’

" Bl m) = {z : [lz = 2| < m}.

Theorem 3.2 Under assumptions of Lemma 3.1, if 3hk < 1, then the generalized Newton
method (3.3) with the starting point 2™ converges to ™1 superlinearly.

Proof: For u € B(z"%,~;), we define
Glu) = u— V(w) " Flu),

where

V(u) =1 — h[A— B(I = Dy(yy + DyuyM) ™' DyyN].
Recall
L = max{ HM;;KH | My, is nonsingular for o« C {1,...,n} } and & =|A|+L||B|||N]|.
We obtain

A = B(I = Dy(uy + Dyuy M)~ Dy N|| LA + I BN = Dyguy + Doy M) ™ Doy |V

<
< [All+ £l BI[[v]]
<

K.

Hence, the assumption 3hx < 1 implies that V' (u) is nonsingular and

1 1

IV ()~ < - < : (3.5)
1 —h||A—B(I—Dq(u) —I—Dq(u)M) 1Dq(u)NH 1—hk
Similar to the proof of Lemma 3.1, we have
1E () = ") < b (A + By + f(thisa) | + )
and thus
G (u) = ™| < HV(U)i(V(U)(u —ah) — ut H(u) ) o
< V() I = V(w) (w = 2™) |+ [V (w) " [ H (u) — 2z
hiyi bl Az + By 4 f(tnis)l| + ham (3.6)
< +
- 1—-hk 1—hk
= m-
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Therefore, for any u € B(z"%,7v1), G(u) is well-defined and G(u) € B(z"! ~1). By the
Banach fixed point theorem, G has a fixed point @ in B(z"?,+1). By the definition of G
and (3.5), @ is also a fixed point of H in B(z" ~1). Moreover, from

|H(u) — H(w)|| < hiljlu —w|, for wu,we B(xh’i,’yl),

H is a contraction mapping on B(z"% v;). Hence @ is the unique fixed point of H in
Bz, v1). We set 2™+ = 4.

Consequently, G has a unique fixed point 2"+ € B(2"%, ;) and the generalized Newton
method (3.3) with the starting point 2/ generates a sequence {u*} which satisfies u* =
G(uF=1) € B(xz"?,~1) and converges to x™*!. Furthermore, from Theorem 3.1, 2™*+1 ¢
B(z",~) c B(z",v1) and v < 71, that is 2™+ is an interior point of B(x" ~;). Hence,
from that V}, is in the generalized Jacobian of F', and F' is semi-smooth [30], we deduce that
the convergence is locally superlinear. |

4  Least-element Z-matrix DLCS

How to choose a solution from the solution set SOL(Nxz + ¢(t), M) is very important for
the existence of solutions of the differential system and convergence of a numerical scheme.
In this section, we show that choosing the least-element solution from SOL(Nz + g(t), M)
for the Z-matrix DLCS is essential.

The Z-matrix DLCS has many applications in engineering. For example, some DLCS in
electrical networks with diodes has an non-positive matrix M [20, Example 3.1, Example
5.10], [1, Example 4.10]. Obviously, an non-positive matrix is a Z-matrix. Other important
class of Z-matrix DLCSs have a zero matrix M. In [28, Theorem 9.4, Theorem 9.5, Pang
and Stewart proved the convergence of an implicit-explicit scheme for DLCS with M = 0.
More examples of Z-matrix DLCS can be found in [6, 8, 18].

In Section 2, we show that the least-element solution y(g) of the Z-matrix LCP(q, M)
is Lipschitz continuous with respect to ¢ and the Lipschitz constant £ is computable and
smaller than the constant derived from [23]. Based on the Lipschitz continuity, we find a
positive constant Ty such that the least-element LCS (1.7) has a unique solution (z*, y*) such
that x* is continuously differentiable and y* is Lipschitz continuous on [0,7j]. Moreover,
using the Lipschitz continuity, we can choose the time step size h such that the implicit
least-element time-stepping scheme (1.8) using Newton’s method (3.3) converges to (z*,y*).

Theorem 4.1 Suppose that M € R™ "™ is a Z-matriz and at the initial point, there is a
v € R" such that
Nz(0) 4+ g(0) + Mv > 0, v > 0. (4.1)

Then the following statements hold.
(i) There are constants T > 0 and v > 0 such that

Nz +g(t) € Rpep(M), fort €[0,T], z € B(xo,y) ={z: ||z —xzol| <7} (4.2)
(ii) The least-element LCS (1.7) has a unique solution (z*,y*) € C1[0,Tp] x C[0, Tp), where

. Y
To =min{T, ——}, ¢o = ||Axo+ Byo + fl||, & =|A| + L||B||||N]|.
0 = min{ 00+m} o = [|Azo + Byo + f|| IAl -+ LIBI[NV]
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(117) If the time step size h < 1/3k, then the generalized Newton method (3.3) with the
starting point £ converges to ™1 superlinearly, which is the unique fized point of

H(u) defined by
H(u) = 2™ + h[Au + By(u) + f(thit1)]
y(u) = argmin{e’v |v € SOL(q(u), M)}.

(iv) For the implicity least-element time-stepping scheme (1.8), we have the error bound

2" — x(tn,0) | < O(h). (4.3)

Proof: (i) Let zo(t) = xo. Condition (4.1) indicates that the feasible set FEA(Nz(0) +
g(0), M) has an interior point v. Hence there are constants 7' > 0 and v > 0 such that (4.2)
holds.

(ii) From (4.2) the solution set SOL(Nxzo(t) + g(t), M) # 0 for all ¢t € [0, Tp]. Let

y(xo(t)) = argmin{e’ v| Nazo(t) + g(t) + Mv >0, v > 0}.

Then by Theorem 2.2, y(xo(-)) is Lipschitz continuous in [0, Tp].
Now we define sequences {zy} and {yx} over [0,7p] by the following recursion, for
k=1,2,...,

Tp11(t) = xo(t) —i—/o (Azk(s) + By(zi(s)) + f(s)) ds (4.4)

y(zpy1(t)) = argmin{e’v| Nog 1 (t) + g(t) + Mv >0, v > 0}.

Now we show z(t) € B(xp,7y) for t € [0,Tp] and k = 1,2,.... Note that

21 () — zo(t)[| = H/O (Azo(s) + By(zo(s)) + f(s))ds|| < coTo < .

Suppose ||zk(t) — zo(t)|| < 7. From Theorem 2.2, we have

< (Al + LIBIN)Toy + coTo
S To(’}/lﬁ-i-C())
< 7.

241 (2) — 2o (D)

Thus z(t) € B(xzg,7y) for ¢t € [0,Tp] and k =0, 1,.... Moreover, we have

< (Al + LIBIINI)Tollzk — zr—1l|
< (KTp)*eoTh

k
el
= T )
%o <Co + H’Y)

Then {zj} is a Cauchy sequence in C[0,7p] and thus there is z* € C[0,Tp| such that

lim zp, = 2* and
k—o0

[ehe1 — il

2 (1) = zo(t) + /0 (Az*(s) + By(a™(s)) + £(s))ds
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for t € [0,Tp]. This implies that «* is a solution of the least-element LCS (1.7). Moreover,
from the Lipschitz continuity of y and f, # = Ax + By + f is continuous on [0, Tp], that is,
z* € CH0,Tp).

Now we show that the solution x* is unique. Suppose there are two solutions u and v.
Then by the Lipschitz continuity of the least-element solution y, we have

Ju—wvll < (Al + LIBINI)Tollu = vll = £Tol[u = v].

Since kT < 1, we must have u = v.

(iii) This result is directly from Theorem 3.2.

(iv) Since the right-hand-side function Ax(t) 4+ y(x(t)) + f(t) is Lipschitz continuous on
[0, Tp], the implicit least-element time-stepping scheme (1.8) has at least linear convergence
rate. |

The Z-matrix complementarity problem has many applications in engineering and eco-
nomics [1, 12, 20, 22]. For example, the input-output model is widely used for accounting
and planning, which considers qualitative relations between the output levels of the various
sectors of an economy [22].

Let d € R™ be a given final demand for n commodities. Let C € R"*" be the input-
output matrix whose elements are nonnegative. The input-output model seeks a supply
vector y € R’} such that

0<yl(I-Cly—d=>0. (4.5)

This LCP can be regarded as equilibrium conditions between the supply y; and the demand
(Cy + d); that involves the production and the final demand. The equilibrium conditions
for a fixed time period can be formulated as the following DLCS;

i(t) = Aw(t) + By(t) + £ (1
0< y(t) L(I - C)y(t) — x(t) > 0 (4.6)
2(0)=d, tel0,T)

where A € R™" and B € R™*"™ which means that the demand and supply have the fixed
growth ratio over the time period (0,7]. Obviously, the matrix M := I — C' is Z-matrix,
since all elements of C' are nonnegative. The following conditions are often used in practice;

n
Y Cy<1, j=1,....n (4.7)
=1

or
n
Y Cy<1, i=1,...,n (4.8)
j=1

Condition (4.7) means that the amount of each commodity which is used for produc-
tion of one unit of all the commodities may not exceed one unit, whereas condition (4.8)
means that the total amount of commodities which is used for production of one unit of
each commodity may not exceed one unit. Under one of conditions (4.7)-(4.8), if either M
is irreducible and at least one of the inequalities in (4.7)-(4.8) is strict or all inequalities
are strict, then the Perron-Frobenius theorem ensures the nonsingularity of M and nonneg-
ativity of M~!. In this case, M is an M-matrix. Hence the DLCS (4.6) has a Lipschitz
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continuous solution (z(t),y(t)) for any T' > 0. Moreover, by Theorem 3.2, if we choose the
step size

h < L
= 3(1Al+ MBI
then the generalized Newton method (3.3) applied to the time-stepping method (1.3) con-
verges to 2™t from 2™ for i =0,..., Ny with Nj, = T/h.

Computable Lipschitz constants for least-norm solution of DLCSs with a positive semi-
definite matrix M have not been well studied. If M is a positive semi-definite and Z-matrix,
for example, see Example 2 in [18], our results on Z-matrix DLCS can be applied to find a
computable Lipschitz constant.

Now we use the following example to illustrate the least-element LCS (1.7) and the
implicit least-element time-stepping scheme (1.8) for the differential Z-matrix LCS.

Example 4.1 We consider the following differential Z-matriz LCS
Y1
d I —Q1 0 Tl asg 0 0 —Q3 Y2
il = t
dt < To ) [ 0 —g } < T2 + 0 a4 oy 0 Y3 1)

Ya

(4.9)
Y1 -1 0 1 0 0 0 Y1
Y2 0 1 1 0 0 -1 0 Yo
< > 0.
<1 [F] o 1 (:):2>+ 0 1 0 0y |T9020
Y4 1 0 0 0 0 1 im
The given matrices and functions in this example are
-1 0
| o 0 | —az3 0 0 a3 _ 0 1
A_|: 0 —042:|’ B_|: 0 a4 Oy 0:|’ N = 0 1 ’
1 0
1 0 0 O
10 0 -1 0 ([ assin(wt) _
0 0 0 1

We can compute the Lipschitz constant £ of the least-element solution y(-) and find
L=1 and r=|Al+LBI[[N] = max{|aa], [az|} + 2 max{|as], [aal}-

The solution set of the LCP in (4.1) can be explicitly given as
SOL (Nz(t), M)

1(7) z1(t) z1(t) x1(t)
8 , xgét) ’ x;zt) : 28 , x1(t) > 0,22(t) >0
— 0 0 0 0
8 ; :Uzczt) 7 ( a:gét) izgg . x1(t) <0,29(t) >0,
\ —xl(t) —l’l(t) —xl(t) —xl(t)



and the least-element solution is

I (t)
8 Lot > 0,a(t) > 0
gz =4 O,
8 L a(f) < 0,29(t) > 0
—l'l(t)

The corresponding least-element solution system is

{ £1(t) = — (a1 + ag) z1(t) + o5 sin(wt), z2(t) > 0.

Zo(t) = —anxa(t),

A continuously differentiable solution of DLCS (4.1) corresponding to the least-element
solutions exists and can be given by

as(aq + a3) sin(wt) — wag cos(wt) + o e(atas)t
x(t) = (a1 + az)? + o7 ' . 2(0) = (21(0), 22(0))"

coe oot

for any initial value x(0) with x2(0) > 0, where c;, c2 are arbitrary constants. If we choose
the initial value z(0) = (0,1)7 and parameters

ar=1, as=2, a3=3, a4=13, a5=12, w=10,
the exact solution corresponding to the least-element solutions is
4.8sin(10t) — 12 cos(10t) N 3 4
—e
x(t) = 116 29 , 2(0)=(0,1)".

e—2t

Now, we consider the implementation of the generalized Newton method. For z1(¢) > 0,
the least element solution y(Nxz(t)) has one positive entry y; (Nz(t)) > 0. By Theorem 2.2,
let D =diag(1,0,0,0), we obtain

Y =(—-D+DM)'D =D c dy(Nxz(t)).

Choose the time step size h < 1/3k = 1/24. By Theorem 3.2,

I—h(A—BYN) = <(1) ?)—h( 80‘1_0‘3 (Lm > € OF (z(1)).

It is nonsingular and bounded. We can use it in the generalized Newton method (3.3).
Similarly, we can give the generalized Jacobian for the case z1(t) = 0 and x1(t) < 0.

It is worth noting that choosing a non-least element solution from SOL(Nz(t), M), we
cannot have a Lipschitz continuous solution, and use the generalized Newton method (3.3).
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A matrix M € R™" is called a hidden Z-matrix [12], if there exist Z-matrices X and Y
in R™*™ and nonnegative vectors r and s in R™ such that X is nonsingular and

MXx =Y, rIX+sTY>o0. (4.10)

The class of hidden Z-matrices contains the class of Z-matrices. All results concerning the
class of Z-matrices in this paper can be extended to the class of hidden Z-matrices, by using
Theorems 3.11.17 — 3.11.19 and their proof in [12]. In particular, the least-element solution
z* of the LCP(gq, M) with respect to the partial ordering <¢ can be obtained by solving the
following linear programming problem

minimize el X1z

subject to 2z >0, q+ Mz >0, (4.11)

where C =posX is the pointed convex cone and X is the Z-matrix in (4.10).

Final Remark

In this paper, we propose a superlinearly convergent generalized Newton method (3.3)
with a specific matrix in the generalized Jacobian to solve the system of nonlinear equations
with linear complementarity constraints (1.4) in the implicit or semi-implicit time-stepping
scheme (1.3). We show the generalized Newton method is well-defined and converges su-
perlinearly for M being a nondegenerate matrix or a Z-matrix. It is worth noting that the
solution set of the nondegenerate matrix or Z-matrix linear complementarity constraints
can be unbounded. The right-hand side of the ordinary differential equation in the non-
degenerate matrix or Z-matrix linear complementarity system is multifunction. We show
that the least-element solution of the Z-matrix linear complementarity constraints is Lip-
schitz continuous with a computable Lipschitz constant £. Example 4.1 shows that it is
necessary to choose the least-element solution at each time ¢ to get a solution z(¢) € C*[0, T].

Acknowledgments: The authors are grateful to Jong-Shi Pang for his helpful comments
on the degenerate matrix and Theorem 2.3. The authors would like to thank the associate
editor and two referees for their many constructive comments that helped to improve the
presentation of this paper.
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