A GAUSS-SEIDEL TYPE METHOD FOR DYNAMIC NONLINEAR
COMPLEMENTARITY PROBLEMS
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Abstract. The dynamic nonlinear complementarity problem (DNCP) consisting of a nonlinear differ-
ential system and a complementarity system has been used to formulate and study many dynamic problems.
In a Gauss-Seidel type method for DNCPs, by first guessing a solution of the differential system, we can
solve the complementarity system and then with the computed solution we can solve the differential system
to update the guess. Upon convergence at the current time point we can move to the next one. The idea
can be easily generalized to multi-point version: instead of doing iterations at each single time point, we
can do iterations for a number of time points, say J time points, all-at-once. Despite its simplicity and
easy-implementation, convergence of this method is not justified so far. In this paper, we present interesting
convergence theorems for this method. We show that the method with a fixed length of time interval con-
verges superlinearly and the convergence rate is robust with respect to the step-size h. Moreover, we show
that the method with a fixed number of time points converges with a rate O(h). Since at each iteration
the differential system and complementarity system are solved separately, many existing solvers are directly
applicable for each of these two systems. It is notable that we can solve the complementarity system at all
the J time points in parallel. Numerical results of the method to solve the four-diode bridge wave rectifier
with random circuit parameters and the projected dynamic systems are given to support our findings.
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1. Introduction. We are interested in solving the following dynamic nonlinear com-
plementarity problem (DNCP) with initial value x(0) = xo:

&(t) = F(t,2(t),y(t), 0 <y(t) L Gt z(t),y(t) =0, t € (0,T), (1.1)

where z(t) € R™, y(t) € R?, F : Ry x R™ x R" — R™ and G : R x R™ x R? — R™,
The nonnegativity and perpendicularity in (1.1) are explained in the component sense.
Applications of differential complementarity problems and other closely related models, such
as the differential variational inequalities [12,31], can be found in many places; we refer the
reader to the excellent monographs [13,16] and the survey papers [26,29]. An important
subclass is the following differential semi-affine systems [2,16,26]:

(t) = F(t,2(t),y(t)), 0 < y(t) L Na(t) + My(t) +g(t) >0, t € (0,T), (1.2)

where N € R**™ M € R"*™ and g : R — R™. A special case of (1.2) is the dynamic
linear complementarity problem (DLCP) [4-6,9, 16, 18,20, 26,28, 30,32, 33]:

@(t) = Az(t) + By(t) + f(t), 0 < y(t) L Na(t) + My(t) + g(t) >0, t € (0,T),  (1.3)

where A € R™*™ B € R™*™ and f: Ry — R™.

For a DNCP, the exact solution is not available in general and quantitative study of
these problems mainly relies on numerical computation. The time-stepping method is widely
used [1,4,9-11,13,16,18,20,26,33]. Applying the Backward-Euler method to (1.1) gives

0< Y L G(tj,xj,yj) >0, T; =21+ hF(tj,.I‘j,yj), J=1,2,... Ny, (14)
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where h = Nlt is the step-size and N, is a positive integer¥. Clearly, the major computation
cost of solving (1.1) lies in solving the nonlinear system (1.4) at each time point and the

goal of this paper is to establish an efficient method to solve such a nonlinear system.

1.1. The existing methods. There are two mainstream methods for solving (1.4) at
each time point. The first one is a direct method, which is for DLCP (1.3). The nonlinear
system (1.4) for DLCP is

0<y; L Nzj+My;+g; >0, xj =xj_1 +hAzx; + hBy; + hf;, j=1,2,...,N;. (1.5)
From the discretized ODE system z; can ben given as
xj = h(I — hA)" By, + f;, with f; := (I — hA) " (z;_1 + hf)), (1.6a)
and then we substitute x; to the linear complementarity system (LCS) in (1.5):
0<wy; Lg;+ Myy; >0,with My, := hN(I —hA)"'B+ M, §;:=g; + Nf;.  (1.6b)

Solving (1.6b) gives y; and then by substituting y; to (1.6a) we get ;. Method (1.6a)-(1.6b)
is extensively studied in the literature; cf. [1,4,5, 10,11, 18, 20, 25, 26]. Problems exist for
this approach in two aspects. First, even though the LCS in (1.5) has a unique solution in
a certain sense, there is no guarantee that this is also true for (1.6b). For example, if M is
a P-matrix!l the LCS in (1.5) has a unique solution at each time point ¢;, but this is often
not the case for (1.6b) because the matrix M} may not be a P-matrix, unless the step-size
h is sufficiently small. Second, for large-scale problems, e.g., the DLCPs arising from the
parabolic Signorini problems [14, 32], it would be difficult to compute the matrix Mj. For
example, suppose B = [by,...,b,], we have to solve n linear systems {(I — hA)~'b}1,.
The massive computer memory and computation time required would be serious problems,
if A and B are large size matrices.

The second mainstream method for solving (1.4) is the semi-smooth Newton method
[7,9]. Under some suitable assumptions, the complementarity system has a unique solution
denoted by Y(z;). Then, by substituting this expression to the differential system we get a
nonlinear system concerning x;: F(z;) = 0, where

F(z):=z—xj_1 — hF(tj,z,Y(2)).

Applying the semi-smooth Newton method to this problem results in the following itera-
tions:

k Ak _ kY k¥l _ Ak ok g
ViAzi = —F(z5), i7" = Axj + 2, k=0,1,..., (1.7)
where J;g is the initial guess and Vf is the Clarke generalized Jacobian matrix of F(z) at
x? The semi-smooth Newton method is locally convergent and therefore the initial guess
0

x7 must be very close to x; [9]. Moreover, it would be difficult to get the Clarke Jacobian
matrix ij for DNCPs of large size.

1.2. New idea. The goal of this paper is to avoid the aforementioned problems for
the direct method (1.6a)-(1.6b) and the semi-smooth Newton method (1.7), by solving (1.4)
iteratively in a Gauss-Seidel fashion:

0 <y LGy, ok, i) >0, 2™ =,y + hF(t;, 25T g5, (1.8)

TWe assume that the time points {t; }]J:O are equally spaced, i.e., {t; = jh}é\’:‘O, but this is not a
restrictive assumption since all the results obtained in this paper also hold for arbitrarily chosen time points.
A matrix M is called P-matrix, if all the principal minors of M are positive.
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where k > 0 is the iteration index and 1:9— is an initial guess of z;. Upon convergence, we
have z7° = x; and y;° = y;. Since the differential and complementarity systems are solved
separately, for each of these two systems many existing methods can be used without changes.
Precisely, the nonlinear function F' that models the differential system is often a smooth
function and therefore x?"'l can be obtained by using the classical Newton method [15].
For the complementarity system, we can solve it by many mature solvers, e.g., the iterative
method based on some linearization technique [27] and the PATH solver [17]7.

Of particular interest is the semi-affine problems (1.2) , i.e.,

0<yf™ LNah+ Myt 49, >0, ajt =z 1 + hF(ty, 25 yi ), (1.9)
for which we can solve the LCS via existing optimization solvers. For example, if M is a
Z-matrix/ we can obtain y}”‘l via solving the following linear programming problem [9]:

min ||yll1, s.t. y >0, My —i—N:vf +g; >0.
Moreover, for DLCPs, i.e.,

0<yftt L N2l + Myt +g; >0, it =2y + AT + BByS T+ 1f;, (1.10)

we need to solve only one linear system to get x?“, ie., (I—hA)nc?+1 = xj,1+hByf+1 +hfj.
Suppose after k* iterations of (1.10) the error arrives at the prescribed tolerance, we solve
k* linear systems in total. In practice, e.g., for the examples studied in Section 4, k* is much
less than the number of linear systems needed to form the matrix M, for the direct method
(1.6a)-(1.6b) and the Clarke generalized Jacobian matrix V;k for the semi-smooth Newton
method (1.7). For large-scale problems, this is an important advantage.

Instead of applying (1.8) to each single time point, we can generalize the idea to a

multi-point version as follows. First, we divide {t1,%2,...,tn,} into P groups:
{t1>t27 e ,tj}, {tJ+1;tJ+27 oo 7t2J}7 L) {t(P—l)J+17t(P—1)J+2a s 7tPJ}7
Ny

where tp; = ty, =T and J = 3¢ > 1 is an integer. Then, we apply (1.8) to each of these
P groups of time points one-by-one.  Without loss of generality we assume P = 1 (i.e.,
J = N;) and then we get a multi-point version of (1.8) as
0<yi™ LG (ty, 2k, i) >0, 2™ =2t 4 hF (4,25 0 (1.11)
where j = 1,2,...,J. The quantities {y: 3-7:1 are independent with each other and
therefore the computation of the complementarity system at all the J time points is in
parallel. If the computation of the complementarity system is much more expensive than
that of the ODE system, e.g., for DNCP (1.1) with n > m, such a parallelism can save
considerable computation time.
The iterative algorithm (1.8) is the basis of this paper, but for completeness we will make
a convergence analysis for the multi-point version (1.11) and the convergence properties of
(1.8) can be directly deduced (cf. Remark 2.2). We will show the convergence of the iterative
method (1.11) when G is a uniform P-function with respect to y (cf. (2.1) for definition).
We prove that the method has two different convergence properties depending on whether
we use it for a fixed length of time interval or we use it for a fixed number of time points. For
the first situation, we prove superlinear convergence with a rate independent of the step-size

k+1
i)

TWe can download free the most recent PATH solver from http://pages.cs.wisc.edu/ ferris/path.html.
Il A matrix M is a Z-matrix, if its off-diagonal elements are non-positive.
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h. For the second situation, we prove that the method converges with a rate O(h) and thus
a smaller step-size h accelerates the convergence speed. For the case when G is a linear
function of y:

G(t,z(t), y(t)) = My(t) + G(t, z(t)), (1.12)

we prove that these results hold if M is a Z-matrix or positive semi-definite matrix.

The rest of this paper is organized as follows. In Section 2, we present the convergence
analysis of the new iterative method for the case when G is a uniform P-function. In Section
3, we consider the case (1.12) for M being a Z-matrix or positive semi-definite matrix. In
Section 4, we show applications together with numerical results of the new iterative method
for differential complementarity systems arising in three different fields. This includes a
direct application of the method to a 4-diode bridge wave rectifier consisting of a nonlinear
resistor and a capacity with random value, and a modified application of the method to a
projected dynamic system arising from the spatial price equilibrium problem. The numerical
results show that the new iterative method is superior to the existing methods, with respect
to robustness, complexity, and computation time. We conclude this paper in Section 5.

REMARK 1.1. An iterative method of Gauss-Seidel style for solving DLCPs has been
studied in [32]. The main idea is to express the exact solution z**1(t) via Laplace inversion
transform:

S () = 2% / et (sT — A)"M(zo + BF(s) + J(s))ds, (1.13)

r
where §*T1(s) and f(s) denote the Laplace forward transforms of y*T'(t) and f(t) and T
denotes a contour in the complex plane, which is a simple, closed, positively oriented curve
enclosing the spectrum of A. This method is only applicable to DLCP (1.3). For the
nonlinear case or the linear case with time-dependent coefficient matriz A(t), we cannot
represent x**1(t) via Laplace inversion and thus the method proposed in [32] is entirely not

applicable to DNCPs.

2. Convergence analysis in the uniform P-function case. In this section, we
consider the case that the function G(¢,x,y) is a uniform P-function of y in R?}, i.e., there
exists a constant Lo > 0 such that (cf. [26, Section 5])

max (gl - gl)(Gl(tvxvg) - Gl(tvm7g)) > LO”@ - ﬂ”%ﬂ (21)
1<i<n
which holds for all (t,z) € Ry x R™ and g,7 € R"}, where G; denotes the [-th component
of the function G. Moreover, we assume that there exists a constant Lg > 0 such that

IG(t,z,9) = G(t,z,§)ll2 < Lallg — dll2, V(t,z) € Ry xR™, 3,7 € RY. (2.2)

The property of uniform P-function, together with the Lipschitz condition, for the function
G implies the following lemma.

LEMMA 2.1 (Theorem 5.1 in [26]). Suppose the function G(t,x,y) satisfies (2.1)-(2.2).
Then, the nonlinear complementarity problem 0 <y L G(t,x,y) > 0 has a unique solution
V() for any (t,z) € Ry X R™, which is a Lipschitz continuous function of x at a fized t.
Particularly, there exists a constant ny > 0 such that |Y(Z) — V(Z)]l2 < nel|Z — Z|2.

REMARK 2.1. The property of uniform P-function resembles the notion of ‘point-wise
strong reqularity’ discussed by Pang and Shen in [2/]. The assumption of point-wise strong
reqularity is weaker than the assumption of uniform P-function property and a local Lipschitz
solution can result a specific NCP solution, which is similar to the statements of Lemma 2.1.
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We next assume the following Lipschitz conditions for F'(t,x,y):

<F(t7fay) - F(tvi.ay)vi' - i> < Ll”‘(E - jH%? V(t,y) € RJr X Riv‘i‘vi S Rma

i 8 o o " (2.3)
HF(t,l’,y) - F(t,l’,y)Hg S L2||y - y||27 V(t,l’) € R+ x R Y, Y € R+7

where (-) is the standard Euclidean inner product, Ly € (—o0,00) and Ls > 0. The first
condition in (2.3) is called one-sided Lipschitz condition and L; can be positive or negative.
The following lemma (see Appendix-1 for proof) about the combinatorial identities is useful
for the convergence analysis for method (1.11).

LEMMA 2.2. Letr >0 and (r, J, k) = Z =1 Zm 1 jk;ll rJ=Ix. Then, we have

Ik

J+k-1-1 7
(1r le( E—1 >(1T)z, r#1,

<J+k1>
, r=1.
k

THEOREM 2.3. For problem (1.1), suppose the functions G and F satisfy (2.1), (2.2)

and (2.3). Then, for method (1.11) the error ef = x; — x¥ satisfies

Y(r, J k) = (2.4)

(hi)*(1, J, k) maxo<j<.s [|€] 2, if L1 =0,

~ \k (2.5)
W= hL) " Tk (2 ) maxigie leflla if L £ 0,

max [efl2 <
0<j<J

provided hLy < 1, where 7] = Lan and x; is the converged solution (i.e., the solution of the
fully nonlinear one step problem (1.4)).

Proof. By using Lemma 2.1, we represent yf“ as Y(z ]) and the converged solution y;
in (1.4) as Y(x;). Therefore, we can rewrite (1.4) and (1.11) as

wj = wj1 + hF(tj, x5, Y(x))), o5t =20 4 hE(t, 25, V(ah)).

J 3T

For the simplicity of notations, we let e = x; — 2%, ¢ = Y(x;) and ¢* = Y(x¥). Then,

e§+1 k+1 +h[F(t; 25, q) — F(tj,gg;“rl,qk)] .

/’~3+1H27

To get an estimate of ||e we consider the following inner product

(5T el ™) = (ef T e ) + ML Pty a,0) = Fty, 25 )+

(ST Bty 25 q) — F(ty,25, ¢")).

By using the Cauchy-Schwarz inequality and the two Lipschitz conditions in (2.3), we get
€513 < NlefH l2llef 1 llz + ALylle; ™ I3 + hLzlef ™ [l2llg — a2 (2.6)
For the last term in (2.6), by using Lemma 2.1 it holds that
lg = a"ll2 = [ ¥(z5) = Y(@5)ll2 < nllef -

Substituting this into (2.6) gives ||ek+1|\2 < ||ek+1||2+hL1||ek+1||2+h77||ek||2, with 77 = Laon.
The assumptlon hL; <1 implies ||ek+1|\2 < = hL1 ||ek+1H2 + 1= hL1 [e¥]]2.

Let {e o be the sequence defined by

1 h7
7“ m“wmeﬁ, with {e) = [|e2ll2}o and {c§ = 0}so.
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It is clear ||€kH2 < e . So, it suffices to establish a suitable inequality between max;<;<s e
and maxi<;<j 6 We have

hﬁ J (e
k+1 _ =0 k =j—1 k
€; T E ( — hLy) = hny E (1—hLq) €, (2.7)

and a successive application of this relation yields

(hi)* Zh 1232 1 Zji 11 (L= hL)™ e,

which gives e? < {( 77) ZJI L ]2 L ?i;ll (1—hL1)J’k*jf’€} maxo<i<; e?. This rela-

tion holds for all j € {0,1,...,J} and we therefore get

koo Tt k= 0 2.8
g < (0 Zgl e A=l e . (28)

It remains to estimate the nested summat_ion in (2.8). We consider the following two cases.
Let r = . Then, it holds 37 B SR (1 — WLy )R = (r, J, k), where

ﬁ J1=1 £aga=1 Jre=1
is the function given by Lemma 2.2. Applying Lemma 2.2 gives the desired result (2.5). O
Based on Theorem 2.3, we next study the asymptotic convergence rate of method (1.11)
in the case that the step-size h approaches to zero. Such an asymptotic convergence analysis
gives more convenient estimate of the convergence rate. We will distinguish two situations:
1. method (1.11) is used with a fixed number of time points, i.e., J is fixed;

2. method (1.11) is used with a fixed length of time interval, i.e., T = hJ is fixed.

2.1. Asymptotic convergence rate when J is fixed. We first consider the case
that the iterative method (1.11) is applied to a fixed number of time steps, i.e., J is fixed.
Based on Theorem 2.3 we have the following result.

THEOREM 2.4. Under the assumptions of Theorem 2.8, it holds for k > 1 that

max fejllz < p" max [ef]l2, (2.9)
where p = —1— = O(h) and 1] = nLs, provided h(L1 + 1) < 1 and J is fized.
Proof. To see this, we need to use 7 +IZ -1 < (1 4 k)=, which can be verified
directly. For the case Ly = 0, from Theorem 2.3 we have
i (R = () @10

This proves (2.9) for the case Ly = 0 in Theorem 2.3. We next consider the case Ly # 0.
First, for Ly > 0 it holds 1 — hLy € (0,1) and then by using Lemma 2.2 we have

» 1 1 J+k—
¢((1 = hLy) ,J,k)S(l_hLl)Jw(l,J,k):(l_hLl)J< +k 1).

Then, by using (2.10) we have limy_, o, ’{/1/1((1 —hLy)~ 1 J k) < 1sincelimy /(1 —hLly)~7 =
1. Second, for L; < 0 we have (1 — hL;)~! < 1 and therefore

Y((1—hLy) "t T k) < (1,0, k) = (J +Il§ : 1)'

Again, by using (2.10) we have limy_ 4/9((1 — hL1)~1, J k) < 1. 0O
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2.2. Asymptotic convergence rate when T = hJ is fixed. Theorem 2.4 implies
that if the number of time points is fixed, a smaller step-size h results in faster convergence
for method (1.11). For a fixed length of time interval, say ¢ € [0,T] with T being a fixed
quantity, this conclusion does not hold, because in this case J increases linearly as h reduces
and therefore the limit in (2.10) is not correct. When h.J is fixed and h — 0, method (1.11)
reverts to the following continuous analogue:

0 < y*L(t) L G(t, 2" (1), y* 1 (1)) > 0, "F1(t) = F(t, 2" (1), y* (1)), t € (0,T). (2.11)

THEOREM 2.5. Under the assumption of Theorem 2.3, it holds that

2% () — 2(t)[|2 < max{LZL!lt}(tﬁ)k

sup [|z°(t) —z(t)|l2, t € (0,T), (2.12)
t€[0,T)

where 11 = Lan and x(t) is the converged solution of (2.11).
Proof. In (2.11), according to Lemma 2.1 we represent y**1(¢) as J(z*(¢)) and then we
rewrite (2.11) as

PP (t) = F(t, 2" (1), Y(2* (1)), t € (0,T), (2.13)
where 2#(0) = x for all k > 0. Similarly, we can rewrite (1.1) as
i(t) = F(t,z(t), Y(z(t))), t € (0,T), (2.14)
where z(0) = zg. Let e¥(t) = 2%(t) — x(t). Then, from (2.13) and (2.14) we have
() = F(t, 2" (), Y(* (1)) = F(t,2(1), Y(x(t))), t € (0,T), (2.15)

where €¥(0) = 0 for all k > 0.
For the Euclidean inner product, it holds for any differentiable function e(t) # 0 that

djle (t)|\2 =2(é(t), e d .
{d| e 2<e((?)||2(§)@$)|2 e TR — o) ). 216)

Applying this to differential equation (2.15) gives

Jeb O DD _ a0, ex)) = (P02, @1 = Pt V@), a* — o)

= (F(t,2* 73’( ) = Ft e, Y ),ab =) + (Bt e, V() - Pt 2, (@), 2" - )
< Lifle* ()13 + Lanlle® @)l (£)]l2,
where for the ‘<’ we used (2.3) and Lemma 2.1. We have
dle* (t)]l2
dt
where 77 = Lon and ¢*(0) = 0 for all k > 0, i.e.,

(t) < Lalle" @)l + 7le" (D)2, t € (0,7),

t
le(®)]]2 < 77/ F1 [ (s)lads, t € (0,T). (2.17)
0

Using (2.17) recursively gives

t s1 Sk—1
||ek(t)H2 < ﬁk (/ eL1(t=s1) / eli(si=s2) | / el1Gr—1=s1) g .. d31> sup Heo(t)Hz_
0 0 0 te[0,T]
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The k-fold integral can be estimated as follows:

t 51 Sk—1
/ eLl(tfﬁl)/ eli(s1—s2) / eLl(Sk—lfsk)dSk...dsl
0 0 0
t S1 Sk—1
:eth/ / / e_Llskdsk...dtsl
0 0 0

t S1 Sk—1 tk
< ethmaX{l,e_th}/ / / ldsy---dsy :max{l,eth}—'.
0o Jo 0 k!

From this, we get ¢*(t) < M supye (o7 C°(t). O

REMARK 2.2 (about the convergence rate). From Theorem 2.4 and Theorem 2.5, we see
that method (1.11) has two different convergence rates. If J is fixed, the method converges
with a rate p = O(h) and this implies that the method converges if a smaller step-size h is
used. In particular, for J =1 we know that the iterative algorithm (1.8) used for each single
time point converges with a rate O(h), since in this case the multi-point algorithm (1.11)
reduces to (1.8). If the length of time interval is fixed, i.e., the quantity T is fized and J
increases as h decreases, the factorial term k! in (2.12) implies that the method converges
superlinearly with a rate independent of h.

REMARK 2.3. From Theorem 2.3 and Theorem 2.5 we see that a negative Lipschitz
constant Ly results in faster convergence, compared to a positive L. In the linear case, i.e.,
for DLCP (1.3), Ly is negative when the matriz A is similar to its Jordan canonical form
via an orthogonal transformation and the real parts of the eigenvalues are negative. This is
often the case when the differential system arises from semi-discretizing a partial differential
equation, e.g., the parabolic Signorini problems [14].

2.3. The case of nonlinear Py-function. The requirement that G is a uniform P-
function can be slightly relaxed, namely G is a Pg-function of y, i.e., G still satisfies (2.1)
but Lo = 0. In this case, we can use the idea of regularization [10] to deal with DNCP (1.1).
Precisely, with a small quantity € > 0, we rewrite (1.1) as

.Z‘(t) = F(t,x(t),y(t)), 0< y(t) 1 é(tax(t)vy(t)) >0, é(tvxvy) = G(t7x7y) +ey. (218)

Now, it is clear that Gisa uniform P-function of y. It was proved in [10] that the solution
Ye(t) of the regularized complementarity system in (2.18) approaches to y(t)—a solution of
the original complementarity system in (1.1) if (1.1) has a solution, when ¢ — 0. Hence,
with a suitable regularization parameter € > 0, which is comparable with the temporal
discretization error O(h), all the results obtained in this section are directly applicable to
(2.18).

3. Convergence analysis in the case of linear complementarity. We now con-
sider the case that the function G(t, z,y) is not a P-function with respect to y, in the
following DNCP form:

(t) = F(t,z(t),y(t), 0 <y(t) L My(t) + G(t,z(t)) >0, (3.1)

where z(0) = z and G : Ry x R™ — R" can be a nonlinear function of z. In particular,
we consider the case that M is a positive semi-definite matrix. (The case that M is a
Z-matrix can be treated similarly; see Remark 3.1.) DNCPs (3.1) have wide applications;
see, e.g., [13,26,30]. For positive semi-definite matrix M, the LCS in (3.1) has a unique
least-norm solution if the feasible set FEA(M,G(t,z)) := {yly > 0,G(t,z) + My > 0} is
nonempty. Choosing the least-norm solution from the solution set leads to

@(t) = F(t,z(t),y(t)), y(t) = argmin{[[v]|2 : 0 < v L Mo + G(t,z(t)) > 0}. (3.2)
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Then, similar to (1.11) we define the following iterative method:

Jr%g

k+1 k+1 k+1 | k+1 :
it ::cjjl—i-hF(tj,ijr ,yj+ ), i=1,2,...,J.

{yf“ = argmin{|[v]3: 0 < v L Mo+ G(t;,z%) >0}, j=1,2,...,J, (3.3)

J

The assumption that M is a positive semi-definite matrix, together with FEA (M, G (t,z)) #
(), guarantees the unique existence of the least-norm solution of the LCS, but this can not be
used as a criterion in practice, because the solution z(t) is not known a priori and therefore
it is difficult to justify whether the feasible set is empty or not. Our task in this section is
to answer the following two questions:

1. under what conditions DNCP (3.2) have a unique solution (z(t),y(t)) ?
2. under what conditions the iterative method (3.3) converges ?

The following lemma plays a central role for our analysis.

LEMMA 3.1 (Theorem 2.3 in [9]). Let M € R™ "™ be a positive semi-definite matriz
and q1,q2 € R™ such that FEA(M,q1) # 0 and FEA(M, g2) # 0. Then, we have ||Y(q1) —
V(@2)ll2 < nollgr — gz2|l2, where Y(q) denotes the least-norm solution of 0 <y L g+ My >0
and ng > 0 s a constant. N

We assume that the nonlinear function G(t, z) satisfies the following Lipschitz condition

IG(t, z1) — G(t, z2)||2 < m||m1 — @2||2, VE € Ry, 21, 25 € R™. (3.4)

THEOREM 3.2 (unique existence of the solution of (3.2)). For DNCP (3.2) with M being
a positive semi-definite matriz, suppose F(t,x,y) satisfies the Lipschitz condition (2.3) with
Ly € R and Ly > 0. Assume that the nonlinear function G satisfies the Lipschitz condition
(3.4) and that there exist T > 0 and > 0 such that

FEA(M,G(t,v)) £ 0, fort e[0,T] and v € B(xo, 8) := {v : |[v — 02 < 8} (3.5a)

Then, the DNCP (3.2) has a unique least-norm solution (z(t),y(t)) € C*(0,t) x C(0,t) in
the interval t € (0,T%), with T* being defined by

T7 Zf Ll S _Ma
" =9 1 L1f ; Nﬁfc‘
min {T, L—llog (1 + ﬁﬁJerc))} , if Ly > _WTO’
where 1 = Lanon1, Co = maxe(o, 1] | F (20, V(G(t, 20))|l2 and Y(G(t, x0)) denotes the least-
norm solution of the complementarity system 0 <y L G(t,zo) + My > 0.
The condition (3.5a) shall be used throughout this section. It is essentially the same

assumption that the authors used in [9] to study the semi-smooth Newton method. With
the quantity T defined by (3.5b) it holds that

(3.5b)

elit — 1 8
< = , for t < T, 3.6
Ll - nﬂ‘i’C() ( )

Lit_q
Ly
Proof. Let {x*(t),y*(t)}x>0 be the functional sequence generated by

where for L1 = 0 the left quantity is defined in the limit, i.e., limy,, ¢ £ =t.

y*t1(t) = argmin{|jv]|]z : 0 < v L Mv + G(t, z"(t)) > 0},
B TH(E) = F(t, 2" (1), 4" (1),
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where 2¥(0) = x¢ for k > 0. For the initial iterate, i.e., k = 0, we choose z°(t) = x7. We
claim that starting from this initial guess every iterate 2*(t) still lies in the ball B(xq,3)
under condition (3.5b).

For k = 0, since 2°(¢) lies in the ball B(zg, 3) we know that y'(¢) is uniquely existent

for t € [0,T]. Hence, &*(t) = F(t,2'(t), V(G(t,z°(t)))). We have

A= 20O [ 1, 210), 9(@0(0) - F (120, G2 0)] +
F(t, (), V(@1 2°(0).
By using (2.16) and the Lipschitz condition for F (cf. (2.3)), we have

dl|z' () — zo(t)]2
dt

This, together with (3.6), implies that under condition (3.5b) the solution x!(t) lies in the
ball B(z, 8) for ¢t € [0,T*].
Suppose z*(t) € B(zg, 8) for t € [0, T*]. Then, we have

dz"(t) — zo(t)]
dt

elit — 1

< Lyla'(t) — zo(t)||2 + Co = |lz*(t) — zo(t)]|2 < Co

= [F(t, 210, V(G (t, (1)) = F(t,2°(1), VGt 2" (1))| +
[F (2, V(G (t,2"(1)) = F(t.2°(0), D(C(t.2"(1))] +
F(t,2°(t), (G(t,2°(1)))).

Similar to the deduction for ||x!(#) —xo(t)||2, by using Lemma 3.1 and the Lipschitz condition
(3.4) it holds that

dl|z* 1 (t) — wo(t)
dt

l2 < 1 1ab1(8) = wo(t)llo + Laomom 2% (t) — (1) 2 + Co.

This implies

¢
25+ (t) — o (t)]]2 < / P U= [)12 (s) — o(s)l2 + Colds

0
et —1

Ly

By using (3.6), it holds [|z*+1(t) — 2 (t)||2 < B for t < T*, which implies 2**1(t) € B(z, B).
Now, for any k > 0 we have x*(t), ¥T1(t) € B(wo, 8) for t € [0,7*] and therefore

dlz* (1) — 2" (t)]

t
< / el =) (53 + Co)ds = (7B + Co)
0

= F(t7:L‘k+1(t),y(é(t,$k(t)))) - F(t7xk(t),y(é(t,l'k(t))))-i-

dt B B (3.7a)
F(t,a"(), Y(G(t 2" (1)) = F(t,2"(#), (G "1 (1)),
By using (2.16) and the Lipschitz condition for F (cf. (2.3)), we get
dHfL‘k-i-l(t) - xk(t)”Z < L1H£Ek+1(t) N .’Ek(t)HQ + hv”xk(t) _ xk_l(t)Hg, (37b)

dt
which, after an integration, gives ||z*+1(t) — 2% (t)|2 < ﬁfg el1(t=9)|| gk (s) — £F=1(s)|2ds.
Then, similar to the proof of Theorem 2.5 we have
k

~ kt
[&570) = 2Ol < (a1, 21 )7 37 ma f127(5) = °(6)1l2
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Clearly, for any € > 0 there exists some integer K > fjmax{1,e"T" }T* such that

. K
1 (nmax{1, e }T*) 1 0
= t)—a (¢ . 3.8
| — Imax{leTn T K e @) =2 @) <o (38)

Then, for any integers K; and K» satisfying Ky > K; > K, it holds that

Ko—
K> _ K
72 (t) )|z < Zk:O
(ZKQ—Kl—l (ﬁmax{l,eLlT*}T*)KlJrk)
t

Ki—1
U afatR ) — et )

1 0
t) — t
 \Sre0 (K1 + k). dax o) =27 (Oll2
~ * Ky
1 (mmax{1, e 7" }T*) 1 0
< = t)—x (t)|2.
- 1_W K;! e (1) =" 0)ll2

This together with (3.8) implies |22 (¢) — 251 (t)||2 < e. Therefore, {z*(t)}1>0 is a Cauchy
sequence for ¢ € [0,T*]. Let limj_ o #*(t) = 2*(t). Then, it is easy to know that z*(¢) is
the solution of DNCP (3.2) for ¢ € [0,T™].

To prove uniqueness of z*(t), we suppose z7(t) and x5(¢) are solutions of (3.2). Then,

similar to (3.7a)-(3.7b) we have W < (L1 + M)|Jzs(t) — x5(t)||2- This gives

AT 0= Ol2) < g Since 25(0) = 5(0), it holds that [[z}(f) — 23(t)]l2 < 0
dt —= 1 2 ) 1 2 2 > U
Hence, x3(t) = x5(t) for t € [0,7*]. O

We next analyze the convergence of the iterative method (3.3). For the uniform P-
function case, the Lipschitz continuity of ))(¢) plays a central role for proving the convergence
of method (1.11). Comparing Lemma 3.1 to Lemma 2.1, we see that, to ensure such a
Lipschitz continuity in the LCS case with positive semi-definite coefficient matrix M, we
need SOL(M,q) # 0 as an additional condition. Therefore, it is clear that for the least-
norm iterative method (3.3) if FEA(M, G(t, xf)) #0 (vj=1...,J) for each iteration, the
results given by Theorems 2.3-2.5 still hold.

THEOREM 3.3. For DNCP (3.2) with M being a positive semi-definite matriz, let
F(t,z,y) satisfy the Lipschitz condition (2.3) and G satisfy (3.4). Suppose (3.5a) holds for
some constants T > 0 and 8 > 0. Then, the least-norm iterative method (3.3) for the time
points {tj}jj;o is well-defined, i.e.,

FEA(M,G(t,2%)) # 0, Vj € {0,1,...,J"}, Vk > 1, (3.9a)
provided {33? = 330}3]:1, T* < T and the following conditions are satisfied
J =, if Ly < -2,
B P min{f» [Ei(((iffii)é‘)l))] } if Ly > =15, )

where J =L, Cy = max;’zo | F(t, zo, y(é(tj, x0))|l2, 1 = Lanom (with no being the constant
given by Lemma 3.1 and 1 being given by (3.4)) and [v] denotes the integer part of v € R.
Similar to (3.6), under condition (3.9b) it is easy to verify that

Co +1p 1
L |(1—-hL,

7 1} <B, Vjie{0,1,...,J. (3.10)
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Proof. The proof glven below can be regarded as a discrete version of the proof of
Theorem 3.2. Since {:c —o € B(zo, ), from Lemma 3.1 we know that {Y(G (tj,x]) 3] 0
are uniquely existent. Hence, by using the first Lipschitz condition in (2.3) we have

Iz} — 292 < l=j_1 — 291 ll2 + hLallz) — 29|z + hCo,

o lef = a9lle < 7= hLl o}y —2) lla+ #CO. Since z} = 23 = o, it holds that

hC j=1 1 C 1

0 0 0

_ — - == —" _1]. 11

R e (O_hw ) (3.11)

Hence, from (3.10) we get ||z} — z[] < § for j € {0,1,...,.J*} and thus le € B(xo, B).
To perform an induction proof, we assume zk € B(xg,B) for j =0,1,...,J*. Then, by

using Lemma 3.1 the sequence {y(é(tj, xf)) J_, is uniquely existent. Therefore,

2§t = aflle < 255 = af il + ALy (|25 = alllz + hifla} — a2 + hCo.
Similar to (3.11), this gives

h(Co + 7iB) —i-1 1 Co+ 10 1
et yop, < MCo+76) _ -
||$] JSJHQ_ 1—hl, Z:O (1—hL1)l L, (1—hL1)j 1).

Now, by using (3.10) again we have ||£L'§+l —zoll2 < B, ie., xf"'l € B(xzg,pB) for j €
{0,1,...,J*}, and this completes the proof of (3.9a). O
REMARK 3.1 (The case M is a Z-matrix). At the end of this section, we consider the case
that the matriz M in (3.1) is a Z-matriz, which is another representative case in the field of
complementarity problems [13,16]. In this case, there exists a unique least-element solution’
for the LCS in (3.1), if the feasible set FEA(M,G(t,z)) := {yly > 0,G(t,x) + My > 0} is
nonempty; see [9]. This leads to the following least-element DNCP:

i(t) = F(t,z(t),y(t),y(t) = argmin{|jv||; : v > 0, G(t, z(t)) + Mv > 0}. (3.12)

For (3.12), similar to (3.3) we define the iterative method as

{yf“ = argmin{|[v]); : v > 0, Mv + G(t;,z5) 2 0}, j=1,2,....J, (3.13)

k+1 k 1 E+1 k41 -
J+ + +hF(]7 j+7y]+) .]:172’"'7‘]7
where xf = x¢ for all k > 0. According to Theorem 2.8 in [9], the Lipschitz continuity of
the least-element solution of the LCS 0 <y L g+ My > 0 holds as well; see Lemma 3.1.
Hence, the results obtained in this section is directly applicable to (3.1) if M is a Z-matriz.

4. Applications and numerical results. In this section, we show applications of the
proposed iterative method for the non-smooth circuit systems and the projected dynamic
systems. For each application, we provide numerical results to validate the convergence
properties of the proposed iterative method (1.11). The iteration stops when

maxo<;<.J Hx§ — J,‘jHQ < 10_8, (41)

where {2;}7_, denotes the converged solution.

I The least-element solution ymin is a solution of 0 < y L My + C:'(t, x) > 0 satisfying ymin < y for all
y € FEA(M,G(t,x)).
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4.1. The 4-diode bridge wave rectifier. The four-diode bridge wave rectifier shown
in Figure 4.1 is a widely studied circuit model; see, e.g., [1,4,10,16,18,20]. The circuit consists
of a capacitor C' > 0 with randomly perturbed value and a nonlinear resistor R, where lie
inside the bridge formed by four ideal diodes. Let x be the voltage for the capacitor. Let
Vbri,pr2 and Ippi1,pr2 be the voltages and currents for the diodes, respectively. Then, by
applying Kirchhoff voltage/current laws, we get the modified nodal analysis state equation
described by a DNCP as (see [1, Chapter 2] for more details):

C(ﬁ)l’(t,f) = —R(Z‘(t,f)) + By(t>£) + IS(t)’

0<y(t,&) L Nx(t,&) + My(t, &) > 0, (4.2a)

where x(0,&) = 0, C(&) denotes the capacitor with value perturbed by random variable
€= (&,8&,...,&) T, I,(t) is the current source (i.e., e(t) shown in Figure 4.1) and

1 0 -1 0 0

0 1 0 1 -1
B=[L0,1,0, N=| |.M=|o | o 4| (4.2b)

0 01 0 0

For the nonlinear resistor, the current source and the random capacitor we use the data

R(v) = €"/°° — 1 (Schottky resistor), I,(t) = 10sin(187t + 2) — 0.5,

C6) =18+ &1 ~ with & € [-1,1], uniforTn dis.tril?utic?n, (4.2¢)
1+&5 & € (—00,00), Gaussian distribution.

1"” II)IJ
R
e =
i
C

Iprr Ipp;

FiG. 4.1. The circuit of 4-diode bridge wave rectifier

For circuit (4.2a)-(4.2¢), the random source of the capacitor can be caused by many
factors, e.g., external environmental fluctuations such as temperature variation. Such an
uncertainty may lead to remarkable performance variations at both circuit and system levels,
and it cannot be ignored if we want to make a correct prediction of the behavior of the
circuit. Here, we are interested in the basic stochastic information of the circuit, i.e., the
mean values of z(¢,£) and y(¢,£) and the standard deviations. To this end, we use the
technique of generalized polynomial chaos (gPC) expansion [34] together with the so called
stochastic testing strategy [35] to treat the random space. The gPC expansion technique has
gained increasing interest in recent years thanks to its high order accuracy.

Briefly speaking, the gPC expansion technique transforms the random circuit system to
a deterministic system with larger size as follows:

CX(t)=—R(X())+BY () +I,(t), 0<Y(t) LNX(t)+MY(t)>0. (43)
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where X(t) € R%, Y(t) € RY, B = B® I,, C = diag(Cy,Ca,---,Cy), M = M ® I,
N=N® 1, :fs(t) = I, ® I4(t), I, € R?*7 is an identity matrix and ¢ denotes the number
of the gPC basis functions (for the numerical results given below ¢ = 6). The details for
deriving the deterministic system (4.3) is given in Appendix-2. Since M is a positive semi-
definite matrix, the matrix M in (4.3) is a positive semi-definite matrix as well. Thus, we
choose for Y'(¢) the least-norm solution from the solution set of the LCS in (4.3):

CX(t) = —R(X(t) + BY (1) + L(t),

Y(t):argmin{Hsz :0<v L Mv+ NX(t) 20}. 44
We now apply method (3.3) to (4.4) in the case J = Ny, i.e., we do Gauss-Seidel
iterations for the whole time interval instead at each single time point (cf. Remark 2.2). In
each iteration the nonlinear equations at ¢ = ¢; arising in the discrete ODE system are solved
by the fsolve command in Matlab and the LCS is solved by using the quadprog command in
Matlab according to [8]. In Figure 4.2, we show the stochastic information of the circuit i.e.,
the mean values and the standard derivations of z(¢, ¢) and y(t, £)¥. For the complementarity
variable y(t,£), it holds that E(y2.4(¢,€)) = 0 and that E(y1(¢,€)) = E(ys(t,€)), so we show
the stochastic information for y; (¢,£) and ys3(t, £) together in the left column of Figure 4.2.

0.2 5

0.15
. < 4T
o ~

! +5
= 01 =

= . =

5 =T
= 3

©0.05 b

=
= =

3 g 2r

= 9 Z
= = 0t

-0.05 b

0.1 . . . . . . . . . 0 . . . { .
0 0.02  0.04 0.06 0.08 0.1 0.12  0.14 0.16 0.18 0.2 0 0.02 0.04 006 008 0.1 0.12 0.14 0.16 0.18 0.2
Time: t Time: ¢
0.025 - - - - - - - - - 0.45

0.4+

(t,€)

213)

= 002t

035

4
o
@

0.01 -

0.005

Standard derivation for =
Standard derivation for y; 3

0 . . . . . . . . . 0 . . . . .
0 0.02 0.04 0.06 0.08 0.1 0.12  0.14 0.16 0.18 0.2 0 0.02 0.04 0.06 0.08 0.1 0.12  0.14 0.16 0.18 0.2
Time: t Time: ¢

F1G. 4.2. Stochastic information of the 4-diode bridge wave rectifier. Top row: the mean values of (¢, €)
(left) and y1,3(t, &) (right). The shading region is filled by the solutions obtained by Monte Carlo simulations
with 10000 samples of {. Bottom row: standard derivations for x(t,€) (left) and y1,3(¢,€) (right).

In Figure 4.3 we show the measured convergence rates of method (3.3) in two situations:
in the left subfigure we consider the case that the length of time interval (i.e., T') is fixed
and the step-size h varies; in the right subfigure we consider the case that the number of

9Such a stochastic information can be obtained from the solution X (t) and Y (t) due to the theory of
the gPC expansion technique; see explanation in the Appendix-2.
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discrete time points (i.e., J = N;) is fixed and h varies. We see that the method converges
superlinearly with a robust convergence rate with respect to h, if T' is fixed. In the case
that J is fixed, the method converges faster when the step-size h becomes smaller. All these
numerical results confirm Remark 2.2 very well.

J = 2000 is fixed

T = 0.2 is fixed

T h=5x107]]

]00 ~ =~
—h=10"1 AN P
~ e h=10"% Sl =~ —h= 1]
10" S h=10"% 10 AN el ——h=2x10"*
=N ——-h =102 -
102 \*\\r;\ 10°
= oS
g <3 s
2 RN 5 107F
510 AN 2
- AN Ao
S 10tk R < 10
7 N 5
- N = sL
o EON z 10
= N S
10® \\‘\\ = 0%
A
RN\Y
107 N 107
N\ »
Il),x L L L L L L L N lﬂx L L L L L L L L L AY
12 4 6 8 10 12 14 16 12 4 6 8 10 12 14 16 18 20
Iteration Number: & Iteration Number: &

F1G. 4.3. Measured convergence rates of the least-norm iterative method (3.3) applied to (4.4). Left:
T = 0.2 is fized and h varies. Right: J = 2000 is fized and h varies (J = Ny = T/h denotes the number of
discrete time points). The (dotted) horizontal line indicates where the method should stop in practice.

As we mentioned in Section 1, in each iteration of the iterative method (3.3) the com-
putation of the complementarity system at all the discrete time points is parallel. We now
show numerical results to illustrate that such an advantage can dramatically reduce the
computation time. To carry out the parallel experiments, we use the following software and
hardware configurations:

e CPU: Intel Core i7-3770K 3.5 GHz and 32 GB RAM using gcc 4.8.1. A single CPU
was used for the sequential implementation of the proposed iterative methods. The
codes were tested with gee’s fast math option (ffast_math).

e GPU: NVIDIA GeForce GTX 660 installed in a system with the above described
CPU. The GPU operates at 1.10 GHz clock speed and consists of 5 multiprocessors
(each contains 192 CUDA cores). We compiled the code using CUDA version 5.5 in
combination with the gec 4.8.1 compiler with fast math option (use_fast_math).

In Figure 4.4, we show the computation time (measured in seconds) for the semi-smooth
Newton method and the iterative method (3.3). The semi-smooth Newton method is imple-
mented in a sequential pattern by using a single CPU. For the new iterative method (3.3),
the complementarity system is solved parallel by GPU. Here, similar to Figure 4.3 we also
consider two cases: the length of the time interval is fixed (i.e., t € [0,T] with T'= 0.2) and
the number of time points is fixed (i.e., J = Ny = 2000). From the results shown in Fig-
ure 4.4, we see that in the parallel circumstance the new iterative method needs much less
computation time compared to the semi-smooth Newton method. For example, for the case
T = 0.2 and h = 2713 (left subfigure) the computation time for the semi-smooth Newton
method is around 9587 seconds (/& 158 minutes), while by parallel computation the time for
the new iterative method is around 2023 seconds (= 34 minutes).

For the case J = N; = 2000 (right subfigure), it is interesting to see that the computation
time for the new iterative method (3.3) decreases as h becomes smaller; see Figure 4.4 on
the right. This can be explained by using the convergence rate p = O(h) in the case of
crossing a fixed number of time points, namely the new iterative method converges faster
as h becomes smaller; see Remark 2.2.

4.2. A projected dynamic system: the spatial price equilibrium. Let Q C R™
be a convex set. The projected dynamic system is described by the equation &(t) = F(t, z(t))
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T =0.2 is fixed J = N; = 2000 is fixed

10000

T 10000 .
—6— Semi-smooth Newton 92000 —— o 6 5 o 5 |
8000|- O New Method in Parale] | ool —o—Semi-smooth Newton | |
<~ New Method in Parallel
z — 7000 |
E 2
S 6000 - g 6000
2 8 ]
= 2 S0
o 4000 S awol
e £
E = 3000+
@
2000 - 2000 o o ¢
o ©
00F
0 ) S ol ‘ ‘
104 10° 102 10° 10 10°?

Step-Size: h Step-Size: h

Fic. 4.4. For DNCP (4.4), comparison with respect to computation time between the semi-smooth
Newton method and the new iterative method (3.3) with J = Ny¢. Left: the case T = 0.2 is fized and h
varies from 277 to 2713, Right: the case J = Ny = 2000 is fized and h varies from 2719 to 2716 (in this
case T decreases as h decreases).

on the interior of €2, but on the boundary a modification is applied to prevent the solution
from leaving the constraint set 2. To be more specific, let Pg be the projection operator
that assigns to each vector € R™ the vector in © that is closest to z, i.e., Po(z) =
argmin,cq ||z — v||2. Then the projected dynamical system is defined by

#(t) = Uq(a(t): F(t,2(1)). with Ho(x,v) = lim W'

(4.5)
In [23], Dupuis and Nagurney mentioned several interesting applications of the projected
dynamic systems, including the oligopolistic markets, the traffic networks and the spatial
price equilibrium.

In this section, we consider the spatial price equilibrium problem, which can be described
as follows (see [23, Chapter 6] for more details). Suppose we have m supply markets and n
demand markets involved in the production and consumption of a homogeneous commodity
under perfect competition. Denote a typical supply market by ¢ and a typical demand market
by j. Let 6; denote the supply and -; the supply price of the commodity at supply market
i. Let d; denote the demand and a; the demand price at demand market j. Let x;; denote
the nonnegative commodity shipment between the supply and demand market pair (i, j),
and let ¢;; denote the unit transaction cost associated with trading the commodity between
i and j. The supply price at any supply market depends on the supply of the commodity at
every supply market, that is v = v(#), where v = (71, ..,Ym), 0 = (01,...,60,,)". Similarly,
the demand price at any demand market depends on the demand of the commodity at
every demand market, i.e., a = a(d), where a = (ay,...,q,)" and d = (di,...,d,)". The
unit transaction cost between a pair of supply and demand markets may depend upon the
shipments of the commodity between every pair of markets, that is ¢ = ¢(z), where ¢ =
(€11, -5 Clny -5 Cmls- -3 Cmn) | and & = (T11,-- -, T1ns -+, Tmi,--->Tmn) - The supplies,
demands and shipments of the commodity must satisfy the following feasibility conditions:

91' = Zl‘ij, 1= 1,2,...,m,
=1 (4.6)

m
dj = Zl’ij, ]: 1,2,...,71.
i=1
Define the excess price F;;, between a pair of markets (¢, 7), as

Fi (.’E) = O[j(d) - ’)/1(9) - Cij(if). (47)
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In practice, we need to dynamically adjust the commodity shipments between the supply
and demand markets. Under perfect competition, the rate of change of the commodity
shipment between the supply and demand market pair (7, ) is in proportion to the excess
price Fj;. This results in the following projected dynamic system:

(1) = Ho(x(t), F(x(t))), (4.8)

where F(z) = (Fi1(2), ..., Fin(2), ..., FEp1(2), ..., Fun(z)) . We are interested in the case
that the commodity shipment x;; is nonnegative and is not larger than a prescribed upper
bound Zax. In this case, the domain € can be described as

Tmax —

Q={z eR™|¢g;j(x) >0,i=1,2,....,m,j =1,2,...,n}, ¢i;(x):= [ Tig I} . (4.9
ij

According to [3,19], the projected dynamic system (4.8) can be reformulated as a DNCP:
(1) = F(z(t)) + @7 (x(t)y(t), 0 < o(z(t)) Ly(t) >0, (4.10)

where @ is the Jacobian matrix of ¢, i.e., ® = g—f. For the case (4.9), we have

1 0
-1 Tmax

1 0
P = -1 . dlz) =Px+b, b= |Tmax . (4.11)

1 0

L _1— 2mnxmn _xmax_

2mnx1

Then, we can rewrite (4.10) as
i(t) = F(x(t)) + @ Ty(t), 0 < da(t) +b Ly(t) >0. (4.12)
Applying the implicit Euler method with a step-size h to (4.12) gives
Tpi1 = Tp +hF(Zpi1) +h® ypi1, 0 < a1 +b Lyppr >0, (4.13)

where n =0,1,..., N;. A direct application of the proposed iterative method to (4.13) leads
to

0<®af ) +b Lypty >0, apt] =, + hF (1)) +h@Tyht,

where k > 0 is the iteration index and for k¥ = 0 the quantity x° 41 is an initial guess.

However, this iteration process does not converge, because the solution of the LCS is always

zero, 1.e., = or = U. 0 a € metnoa correc , we 1rst obtaln Tp41 Irom
ie., y*tl =0 for k > 0. To apply the method tly, we first obtain ®z,, 4 f

the discretized ODEs in (4.13) as
Dxpy1 = Pxy + hOF (2y41) + h®D gy 41,
and then by substituting ®x,,; into the LCS we get
0 < Pxy +hPF(pyr) +hPD ypi1 +b L ynyr > 0.
We now define the following iterations:
0<yktl L (Pzn + h®F(2F 1) +b) + h@d Ty t] >0,

(4.14)
1 = an + hF () +he Tyl
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We consider a spatial market problem consisting of two supply markets and two demand
markers with the following data:

(d) —2(1 +0.25 sm(?"ﬂ‘))dl — 1.5dy + 28.75,

as(d) = —4(1 + 0.47 cos(mt))dy — dy + 41, (4.15)
(z) = 0.012%, + 0.5211, cia(x) = 0.022%5 + 2212 + 7| cos(rt)],

co1(w) = 0.0323, + 3x91 + 16.25, coo(x) = 0.0227, 4+ 2215 + 11.5.

C11

We note that the quantities 01, 63,d1,d2 also depend on x;;, because of (4.6). With the
initial condition x = (0,0.5,1.5,0) " and Zyax = 1.9, the numerical solutions of the projected
dynamic system (4.8) are shown in Figure 4.5 on the left. For comparison, the solution of
the original system & = F'(z) are also shown in Figure 4.5 on the right.

Projected system: & = Ilg(x, f(x)) Original system: & = f(x)

08 Ff

0.6
{

0.2

|
‘ (
04 f\ —— a(t)
(
0 (

0 l)‘.5 ; I.‘S 2‘ 2.‘5 :‘i 3.‘5 4 5 2 25
Time: t Time: t
Fic. 4.5. Ewvolution of the solutions of the projected system (left) and the original system (without
projection on the domain Q). Here, a step-size h = 279 is used.

In Figure 4.6, we show the iteration number at each time point for the iterative method
(4.14) and the semi-smooth Newton method mentioned in Section 1. We see that when
h = 278 the method needs more iterations, while if we reduce the step-size to h = 279 it
converges with a rate similar to the semi-smooth Newton method. For the proposed iterative
method (4.14), the reduction of the iteration number confirms our theoretical analysis very
well (cf. Remark 2.2).

5. Conclusions. We proposed an iterative method for DNCP and made a convergence
analysis based on the one-sided Lipschitz condition for the ODE system and the classical
Lipschitz condition for the complementarity system. We proved that the new iterative
method has two different convergence properties. In the case the method is applied to a
fixed number of time points, i.e., J is fixed, it converges with a rate p = O(h) and therefore
a smaller h results in a better convergence rate. In the case the method is applied to a
fixed length of time interval, i.e., T is fixed, the method converges superlinearly with a
rate independent of h. The general idea behind the proposed iterative method is that we
solve the complementarity system and the differential system separately via an iteration of
Gauss-Seidel style and thus many existing numerical methods for each of these two systems
can be used without changes. In particular, in some cases we can solve the complementarity
system efficiently via optimization solvers. For DLCPs, the new iterative method avoids
solving a lot of linear systems that need to form the matrix M} for the direct method
(cf. (1.6a)-(1.6b)) and the Clarke Jacobian matrix Vj"”' for the semi-smooth Newton method
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h=28 h=29
T T T T T T
—— Gauss-Seidel method —— Gauss-Seidel method
—-—- Semi-smooth Newton method —-—- Semi-smooth Newton method
10 b <5
= =
= o i
5 s 2
w8t 1
2 g
g 7r B =
= =
=
= 6r 1 o
o s]
3 st 1 =)
= g
< [ I [ S . 4 D 4l
N F = [L1] | []
i i i O O R - - ]
! ! i !
2 ! | 1 r N i ! pomrmemee]
i ‘ i / 1 i ! i
1 L L1 L1 1 [ . L . HI . L
0 0.5 1 1.5 2 25 3 35 4 0 0.5 1 1.5 2 25 3 35 4
Time point: %, Time point: ¢,

F1G. 4.6. The iteration number (at each time point t,,) of the iterative method (4.14) and the semi-
smooth Newton method mentioned in Section 1. Left: h =28, Right: h = 279.

(cf. (1.7)). For large-scale problems, this is an important advantage for saving memory
storage and computation time. The time-integrator used in this paper is the Backward-
Euler method, by which the precision of the numerical solution is only of oder O(h). To
improve the precision we can solve the differential system by higher-oder implicit Runge-
Kutta methods and then similar to (1.8) (or (1.11)) we solve the discrete differential and
complementarity systems separately via iterations. The details on this aspect, especially the
convergence analysis of the corresponding iterative algorithms and the computation of the
discrete differential system, will be addressed in other places.

Acknowledgement. The authors are very grateful to the anonymous referees for their
careful reading of a preliminary version of the manuscript and their valuable suggestions,
which greatly improved the quality of this paper.
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6. Appendix-1: the proof of Lemma 2.2. The result for ¢(1,J, k) (ie., r = 1)
is well-known and can be verified by routine calculation. For r # 1, if & = 1 we have

23'11:1 rit = 1(177’—") 17'; — -1 and this implies that (2.4) holds for k = 1. Suppose

r—1 T

(2.4) holds some k > 1. Then, we have
Zh 12]2 1 ij 11 ij+l 1 P :Zh 1 [ij 1 Zji 11 ij+1 1 jkﬂ}
o= W (il Feri
r—r 1 .
Xy (X )

_J k

T 1 1 J+k—1
T @ _;(17*)1<’fl+1>

o 1 J+k—1
DA Zluml(km)’
where for the fourth equality we used a well-known identity about the binomial coefficients,

namely >, (l * I}Z_ 1) = <§ j: I;) for any k > 0. Thus, (2.4) also holds for k + 1.

7. Appendix-2: details of gPC expansion technique. In this Appendix, the show
details about how to get the deterministic system (4.3) via the gPC expansion technique.
The gPC seeks to a global polynomial approximation for a parametric (random) function.
Let ¢g,(&) be the univariate orthogonal polynomial of degree g; (the special form of ¢4, (&)
depends on the density function of the input random parameter &;). Then, the high dimen-
sional polynomial bases ®,(£) are constructed by tensorizing the one dimensional bases

o =TI, ¢ul&) (7.1

Moreover, the bases are chosen as [ p(£)®p, (§)®p, (£) = 0p,p,, where p(€) is the joint density
function of the random parameters.

With the above gPC basis functions, we approximate the £-dependent functions x(¢, &)
and y(t, &) via the following truncated expansions

2t~ BB, YOI GBI, (7.2)

where {Z4(t), §4(t)}]_, are coefficients that we need to compute. If the maximal polynomial
degree is p, the number of the basis gPC functions is ¢ = (’:!rj)! (see e.g., [34]). If we order
the gPC basis functions {®,(£)}/_; by the polynomial degree in an ascending order, e.g. in

lexicographical order deg(®1(£)) < deg(P2(€)) < --- < deg(®,4(§)), the mean values and the
standard derivations can be calculated as

E(z(t,€)) = 21(t), E(y(t,€)) = 41 (1), mean value, 73)
o(z(t,&)) = Z? |21 ()2, o(y(t, &) = 2?22 |7:()|2, standard derivation. '

Next we introduce the basic idea of the stochastic testing (collocation) method in [35].
Let {€1,€1, ... €9} be g collocation points. Then, by substituting gPC expansions (7.2) into
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the circuit equation (4.2a) and by imposing collocation condition on the sample points, we
get the following large-scale deterministic DNCP:

Gy a® = —R (Y mH@y) +BY Gt + L),

I= 1
a P .
0< 21:1 ()P L Nzl:1 () Ps + le:1 G(t)®;; >0,

where i = 1,2,...,q, C; = C(&") and ®; , = ®,(£%). Notice that choosing a good collocation
set to guarantee the well-posedness of the above scheme is not a trivial work. Here, we
adopt the strategy in [35], by which the collocation points are chosen as a subset (with the
largest possible contribution) of the tensor grid of Gaussian quadrature points. Other types
of collocation methods such as sparse grid, least-squares, and compressed sampling can also
be used, and one can refer to [21,22] for more details.

By defining the following symbols

Dy o By, 71 (t) 91(t)
o= : .. |, xX®=0@el,)| : |, YO=@L)|[ : |,
Dy1 0 Py Z4(t) Yq (1)
B=B®I, C=dag(C,Cs - ,Cp)®@In, M=M®I,, N=N&I, L(t) =1, L),

(7.4)

we can rewrite (7.4) as (4.3). When {X (¢),Y (¢)} are ready, we can compute {Z4(t), Jq(t) }_,
as follows
(1) hi(t)
D=0 L)X, | 0 | =@ e L)Y @),
Tq(t) 9a(1)
Then, we can explore the stochastic information of the circuit according to (7.3).
For the numerical experiments in Section 4.1, we set p = 2 (the maximal polynomial

degree of the basis gPC functions) and therefore we have ¢ = 6 gPC functions in total. For
reader’s convenience, we list them as follows:

P1(&) =1, P2(§) = &1, P3(§) = %(35% —1),04(8) = &, P5(§) = &1, P6(§) =65 — 1.



