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Abstract

In this paper we consider continuous-time and discrete-time waveform relaxation meth-
ods for general nonlinear integral-differential-algebraic equations. For the continuous-time
case we derive the convergence condition of the iterative methods by invoking the spec-
tral theory on the resulting iterative operators. By use of the implicit difference forms,
namely the backward-differentiation formulae, we also yield the convergence condition of
the discrete waveforms. Numerical experiments are provided to illustrate the theoretical
work reported here.
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1. Introduction

We consider a system which is described by nonlinear integral-differential-algebraic equations
(IDAEs) as follows

SC(t) = fl(i'(t),l’(t),y(t),/o]Nll(l'(S),y(S),S,t)dS,t), ‘T(O):an (1)
y(t) = f2(i'(t)az(t)ay(t)7/0 B2(z(5)7y(5)757t)d5’t)7 tG[O,T],

where t is the time variable, g € R" is an initial value, [0,7] is a given finite time interval,
x(t) € R™ and y(t) € R™ are to be computed. We assume that the initial condition of (1) is
consistent, that is, for a given xo(= z(0)) we can solve out %(0) and y(0) from the following
initial condition system: }
{ 1'(0) = fl(z(o)a Zo, y(O), 0, 0)7
P (2)
y(O) = f2($(0)a$0ay(0)7070)'
We will also denote y(0) as yo in this paper.
For a large and complex system like (1) waveform relaxation (WR) or dynamic iteration is
a novel parallel algorithm of treating its numerical solutions [1 - 6]. Numerical algorithms with
WR are suitable to be processed in parallel [7]. The general form of the WR algorithm for (1)

. G (k+1) ) = f gj;(k"l‘l) (1), (k) (t), 2(k+1) (1), (k) (), ykt1) (), y ) (),
hy(x® D (5), 28 (s), y BTV (s), 4y (5), 5, t)ds, t),
YD) = B0 (6),600 (1), 2 (1), 2 (), 5+ (1), y O 1), 3)
a0 (5), 29 (), 55 (5), 49 ), , ), 1),
z<k31>(0):x0, te[0,7], k=0,1,---,
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where [2(9(-),5® (:)]* is an initial guess, the nonlinear splitting functions f; : (R™)* x (R™)? x
R x[0,7] — R", fo : (R")*x (R™)?xR2 x[0,T] — R™, hy : (R™)* x (R™)*>x [0, T]?> — R",
and hy : (R™)? x (R™) x [0,T])2 — R satisfy

{ fl(wawazazay7yazlat):.]il(wvxvyazlat)v (4)
fg(w,w,:z:,:z:,y,y,ZQ,t) = f?(wvxvyaZQat)v
and -
hl(xv Z,Y,Y,S, t) = hl(‘rv Y, S, t)7
_7 (5)
h?(xv Z,Y,Y,S, t) - h?(‘rv Y, S, t)7
where w,z € R", y € R™, z; € R", 2, € R", and s,t € [0,T]. The above splitting functions
are often adopted as Jacobi or Gauss-Seidel.
We also study in this paper the well-known Picard iteration for (1). This kind of iterations
is a special form of WR in (3), namely

B = @9 (), 2 (1), 4 (1), / (e (), g (5), 5, s, 1),
Ot

Y@ = @B (), 29 (1), y® (2), / (2 (), 5 (s), 5, 1)ds, ), (©)
0

x(k+1)(0) = an tE [O,T], k - 07 17 B

where [2(9(-),y(@(.)]* is an initial guess as before.

It is known that a circuit system with lumped elements may have the form of (1). For
example, if all the elements of a circuit are linear we can then describe the circuit by a system
of linear IDAEs [7]. For a high-speed integrated circuit, its equation form may be written as
nonlinear differential-algebraic equations (DAEs) with multiple delays if the transmission lines
are lossless [8]. As long as the distributed elements (R, L, C, and G) exist in a large circuit
we will meet nonlinear IDAEs with multiple delays in the time-domain simulation, see [9]. In
other words, some complex differential and integral equations are often arising in the modern
circuit simulation field. Here, we will not concretely concern the modelling problems which are
really beyond the scope of the paper.

As a simple case, namely without the term y(-) and the second part of (1), a discrete-
time WR version is considered in [10]. Moreover, WR solutions of Volterra integral equations
are studied in [11]. To take advantage of Lipschitz constants of the nonlinear functions in a
system of DAEs, WR is successfully applied to compute their numerical solutions [12, 13]. By
a different approach from the known ones we have presented a general convergence condition
about continuous-time WR solutions of nonlinear DAEs in [14]. The interesting approach can
easily treat complex systems with WR decoupling. It is the first time that the spectral approach
is used in WR solutions of nonlinear IDAEs.

In this paper we mainly study the convergence conditions of the continuous-time WR algo-
rithm (3) and the Picard iteration (6) based on operations of linear operators and spectral anal-
ysis in function space. We also discuss discrete-time WR solutions by a backward-differentiation
formula (BDF). Some typical systems with WR are further included into the paper. Numerical
experiments on a test example are provided to illustrate these new convergence conditions.

2. Continuous-time Waveform Relaxation

First we assume that the splitting function pairs (f1, fo) and (hi, ha) respectively satisfy
the following Lipschitz conditions.

Condition (Ly). For four vector norms || - [|,, in R™, || - [|,,, in R™, and || - ||, in R" (i = 1,2),
we assume that there are constants a;, b;(i = 1,2,---,6),«, and 8 such that
| fi(ur,ug, - ue, 21,t) — fi(vi, vz, -+ v, w1,t)],

(7)

4 6
< Yimaillu —vill, + Y0 saillui — vill,, +allzr —wa];,,
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and
||fi(u17u25 ct o, Uy 22, t) - f2(v15 V2, , Vg, W2, t)”m (8)
6
< Dimabillui —will, + X0isbillus = vill,, + Bllz2 — wall,,
where t € [0, 7], u;,v; € R"(i = 1,2,3,4), u;,v; € R™(i = 5,6), z;,w; € RV (i =1,2).
Condition (Ly). For four vector norms || - ||, in R™, || - ||,,, in R™, and || - ||, in R" (i = 1,2),
we assume that there are constants ¢; and d;(i = 1,2, 3,4) such that
||h1(u17u27u35 Uy, Sat) - hl('Ul,'UQ, V3, V4, Sat)”ll S Z?:lcinui - U’LHn + Zfzgci”ui - vz”m
(9)
and
||h2(’lL1, U2, us, uq, Svt) - h2(’l)1,’()2,’03,’04, Sat)”lz S 212:1d1||uz - v1||n =+ Zf:?,dl”ul - ’Ui”m,
(10)
where s,t € [0,T], us,v; € R"(i = 1,2) and u;,v; € R™(i = 3,4).
Let us define a7y = acy,ag = ace, a9 = acs, a19 = acy, by = Bdy, bg = Bda, bg = [d3, and
b1 = Bdy. We also need a simple 2 X 2 matrix as

a1 +az as+ae
H = 11
|:b1+b2 b5+b6]’ (11)

where aq, as, as, ag, b1, b2, bs, bg are Lipschitz constants appearing in (7) and (8).

Let z(t) = @(t) for ¢t € [0,T] where x(0) = x¢. Then z(-) = (J2)(+), in which

(J2)(t) = zo +/O z(s)ds, t€][0,T].

By (4) and (5) on [0,7] we can rewrite (1) as
2(t) = fl(z(t)vz(t)vJz(t)v‘]'z(t)vy(t)vy(t)a/o hi(Jz(s), J2(s), y(s), y(s), s, t)ds, 1),

y(t) = falz(t), 2(8), J2(D), Jz(t),y(t),y(t),/o ha(Jz(s), J2(5), y(s), y(s), s, t)ds, 1).
(12)
We also let w(-) = [2(-), y()], wi(-) = [2:(), %: ()] (i = 1,2), and F = [F}, Fy]*, in which

Fi(wi(t),wa(t)) = flgzl(t)a z2(t), Jz1(t), Jz2(t), y1(t), y2(1),
[ 1210, 222090009, 52(0). 5, )ds. )
0
and
Fy(wi(t), wa(t)) = f2£21 (), 2z2(t), Jz1(t), J22(t), 1 (t), y2(1),
/ h2(J21 (5)7 JZQ(S)v U (8)’ yQ(S)a S, t)d57 t)7
0
where ¢ € [0,T]. According to these technical terms the solution of (12), which is equivalent to
that of (1), can be regarded as the solution of a fixed-point equation in C([0,T]; R"*™) as
w = F(w,w). (13)

To analyze the convergence of iteration methods (3) and (6) we need to present an elementary
and important conclusion about the spectral result for the compact perturbation of a linear
Volterra type operator in the continuous function space [15, 16]. Let A € R>! and u €
C (0, T]; RY), we define

Au = Au+ A.u, (14)

¢
where Acu(t) = / kc(t — s)u(s)ds for t € [0,T] in which k.(-) is a continuous matrix function.
0
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Two different proofs of the following lemma on the spectral radius of A were given in [16].
Let p(A) be the spectral radius for A € R™!. Now we restate it without proof.

Lemma 1. For A in (14), we have p(A) = p(A) in C([0,T]; RY).

2.1. Convergence of the Picard iteration

We present a sufficient condition in this subsection that (1) has a unique solution and its
Picard iteration converges to the solution by use of the fixed-point form (12) or (13). For this
purpose we may rewrite the Picard iteration (6).

Let 20 (t) = 2O (t) (i = k,k+ 1) for t € [0,T] where 2V (0) = xq (i = k,k 4+ 1). That is,
@ () = (JzD)() (i = k,k + 1) where J is the integral operation defined before. The Picard
iteration of (12) is

D) = fu( (), 200 (8), T2 (1), T2O (1), 5 (1), y B (),
t
ha(J2®) (), T2 (5),y ™ (s),y*)(s), 5, t)ds, t),
0
YD) = Falz®(8), 200 (1), T8 (1), T8 (1), 5B (), 5B (1), (15)

¥
t

/ ha(J29)(s), J2®)(s), y®) (s), y ) (s), s, )ds, £), k=0,1,....
0

A brief form of (15) is
w*tD = Fw® w®), k=0,1,... (16)

if we invoke the fixed-point form (13) in C([0,T]; R™t™).

We recall that the partial ordering relationship “>” means that ¢ > y <= z; > y;(i =
1,2,---,n) where z,y € R" and A > B < a;; > b;;(i,j =1,2,--- ,n) where A, B € R"*".
Theorem 1. Let Conditions (Ly) and (Ly) be satisfied and p(H) < 1, then (12) has a unique
solution [2)(-),y™) ()]t and the sequence {[z™ (-),y* ()]*} produced by the Picard iteration
(6) converges to [x)(-), y) ()], where ) () = Jz()(-), which is the unique solution of (1).

Proof. For z;(-) € C([0,T); R™)(i = 1,2), since ||Jz1(t) — Jza(t / llz1(s) — 22(s)|,,ds,

one has

||F1(w1( )swi (1)) = Fi(wa(t), wa(t))],,

< (@ o))~ 2], + (o anll ) ~ Tl + @+ aln @) -,
+a [ (el gz - as ||n+2cz||y1 ~ 32l ) s
< (@ +@lal) - 20, + @+ a) / J21(6) = 2206, s + (a5 + as) s () 2 0,

t 0 t
T (ar + as)t / l1(8) — 22(8)ll,ds + (as + aro) / l9a(s) — as)],ds
= (a1 i’ (ZQ)HZl(t) — Zg(t)Hn —+ (a5 —+ 0,6)”3{51 t) — yg(t)||m + [(ag + 114) + ((Z7 + llg)t]

(
x / 21(s) — 22(8)]l,.ds + (ao + a0) / l92(5) — (), s,

(17)
where w;(+) = [2:(-), %:(+)] (i = 1,2) with y; € C([0, T]; R™). Similarly, one has also
[ F2 (w1 (t), wa(t)) — Fa(wa(t), wa ()],
< (b A bo)faa(t) = 22()lly + (bs + bo)llyr(t) = y2(t)ll,, + [(bs + ba) + (b7 + bs ) (18)

x / l2(s) — z2(8) s + (bo + Do) / l92(5) — ()], ds.
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Now we compactly write the inequalities (17) and (18) together as

{ [[F1 (w1 (t), wi(t)) = Fi(ws(t), w2(t))]l,, }
([ F2(wi (t), wi(t)) — (wz(t),wz(t)))H@ ( .
a7 + ag)tV. (a9 + aig)Ve
br 4 bs)tVe (bo Do)V, D (19)

< a1 +az as+ ag n (az + as)Ve
- b1 + bQ b5 + b6 (bg + b4)VC
l[21(t) — 22(®)|l,,
ly1(t) —y2(Ol,,, |’

where V. : C([0,T];R) — C([0,T]; R) is a linear Volterra integral operator, namely (V.u)(t) =
t
/ u(s)ds for w € C([0,T]; R).
0
Let

+
+

(CLg + a4)VC + (a7 + ag)th (ag + a10)VC
(bg 4 ba)Ve + (by + b)tV. (b + b1o) Ve

and L = H + L.. In C([0,T];R?) the linear Volterra type integral operator L. is compact
and nonnegative [17]. Recall that a linear operator H in C([0,7];R?) is called nonnegative
if (Hv)(t) > 0 for t € [0,T] where v = [v1,vs]t € C([0,T]; R?) with v;(t) > 0(i = 1,2) for
€ [0,T]. For the spectral radius of £, it is known that p(£) = p(H) from Lemma 1. Thus
p(L) <land (Z—L)"t=>:2,L" namely (Z— £)~! is nonnegative.
Moreover, for any positive integer k' we have
e O | B e B R O O]
ly () = y® (D)), ] S Lo |yl g —y ™), }
W1 | 25FI(@) = 20()

L. =

~—

< Yo £ [y*+D @) —y® @), (20)
< s ¥ergien [ 1200 =200,

< Y ly D) =y @),

< (I—ﬂ)_lﬁk [ Hz(l)(t) _Z(O)(t)”n :|

Iy () =y O )1,

where & = 0,1,.... Tt deduces that {[z(®)(-),y®)(-)]*} is a Cauchy sequence and uniformly
converges to the unique solution w®*) (-) = [2()(:),y*)()]* of (15) in C([0,T];R*™) since
LF — 0(k — 4o00). Tt further follows that the sequence {[z*)(-),4® (-)]*} produced by the
Picard iteration (6) converges to the unique solution [z()(-),y™) (-)]* of (1) where z(*)(-) =
Jz() () € ¢1([0, T); R™). This completes the proof of Theorem 1.

2.2 Convergence of the WR algorithm
First we rewrite the WR algorithm (3) as

D) = fi(OD(), 20 (1), TV (1), 20 (£), y D (8), y (1),
thl(Jz(kH) (s), Tz (s),y ¥ (s), y*) (), 5,t)ds, t),
YD) = a2 (), 209 1), T2 (1), T2 (1), 54D (1), g0 (1),
/thg(Jz(kH)(s), Tz (), gD (s), y ) (s), 5, t)ds, 1), k=0,1,....
° 1)
As the same before, (21) has a simple form as follows
wktD — F(w(kﬂ),w(k)), k=0,1,---, (22)

where w®) (-) = [z*)(-), ) ()]t and w(® () is an initial guess.
Let H = H; + Hy where

_ | a1 a5 _ | a2 Gg
Hl_[lh b5]’ HQ_{bz bG]’ (23)
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and Hy = (I — Hy)"'Hy. Asin [14] we have the following lemma (for brevity we omit its proof).
Lemma 2. If (I — Hy)™' >0 and p(Hp) < 1, then p(H) < 1.

Now, we give a convergence condition for the general WR algorithm (3) or (21).
Theorem 2. Let (i) Conditions (L¢) and (Lp) be satisfied, (ii) (I — H1)™' > 0, and (iii)
p(Hy) < 1. Then, the function sequence {w® (-)}, where w® (-) = [2F)(.), y®)()]t, produced
by (21), and the function sequence {[x™)(-),y®) ()]*}, where x*)(-) = Jz)(.), produced by the
WR algorithm (3), respectively converge to the solution w™)(-) = [2)(-),y™) ()]t of (12) and
to the solution [x)(-),y*) ()]t of (1) where ) () = J2()(-).

Proof. By Lemma 2 and Theorem 1, we know that (12) has a unique solution w*(-) =
[209(-), ™) ()]t. Let us prove that the sequence {w®} of (22) in C([0, T]; R™*™) converges to
this solution. First we have

12D (1) = 2D (O], = [Fr(w* D (@), w® (£)) — Fi(w (£), w™ (@),
t
ay ||V (1) = 2 D)), + aall2® (#) = 2B, + “3/ 125 (s) = 2 (s)],ds
0
t
+a4/ 120 (s) = 2 (s)ll,,ds + as [y () =y @), + aslly™ (&) =y @),

+a/ (cr[| 725 (5) = T2 ()|l + eal| T2 (5) = T2 () [ + eslly ™ (5) = 4 (5) |

0
+eally®(s) =y (5)[lm)ds
ar |2V () — 2 @], + asly* V() = yH @), + azll 2P (B) = 2P @),

Tagly® (1) — gD @), + (as + art) / 120D () — =) (5)]] ds
+a9/ ly®+D(s) — 5 (s)] ds+<a4+ast/nz<> (s) — 2 ()] ds
+/ 1y ®(s) — 4™ (s)],,ds

IN

IN

and

ly 0 (E) =y (O], = [Fa(w™ (1), w®) (1)) — F(w™(#), w® (®)],,
< bV — 2D @), + bslly*I(E )~ YOO, + b2ll2® () — 2B,

Ful ) = 50l + O 070 [ 149(5) = =) s
o [ I06) =y s + 0+ 050) [ 100~ 205l

o [ 1006) )l .

Combining the inequalities (24) and (25), we obtain

|2+ (1) — 2 ()],
ly ™D () =y @),
a1 12D (t) — 2 (@), az ag 120)(t) = @),
[ br b5 ] [ ||y(k+1)( )=y )], } " { by bs } [ ly™ () =y @), ]
(ag + a7t)Ve a9V | 2B (1) — z(*)(t)||n (ag + agt)Ve a1oVe
b3 +b7t boVe [ ly® D () =y )], ] T (ba+bst)Ve bioV

120 (6) — =),
- { W by | reo

IN

—
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t
where (V.u)(t) = / u(s)ds for u € C([0,T];R). Since (I — H;)~! >0, we get
0

2540 (1) — 2 ()],
1209 (L(llyﬁk“)(t)—y(*)(t)llm ](
2 () =2 (@), _1 | (az+art)Ve a9V,
( ( } + (= ) [ (bz+b77t)vc bzvc }
_ (ag + asgt)Ve aoVe
Al | T { (bs + bet)Ve bioV. }

IN

|
128 () — 2 (#)]],, 1| (a3 +a7T)Ve agVe
0 [ () HE )T G T, b,
[ |25 FD @) — 2 @), 7 1| (ag +asT)V. aroVe
&0 =yl | T bV b
120 (t) - (*)(t)Hn }

Ly @) = y@ O,

Moreover, there exist nonnegative constants ~;,d;(i = 1,2,3,4) such that one can further
write the above formula as follows

|20 () — 2 ()], ]
| ““*lly)((k;l)(t)( ’(y)(ll)(t)|| 20 () — 2 (@)
v1Ve Yo Ve PAGaE z 2B (t) — 2 ()],
= [%VC YaVe } { [ly*D () =y (@)1, PHO[ ly™ (&) =y @), ]
01 Ve 82Ve [2®)(#) — 2 )(t)H }
{53% 04Ve ] L Iy @) =™ @),

Let R+, Rs : C([0,7]; R?) — C([0,T]; R?) be two linear operators as follows

[ et Vc 72 Vc Rs = 51 Vc 52Vc
L Y3 Vc Y4 Vc 0 63 Vc 64 Vc ’

(27)

R, =

Both of them are the Volterra type integral operators Wthh are compact and nonnegative. That
is, p(Ry) = 0 by Lemma 1 or [17]. Further, (Z—R,)~! = > R,". The operator (Z —R,)™*
is linear and nonnegative, too. Thus, from (27) we have that

1209(t) = 2 @), ] { 125D () = 2 @), ]
ly® () =y O, ly =0 t) =y Ol

] 1200 =20, B
[ ly @) — yO @), ] , te[0,T), k= 1,27...7( |
28

where R = (Z—R.,) ' (Ho+Rs). We can write the nonnegative bounded linear operator R as

R = Hp+ R, (29)
where R. = (Z—R,) 'R¢ in which R = R, Ho+Rs. It is also known that there are constants
¢i(i=1,2,3,4) such that

Cl VC CQV(;
R¢ = .
< |: CE’,VC C4Vc

Now we define two matrices as follows

_ | o G G
AW_[% 74]’ Ac_[@, 44]'
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By elementary calculations, for v € C([0, T]; R?) we have
t
(T —R,) to(t) = v(t) +/ eI A u(s)ds, te0,T).
0

Further,

t
(T —R,) "Rev(t) = / e Acu(s)ds, te0,T).
0

It shows that R. in (29) is a linear compact Volterra integral operator. Thus, p(R) = p(Ho)
by Lemma 1. It follows that p(R) < 1. According to the proof of Theorem 1, we arrive
at limy_ 4 o0 |27 — 2*|| = 0 in C([0, T]; R™) and limy_ 4o |y™® — y*|| = 0 in C([0,T);R™).
Similarly, {[z®*)(-),®) (-)]*} uniformly converges to the solution [z(*)(-), ) (:)]* of (1). This
completes the proof of Theorem 2.

3. Discrete-time Waveform Relaxation

Iterative methods are effective tools of numerical computations for large systems in practical
applications [18, 19]. In this section we adopt a BDF to numerically compute discrete waveforms
of the WR algorithm (3). A g¢-step BDF method, when ¢ = 1 it becomes the known Euler
method, replaces the derivatives in (3) by a numerical differentiation formula that consists of a

linear combination of the approximate function values at ¢ + 1 times t,,tp—1,...,tp—q-
Now the unknown are N discrete values of waveforms at time-points ¢, (p = 1,2,..., N)
with an equip time-step At where ty = T. For (3) we have
L, () RN LD 2®, aHD g () 4D ) 4 418
Kt;nizp_i = fl(KtZ i L p—i ;Atznz p— 15 p yp yp , U atp)a
1Y
k+1 (k+1) k
yz() ) _ f2(_z il Atzm ;)Z,x(k-l-l) xp (k+1) y}gk)’vj(gk-i-l,k),tp)’
k+1,k 1 k+1)  (k k+1)  (k
up = Atzw( i (* g ;)J’y; J )’yI(J )J’tl’—j’tl’)’
k+1,k k 1) k
o Atzw 0 oty
At =t, tp,l, p=12....,N, k=0,1,...,
(30)
where w](gl} (I =1,2) are numerical integral weights and n;(¢ = 0,1,...,q) are the BDF param-

eters in which 1o # 0. To show the convergence of the above discrete iterative waveforms we
also need the approximate form of (1) by the g-step BDF method. This yields

1 & 1 1 &
Eznixp—i = fl(EZnixp—ia Ezniw;ﬂ—ia Tps Lpy Yp, Yp, Up, tp)a
=0 =0 =0
1 1
Yp = fQ(Kt;nizpf’hKt;nizpf’hxpvxpaypaypavpvtp)v
p
_ (1) (31)
Up = Atzwp,jhl (Tp—js Tp—js Yp—i» Yp—j» tp—js tp),
i=0
2 (@)
Up = Atzwp,j ho(Tp—js Tp—js Yp—js Yp—i» tp—j» tp):
j=0

At=t,—t, 1, p=12,...,N.
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By (30) and (31), for H:c(k+1) —2plln (k€ {0,1,...}) one has an estimation as follows

k+1 k+1 k+1
mollzs™ —apll. < Zmnz( )z, Z||n+a12m||z< ]
1=0
+a22m||wp o= Tpeilln + as AL 2D — |l + asAtl|zP) — |,
k k k+1,k
+a5At||y< Dyl + as Aty — ypllm + @At — |,
k+1,k k+1 k
fub ™ —ylly, < Atzw allz8Y — il + 2l — 2yl
+ k
e ||y< ' ypillm + eall v = ypjllm)-
It deduces
oy —xpnn—an||xp“>—xpnn—asmnx’“*” plln — azwl QAR |z — 2,

k+1 k+1
—a Atny(” Upllm — a5 SOAL[GED — gyl
k k
< agol|zS? — xplln + asAtl|zy? — |, +as w;, ARz — 2yl + as Aty — yplim
+a10w VAL [0S = ypllm + 0(A),

where
q
Zmllx(’““) — 2pilln + a12m||x<’“*“ — tpilln + a2y millal; — 2pilln
=1
k+1 k k
+At22w (arllz Y — wpjlln + asllzl?, — 2pjlln + aslly$ ™t = yp—jllm
+a’10||yp7j — Yp—jllm)-
That is

[(1 = an)mo — asAAt — azw) g A e 2y = aplln = (a5 + agw%t)kmuy;w — Ypllm
< (azmo + as At + asw YA |z — 2,0 + (a6 + arow YA ALY — ypllm + @(AL).

(32)
Similarly, for ||y(k+1) — Ypllm (k€ {0,1,...}) one has also an estimation as follows
~(bao + by AL b Ay — @yl 4 (1= bs) — bowy QAU gl g
< (bano + baAt + bgw@)m My = xplln + (b6 + brow' )At)AtHy(k) — Ypllm + V(AL),
where
b(A)
k+1 2 k+1
= blzmnz< U bzzmnx,, i = Tpmilln + At22w< J(brllzp=5" — il
=1 Jj=1
k+1 k
+h ||z — @pilln + b lp5" = Yol + 1019575 = Yp—sllm)-

We now write (32) and (33) together for k =0,1,...

(1 —a1)no —asAt — a7w(1)At —(as + agw( )At) ||x1(,k+1) — Zplln

—(bao + baAAt + b7w(2)At ) by bowBAt | | At ~ gyl ] (34)
azmo + a4At + agwf )At ag + alow )At ||xpk - pr”n + |: (,D(At) :|
b2770 + b4At + bgw 2)At2 b6 + blow )At At”y(k) - ypHm w(At) .
Let us define

Ei(At) =

(a3 + cww%At)/no agw;?g
3 3
(b + b7wp,())At)/770 b9%(7,())
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and

By(At) =

(0,4 + agw )At)/ﬁo ajow, ( ())
(b4 + bSWpyoAt)/nO blow(Q())

We may rewrite (34) by a simple form as
(I — Hy) — AtEy (At)]H.

[ fzpnn N [ P () ]

< [Ho + AtEy(AL)H

where

It is obvious that [(I — Hy) — AtE;(At)]7! > 0if (I — H;)~! > 0 and At is small. Under this
restriction we also let
D(At) = H (I — Hy) ™' — AtE (At)] 7' [Ha + AtEy(At)|H

Next, without loss of generality we assume that the function values , yp, z](g ), and y( )(
0,1,...,¢g—1;i = k,k+ 1) are known. Based on this assumption, we can give a convergence
condition. The condition is similar to that of Theorem 2 i 1n the continuous- tlme case for small
At. Let us define the large unknown vectors W (At) = [||a: —CL‘an, At||yqz —Ygllmy - [Ty O _
TN ||ns At||y](\l,) —ynllm]t (i =k, k+1) with 2(N — g+ 1) dimensions. By use of (35) and combmg
all N — g+ 1 inequalities for p (p = ¢,¢ + 1,...,N), we can know the form of the iterative
matrix S(At) (€ RAHN=a+1)x2(N=a+1)) ahout the discrete system. Namely, S(At) is a block
lower-triangular matrix with the block diagonal matrices D(At). We also assume that ¢(At)
and Y (At) are very small at each iteration. Thus, we have proven the following theorem for
the convergence of (30).
Theorem 3. Let (i) Conditions (L¢) and (Lp) be satisfied, (ii) (I — H1)™' > 0, and (iii)
p(Hy) < 1. Then, for small enough At the vector sequence {[x,(,k),yz(jk)]t} of the discrete-time
WR algorithm (30) converges to the solution [x,,y,|" of (31) for any fized p(€ {1,2,...,N}).

The discrete form of the Picard iteration (6) by a g-step BDF method is

Aitzq:ng:—_l) - fl(Aitzq: i ;k)z’Ath z(wk)z’ pk’ 1())’%(7 )’yz()k)’ z())vtp)v
1=0 1=
D fQ(Aiti " I()m”Ath PP CRFCRVCRNCRNOISY
=0
ul(’k) - Atzw p J’ ;k)wyz(nk)y’yz(vk)wtl’—j’tp)’ %)
v = Atzw ,, ], ,(,k)],yf)k)yy,(, )]prjvtp),
At =t, —tp_l, p=1,2,...,N, k=0,1,....

Let

fay (a5 +ag)
aq a9 —(as Qg
Pﬁo = Mo
(b1 + b2)mo bs + bg

It is obvious that P, = Hnole H,,,. Similarly, we have
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Theorem 4. Let (i) Conditions (Lf) and (Lp,) be satisfied and p(H) < 1, then, for small

enough At the vector sequence {[xp ,yz(7 )] } of the discrete-time Picard iteration (36) converges

to the solution [z,,y,|* of (31) for any fized p(€ {1,2,...,N}).
To start up the recursion (30) or (36) for a given waveform iteration (we denote it as
the ko-th one), one needs initial values for the first ¢ — 1 approximate solutions zgk")(: xo),

chk“), .. ,xékfl). If ¢ > 1, to compute :cz(-ko)(l <1i < g—1), we may use an i-step BDF method in
practical application. This is because we already have values for o:(()k[))(: xo), zgk"), ce z(k01)

On the other hand, if a BDF method is applied to compute the decoupled systems for a
fixed WR splitting the discrete point function value at a time-point ¢, is often a solution of a

nonlinear algebraic system, for example, see (30). Let us denote this system as G(wj(gkﬂ)) =0

where w](ng) € R™. We can use the standard Newton method to solve the resulting algebraic
system. That is, for a fixed k, we can construct an iterative process as

. . G (w")
i+1) ) k)N — (@
w(,k = ;l(J,k - W( awz ) ! (wp}c)7 (37)
wl) =wy?, i=0,1,...,

where w is an algorithm weight. Or its variants are used for the wanted solution, see also [18].

4. Two Typical Nonlinear Systems

Let us first discuss a subsystem of (1), which is a simplified form of its first part, as

i(t) f(x(t),/o h(x(s), s, t)ds,t), x(0) =y, tel0,T], (38)

where 2o € R" is an initial value, z(t) is to be computed, and h : R™ x [0,7]> — Rl is a
nonlinear function. The above system is described by nonlinear integral-differential equations
(IDEs).

The Picard iteration and the WR algorithm of (38) are, respectively

Jb(kﬂ)(t) = f(a:(k) (t), /tﬁ(m(k) (8),s,t)ds,t), sr:(k+1)(0) =29, t€]0,7) (39)
0
and

t
gF () = fa®TD (), 20 (1), / Wz ®H (5), 2 W) (s), 5,t)ds, t),  aFFD(0) =z, t€[0,T].

0
(40)
In(40) the splitting functions f : (R")?2 x R! x [0,T] — R™ and h : (R™)2 x [0,7]2 — R! satisfy

f(x7 1:7 Z7t) = f(x7 Z7t)’ h(x7 x? S7t) = B(x7 S7t)7

where z € R", z € R!, and s,t,€ [0,T]. As before we assume that f is Lipschitz continuous
with respect to its first three arguments, similarly for h with respect to its first two. The
corresponding matrices H, Hy, and Hy are now zero matrices. Based on Theorems 1 and 2 the
Picard iteration (39) and the WR algorithm (40) are convergent for the nonlinear system (38).
Their discrete-time WR algorithm and discrete-time Picard iteration are

1 & ft1 (k-',-l) k
At anz; [ ) f(g:z()kJrl) ’ z;gk)7 uék+17k)7 tp) k+1 k Atzwp J — ) z;_)_ja tp*]ﬁ tp)v
1=0

At=t,—t, 1, p=1,2...,N, kfo,l,...
(41)
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and

1 : k+1 3 u > k
EZmz;_’Z )= f(%(gk)auz(ak)vtp)a u;(ok) = Atpryjh(z;_)j,tp,j,tp), 49
i=0 j=0 (42)
At=t,—t,—1, p=12,...,N, k=0,1,....

By the same reasoning as before the convergence conditions of the discrete versions (41)
and (42) can be obtained by Theorems 3 and 4 for a small time-step At. If the system of (38)
includes delays, the error estimates of its continuous-time WR, could be also obtained by use
of integral inequalities. This work was done in [20], which is different from our brief approach
given here. Moreover, the discrete-time WR version of (40) is considered in [10], too. However,
no convergence results were presented therein for the continuous-time WR case.

In the following content we discuss another nonlinear system, which is the second kind
Volterra equation. That is

y(t) =g(t) + /Otﬁ(y(s), s, t)ds, t€[0,T]. (43)

It is a simplified form of the second part in (1). Its Picard iteration is the following well-known
format:

y(k+1)(t):g(t)+/th(y(k)(s),s,t)ds7 te[0,7). (44)
0

The WR algorithm of (43) is

y D (1) = g(1) +/th(y<k+1>(s),y<k>(s),s,t)ds. te[0,T]. (45)
0

The nonlinear splitting function h in the above iterative process is supposed to be Lipschitz
continuous with respect to its first two arguments. Let the Lipschitz constants be ds and dy.
Now, for (44) and (45) the resulting matrices H, Hy, and Hy are also zero. Thus, both of the
iterations are convergent by Theorems 1 and 2.

In [11] the convergence of (45) is proven only on a small time interval [0,7}], namely T}
should be restricted to 77 < T rd This restriction is in fact not necessary due to our

3 1 dy

preceding analysis. The discrete versions of (44) and (45) are

P
k+1 7 (0, (R
yI(J +) _ gp + Atpryjh(y,()_)j, tp*ja tp)a

=0 (46)
At=t,—t,1, p=1,2....N, k=0,1,...
and
P
(k+1) k+1) (k)
Yp =gp+ Atprﬁjh(yz()_j ), Yp—jstp—i>» tp), (47)

=0
At=t,—t, 1, p=12....,N, k=0,1,...,

where g, = g(t,). The above iterative processes are also convergent for a small time-step At
by Theorems 3 and 4.

5. Initial Iterations

For an iterative process in function space the selection of its initial iterations is often crucial
to convergence behaviors for early iterations. Referring to the above discussion we now may
give a simple choice on initial iterations. This way needs only to solve a two-dimensional system
of IDAEs.
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First, we suppose that two basic guesses [z&(-), y” ()]t and [xgo)(), yéo)()]t of the WR al-
gorithm (3) are already obtained where 2 () and xg)) (+) are continuously differential functions.
These two guesses should conform to the consistent initial condition (2).

Denote that z{ t) = ¥ (t) and zéo) (t) = j:go) (t) on [0,T]. By a similar reasoning as
(26) we may let the two-dimensional function [e,(-), e,(+)]* be a solution of the following linear
system:

(I - Hl){ez(t)} _ HQ[eg%)] +{<a3+a7tm agvcHez(t)}

ey(t) eV (t) (b3 +b7t)Ve  boVe || ey(t) 48)
I (a4 + agt)Vc aioVe 6,(20) (t) ‘e [0 T]
(bg + bst)Ve b1V eéo) ) |’ Y

where el = ||z&0)(t) - zéo)(t)Hn and e'(yO) = ||y&0)(t) - yéo)(t)Hm. For e,(-) in (48) we define

¢
ex(t) = / ex(s)ds. The initial iteration of (3) can be now taken as
0

{ 2O t) = 2o + e (t)ug,
y O (t) =yo + ey(t)uy, te[0,T],
where u, = [1,...,1]" e R" and u, = [1,...,1]* € R™.

For the Picard iteration (6), by use of (19) the two-dimensional function [e(-), e, ()] is
directly given by

(49)

ex(t) | _ 620)@) (ag + aq)Ve + (a7 + ag)tV. (ag + ap)Ve 620)(0
[ ey(t) ] - l e (t) ] [ (b33 +bi)Vc+ (b77+b:)tvc (b2+b13)Vc } O | (50)

where t € [0, T.

Next, let us consider the choice of [z{(-), y{” ()]* and [x(ﬂo)(')vyéO)(')]t. In practical appli-
cations we may choose them by approximate solutions of (1) or its experimental values. As an
alternative way we can let 2’ (t) = zo and &0 (t) = yo for t € [0,T]. For [mg))(-), yéo)(-)]t we
adopt a simplified version of the means presented in [21]. Let

x5 (1) = xp(t)ao, ys (6) = ys(®)yo, t€[0,T]. (51)

The one-dimensional functions zg(t) and ys(¢) can be found by minimizing

|&a(t)zo — fl(ﬂbﬁ(t)mo,wﬁ(t)xo’yﬁ(t)yo,/o ha(za(s)z0, ys(s)yo, s, t)ds, 1) (52)
and

1y5(t)yo — fz(fbﬁ(t)afmwﬁ(t)wo,yﬁ(t)yo,/O ha(25(s)0, Y5 (5)yo, 5,1)ds, 1) |m (53)

with respect to 3(t) and yg(t) on [0,T].
If 0, yo are not zero vectors and the above norms are the 2-norm, then (52) and (53) are
equivalent to

p(t) = (Iéwo)’lzéﬁ(iﬁ(t)xo,zﬁ(t)zo,ya(t)yov/ hu(25(s)o0, ys(s)yo, 5, 1)ds, t),

9
0al0) = (o) b )00, 30120, 5O, [ Faloalhma.ya(hm, .. ), (54

0
25(0) =1, y3(0)=1, telo,T).
If zyp = 0 or yo = 0 we may let x(ﬂo)(t) = x3(t)To where z3(0) =0 and o = [1,...,1]" € R"
or yéo) (t) = yp(t)go where yz(0) = 0 and go = [1,...,1]* € R™. For this situation, a similar
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relationship like (52) or (53) holds. Then, we also have a system like as (54). Here, we omit
these expressions.

6. Numerical Experiments

Except the Picard splitting (6) we now also present some classic WR partitions of (1). They
are the Jacobi and Gauss-Seidel splittings. By the splitting functions (4) and (5) we can write
out their concrete expressions.

The Jacobi WR algorithm of (1) on [0,7] for k=0,1,...:

. (k I . (k . (k . (k . (k . (k k k
#@ = (R @), w0, 5 @), 28 @), e 0,20 @), e ),

3 3

t
2B @), M @), P ),y @),y (t),/o (hy) 9 (s, t)ds, . .

t
/ (hl)l(f-i_l’k)(sat)dsvt)a 1= 1, 2, ey,
0

7 k+1,k 7 k k k+1 k k k
where (h1)y ) (5,8) = (h1)p(2® (s), ..., 2l (), 25T (5), 2 (), o, 280 (), P (s), -
ygf)(s),s,t) forp=1,2,...,1;
k+1 s . (k . (k k k k k k+1
y) = ()@ @), e @), 2 @), et @, ),y ), Y @),

t ¢
?/('ﬂ (t),... ,y,(,lf)(t), /0 (h2)§’““”“) (s,t)ds, ... 7/0 (h2)z(f+1’k) (s,t)ds,t),
i=1,2,....m,

7\ (k+1,k 7 k k k k k+1 k
where (ho)y ™ (s,8) = (ha)p(2{7 (s), .., 2W (s), wi™ (5), ., yi1 (), w1 (s), i (s, -
y,(f)(s), s,t) forp=1,2,...,1s.
The Gauss-Seidel WR algorithm of (1) on [0,T] for £ =0,1,...:

A O O A O T Y O S O O}

zgf?l(t),...,A’”(t),;,}’“(t),...,y$>(t),/ ()R (s, 1)ds, .
0

t
/ (hl)l(f+1’k)(s7t)d87t>7 i = 1,2,...,’[’L,
0

where (ﬁl),(,kﬂ’k) (s,t) = (ﬁl)p(acgkﬂ)(s), A a:z(-kﬂ)(s), xl(.i)l(s), e a:%k)(s), y§k)(s), e y,(ff)
1

(8), s, t) forp=1,2,...,1y;
WO = @ 00080, @, @), 0,
y B0,y @), / (ha) 8 (5, 1) ds, .. / (o) ) (s, t)ds, ),

i=1,2,...,m,

where (h)y T (s,8) = (ho)p(afV (s), .ot (s), yf (), yTV (), P (s),
ygf)(s), s,t) forp=1,2,...,1s.

Our numerical experiments are based on a test system which has the same form of (1). Its
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equations are

das;t(t) = %ddet(t) + tanh(y1 (t) — z1(t)) + /0 cos(x1(s) — y1(s))ds + sin(4nt),
T = ST g tanh @)~ a(0) +tenhlyn(t) —22()
+2 ; cos(xa(s) — x4(s))ds,
T = A tanh @)~ s(0) +tenhlya() ()
+2/0 cos(xs(s) — x1(s))ds,
dx;;t) = %dm;t(t) + ta nh(lyg( ) — x4(t)) —i—/o cos(m(s) — ya(s))ds, (55)
) = gmnh(yl( )+ 5tanh(y1( —z1(t) + mnh(yl( ) — w2(t))
1—5tcmh(y1 —x3(t / sin(yi(s —1352( s))ds + t,
pt) = Stanhlys() + gtanhlys(t) — v2(0)) + tanh(ys(t) — o5(1)
+gtanh(a(t) — a(0) + [ sin(ua(s) ~ aals))ds,
0
[21(0), 22(0), 23(0), z4(0)]" = [0,0,0,0]', ¢ € [0,1],
where tanh(z) = e: J_r Z::. Let us consider its numerical solutions by WR.

We respectively use the Picard iteration, the Jacobi and Gauss-Seidel splittings to numer-
ically solve (55). Their discrete waveforms are computed by the 3-step BDF method where

1
Ny = 5 n=-—-3,m = 3 and n3 = -3 The initial values of the BDF method are respectively

3 1
given by the 2-step BDF method (ny = 5 m = —2,and ny = 5) and the Euler method in our

computations. Integrals are computed by the Trapezoid method, that is

/0 "o(s)ds = At(g(t()); oltp)) Ati@(tz)

for p > 2.

Let us now employ the 2-norm to give rise the Lipschitz constants of the splitting functions in
(55). We need only to know the constants a; and b; (i = 1,2, ...,6) for the checking convergence
purpose. They may be easily taken as

V13

a1:0,a2:T,agzo,m:\/iag,zo,ag:\/g,
b1:0762:07b3:07b4:g,bg,:(),bg:%

for the Picard iteration;
a1:0,agz@,agzﬁ,m:(),ag):o,ag:\/g,
b1:O,b2:O,b3:O,b4:ﬁ,b5 2 be =0

5 -5
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for the Jacobi splitting;

1 1
a1:—,(J,Q:—,(13:\/5,0,4:0,(15:0,0,6:\/5,

’ i V2 2
bl:O7b2:oab3:?ab4:07b5:g;b620

for the Gauss-Seidel splitting. These Lipschitz constants obviously satisfy the previous conver-
gence conditions of the continuous-time and discrete-time versions for the Picard iteration, the
Jacobi splitting, and the Gauss-Seidel splitting.

Let the time-step At be 0.01. The number of the Newton iteration is taken as 5 in our
numerical solver. The iterative error is defined as the sum of the squared difference of successive
waveforms taken over all time-points, namely for two computed waveforms w® (t)(i = k —

1, k) the iterative error is Error(k) = \/2117100 lw®)(t,) — wk=V(t,)||* where t, = pAt (p =

0,1,...,100). The computed results of the three WR, algorithms, where the initial guesses are
the zero function, are shown in Figure 1.

Error

Picard

10°L Gauss—Seidel

Jacobi

10°° 1 1 1 1 1 1 1 1 1
(0] 5 10 15 20 25 30 35 40 45 50

Number of iterations

Figure 1: Convergence behaviors of the Picard iteration, the Jacobi WR algorithm, and the Gauss-
Seidel WR algorithm for a nonlinear system.

We also use the constructed way shown in Section 5 to produce new initial guesses. During
the process we need to form a simple system like (54). For our example, the system is

za(t) = ?tanh(yg(t) —x3(t)) + g/o cos(zg(s) — ys(s))ds + gsm(élwt),

yalt) = Stamh(ya(0) + Stanntys(t) — ) + [ sintuas) — zaeas + 50

z3(0) =0, yp(0)=0, tel0,1].

The numerical solution of the above system is simply solved by the Euler method.



Waveform Relaxation Methods of Nonlinear Integral-Differential- Algebraic Equations 65

Table 1. Numerical results of the Picard iteration with two different initial guesses: zero and nonzero

No. of it. Error: zero/nonzero
1-3 9.4158e-001/2.7235e+000, 6.1923e-001/1.5254e+000, 3.5675e-001/8.8115e-001
4-6 1.9240e-001/5.2744e-001, 1.4483e-001/3.2727e-001, 1.1792e-001/3.1063e-001
7-9 9.8432¢-002/3.3499e-001, 8.4077e-002/2.7162e-001, 7.5591e-002/1.8185e-001

10 — 12 7.7739e-002/1.1693e-001, 6.8124e-002/7.4462e-002, 5.9003e-002/6.1977e-002
13 -15 4.8666e-002/5.2232e-002, 3.8486e-002/4.2183e-002, 3.3674e-002/3.1806e-002
16 — 18 2.7093e-002/2.1586e-002, 2.4048¢-002/1.4882¢-002, 1.9506e-002/1.0969¢-002
19 - 21 1.6346e-002/8.8143e-003, 1.3232e-002/7.7069e-003, 1.0608e-002/6.0277e-003

Table 2. Numerical results of the Jacobi splitting with two different initial guesses: zero and nonzero

No. of it. Error: zero/nonzero
1-3 1.7494e+000/4.7752e+000, 1.1830e4000/2.4166e+000, 4.9620e-001/1.4248e+000
4-6 7.6956e-001/7.7127e-001, 3.0282e-001/3.7690e-001, 5.8928e-001/1.1780e-001
7-9 1.7311e-001/5.8050e-002, 1.2075e-001/4.3542e-002, 1.2815e-001/4.3404e-002
10 - 12 9.6286e-002/1.9538¢-002, 3.3875e-002/4.4143¢-003, 3.3772e-002/3.2988¢-003
13 - 15 3.2218e-002/2.0257¢-003, 1.7085e-002/1.4448¢-003, 6.2325¢-003/1.2880e-003

Table 3. Numerical results of the Gauss-Seidel splitting with two different initial guesses: zero and

nonzero
No. of it. Error: zero/nonzero
1-3 1.9599e+000/1.9262¢+002, 1.0743e+000/2.6426e+001, 1.9491e-001/1.1807e+001
4-6 1.7853e-001/5.0226e+000, 5.1695e-002/1.8328e+000, 2.5007e-002/6.2396e-001
7-9 8.8815e-003/2.0024e-001, 6.1133e-003/4.3879¢-002, 1.4943e-003/6.7010e-003

The first twenty-one, fifteen, and nine iterations for the Picard algorithm, the Jacobi WR
algorithm, and the Gauss-Seidel WR algorithm, respectively, with the zero initial guess and the
nonzero initial guess, are given in Tables 1, 2, and 3. The new initial guess can improve the
convergence of the Picard algorithm and the Jacobi WR algorithm, especially for the former.
The convergence effect based on the two different initial guesses is almost the same for the Gauss-
Seidel WR algorithm. This is because the Gauss-Seidel WR algorithm has good convergence
behavior and the first several iterations with the new initial guess has large iterative errors for
this case.

7. Conclusions

For continuous-time and discrete-time waveform relaxation (WR) we have presented con-
vergence conditions for a general system of nonlinear integral-differential-algebraic equations
(IDAEs). In the continuous-time case the convergence condition, which tightly relates to Lips-
chitz constants of splitting functions in the decoupled system, is smoothly derived by a spectral
property on linear operators. By referring to the continuous-time condition we also successfully
show the convergence of discrete waveforms resulted from a backward-differentiation formula
for small time-steps. The theoretical results reported here are new for nonlinear IDAEs in the
WR literature. The convergence conditions are suitable to practical applications in parallel
processing.
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