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IMPLICIT DIFFERENCE METHODS FOR NONLINEAR
FIRST ORDER PARTIAL FUNCTIONAL DIFFERENTIAL
SYSTEMS

Abstract. Initial problems for nonlinear hyperbolic functional differential
systems are considered. Classical solutions are approximated by solutions of
suitable quasilinear systems of difference functional equations. The numeri-
cal methods used are difference schemes which are implicit with respect to
the time variable. Theorems on convergence of difference schemes and error
estimates of approximate solutions are presented. The proof of the stability
is based on a comparison technique with nonlinear estimates of the Perron
type. Numerical examples are given.

1. Introduction. For any metric spaces X and Y we denote by C(X,Y)
the class of all continuous functions from X into Y. If A C X and o €
C(X,Y) then |4 denotes the restriction of a to the set A. We will use
vectorial inequalities with the understanding that the same inequalities hold
between their corresponding components.

Suppose that M = (My,...,M,) € R?, a > 0, Ry = [0,+00), b =
(b1,...,bp), b€ R} and b > Ma. Let E be the Haar pyramid

E={(t,z) eR™™:tc[0,a], =b+ Mt <z <b— Mt}
where x = (x1,...,zy,). Write Ey = [—bg, 0] x [—b, b] where by € R, and
B = [—by — a,0] x [—2b,2b],
E,=(EgUE)N([-bp,t] xR™), 0<t<a.
For (t,x) € E we define
Dlt,z] = {(r,y) eR"™™ : 7 <0and (t+ 7,2 +y) € EgUE}.
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Given a function z: FyUE — R¥ and a point (t,7) € E, we consider the
function z(; 4 : D[t, 2] — R¥ defined by 2z ,)(7,y) = 2(t + 1,2 +y), (T,y) €
DIt, z]. Thus 24 is the restriction of 2 to the set (EoUE) N ([—bo,t] x R™),
shifted to the set DIt z].

Put 2 = E x C(B,R¥) x R" and suppose that f: 2 — RF f =
(fis--- fx), is a given function of the variables (¢, z,w, q), w = (w1,...,w)
qg=(q1,---,qn). We will say that f satisfies the condition (V') if for (¢, z,q) €
ExR" and w,w € C(B,R¥) such that W[ pft,2] = W|p[t,2] We have f(t, 2, w,q)
= f(t,z,w, q). The condition (V') means that the value of f at (¢, z,w,q) € 2
depends on (t,z,q) and on the restriction of w to D[t, x] only.

Let us denote by z = (z1,...,2;) an unknown function of the variables
(t,x). Given o: Ey — R¥, we consider the system of functional differential
equations

(1.1) Orzi(t, ) = fi(t, T, 2(1,2), Ozi(t, 7)), i=1,...,k,
with the initial condition
(1.2) z(t,x) = p(t,x) on Ey

where 0,z; = (0y, %, ..., 0z, 2i). System has the property that every
equation contains the vector of unknown functions and the derivatives of
only one scalar function. We consider classical solutions of , and
we assume that f satisfies the condition (V). The Haar pyramid is a natural
domain for the existence and uniqueness of classical or generalized solutions
for nonlinear hyperbolic systems with initial conditions ([3], [12], |21]).

The following methods of construction of approximate solutions for non-
linear hyperbolic functional differential equations are known: the numerical
method of bicharacteristics, the Euler difference method, the Lax scheme.
The aim of this paper is to add a new element to the above sequence of
numerical methods.

We are interested in establishing a method of numerical approximation of
solutions to , by means of solutions of associated systems of implicit
difference functional equations and in estimating the difference between the
exact and approximate solutions.

We first give some motivations for our investigations. Let (hg,h') = h,
W =(hy,...,hy),stand for steps of a mesh. Let (t0), (™) m=(mq,...,my),
denote nodal points. Let Eyj and Ejp be the sets of all nodal points which
are elements of Fy and E respectively. Solutions of difference equations are
defined on Fgj U E},. Classical difference methods for , consist in
replacing the partial derivatives 0; and (0, ...,0s,) = Oy with difference
operators dg and (d1,...,0,) = 0. Moreover, system contains the func-
tional variable z(; ;) which is an element of C(D[t, z], RY). Then we need an
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interpolating operator
(1.3) Ty: F(Eop U Ep,RF) — C(EqU E,RF).

Additional assumptions on T}, will be needed in Section System ([1.1]) leads
to the difference functional system

(1.4) 5 Z; (rm) _ fz( , (Thz)(t(r) z(m)) 52( ’ )), 1= 1, ceey /{,

where dz; = (012, ...,0,2;). Initial conditions are associated with .

The following examples of systems are considered in the literature:
the Euler difference method and the Lax scheme (see [12, Chapter 3|). Two
types of assumptions are needed in theorems on the stability of difference
schemes generated by , . Conditions the first type concern the reg-
ularity of f and they are the same for both methods. It is required that the
function f of variables (¢, x,w, q) satisfies nonlinear estimates of the Perron
type with respect to w and it is of class C'! with respect to ¢ and that the func-
tions Oy fi = (O, fir---, 04, fi), 1 < i < k, are bounded on (2. Assumptions
the second type in convergence theorems are the Courant—Friedrichs—Levy
(CFL) conditions (see [8, Chapter III|, [9], [12, Chapter III]). For the analysis
of the stability of the Euler difference method we need the following (CFL)
conditions:

(i) for each P = (t,z,w,q) € £2 we have
n 1 .
(1.5) 1—h02h—j|8qui(P)| >0, 1<i<k,
j=1
(ii) for each 1 < i < k, the function

(1.6) sign O, fi = (sign g, fi, . . ., sign 9y, fi)
is constant on 2.

The (CFL) conditions for and for the Lax difference scheme have

the form
1 ho . .
n hj 7

where P € 2.

Note that the assumptions and require some relations between
ho and h’. We conclude from condition (ii) that we need more restrictive
assumptions on f for the Euler method than for the Lax scheme.

Of course there are systems for which both the difference methods
are convergent. It follows from the theory of bicharacteristics that in this
case the Euler method is more suitable than the Lax scheme. This theoretical
observation is confirmed by numerical experiments.
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With the above motivation we are interested in proving convergence re-
sults for Euler methods and for a possibly large class of nonlinear problems.
More precisely, we will show that there are convergent difference methods
of the Euler type for which the assumption that the functions are
constant can be omitted. In other words, we show that we do not need the
Lax difference schemes for systems with natural regularity assumptions
on f. Since we consider implicit difference schemes, we show that the (CFL)
condition can also be omitted in the convergence analysis.

In recent years, a number of papers concerning numerical methods for
first order partial functional differential equations have been published. Ex-
plicit difference schemes for initial or initial boundary value problems were
studied in the papers [11], [20] and in the monograph [12]. The proofs of
convergence were based on functional difference inequalities or on general
theorems on error estimates for approximate solutions to functional differ-
ence equations of the Volterra type with an unknown function of several
variables.

Sufficient conditions for the convergence of implicit difference schemes for
initial boundary value problems are given in [4], [I3]. It is assumed in [4] that
the functions are constant on 2. It follows that the results of [4] are
not applicable to , . The papers [16], [I7] initiated investigations of
implicit difference schemes for parabolic equations. Monotone iterative meth-
ods and implicit difference schemes for computing approximate solutions of
parabolic equations with time delay were analysed in [18], [19], [27]. Implicit
difference schemes for nonlinear parabolic functional differential equations
with initial boundary conditions of the Dirichlet type were studied in [14].
Convergence theorems were proved by using a comparison technique.

In this paper we propose a new class of difference schemes correspond-
ing to , . We approximate the unknown function z and its partial
derivatives 0,z;, 1 < i < k, by solutions of quasilinear systems of differ-
ence functional equations which are implicit with respect to the variable t.
In this procedure we linearize with respect to the last variable. This
method has been used in the existence and uniqueness theory for classical
or generalized solutions.

Sufficient conditions for the existence and uniqueness of classical or gen-
eralized solutions can be found in the papers [2], [3], [10], [21], [22] and the
monograph [12]. We use general ideas concerning the stability of numerical
methods for evolution differential or functional differential equations, intro-
duced in [15], [23], [24].

First order partial functional differential equations find applications in
different fields of knowledge. Differential-integral systems have been pro-
posed in [I] as simple mathematical models for the nonlinear phenomenon
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of harmonic generation of laser radiation through piezoelectric crystals for
nondispersive materials and of Maxwell-Hopkinson type. Systems of differ-
ential equations containing operators acting on the unknown density of pop-
ulations in dependence on their age, size, and DNA content, are considered
in [25]. An equation with a deviated argument ([6]) describes the density
of households at a time ¢, depending on their estate, in the theory of the
distribution of wealth. Another system of integral-differential equations is
used in mathematical biology to investigate an age-dependent epidemic of
a disease with vertical transmissions [7]. The paper [26] deals with integral
differential equations motivated by applications in the theory of screening of
granular bodies. For further information on applications of functional differ-
ential equations see the monographs [12], [28].

2. Discretization of nonlinear systems. We will denote by F(X,Y)
the class of all functions from X into Y where X and Y are arbitrary sets.
We will use the symbols N and Z to denote the sets of natural numbers
and integers respectively. Denote by My, the class of all £ x n matrices
with real entries. For € R”, p € R*, U € My, where z = (21,...,2,),
p = (p1,--,0k), U = [wijli=1, kj=1,..n We put [[z]| = [z1] + - + [zy],
Il = max{|pi| : 1 <i <k} and

|unp=nmx{§:|wﬂ:1f;¢gk}.
j=1

The product of two matrices is denoted by . If U € Mjy,, then UT de-
notes the transpose matrix. The scalar product in R™ is denoted by o. For
w € C(B,R) and (t,z) € EgUE we put |wll pje,z) = max{|w(T,y)| : (7,y) €
DIt,x]}. The maximum norm in the space C(B,RF) will be denoted by
| - llz. Let CL(B,R) denote the set of all linear and continuous real func-
tions defined on C'(B,R). The norm in CL(B,R) which is generated by the
maximum norm in C'(B,R) will be denoted by || - ||

We define a mesh on the set Ey U E in the following way. Let (ho, h’'),
B = (hi,...,hy), stand for steps of the mesh. For h = (hg,h’) and (r,m) €
ZM™ where m = (myq, ..., m,), we define nodal points in the following way:
t) = rhy, M = (azgml),...,xgm")) = (myhy,...,mphy). Let H denote
the set of all h = (hg, h’) such that there are (Ni,...,N,) = N € N" and
Ko € Z with (Niha,. .., Nohn) = b, Koho = bo and i/ < Mhg. Define K € N
by Kho < a < (K 4 1)hg. For h € H we put ||h|| = hg + h1 + --- + hy, and

R = {(t™), ™M) (r,m) € 2}, L, = {0 <r < K}

Set Egp = EoN ]R}lfn, E,=EnN R%f". For functions n: I, —» R", z: Ey, U
Ej, — R¥ w: Ey yUE), — My,yp, we write n(m) =n(t(1), 200m) = 2 z(m)),
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ulrm™ = u(t0), (M) Let ¢; = (0,...,0,1,0,...,0) € R™ with 1 in the jth
place, 1 < j < n. We formulate implicit difference methods of the Euler type
for (L.1), (L.2). Write

E:_e = {(t)i) ek bz — Mt —e<ax; < bz —Mit},

E;e = {(t7x) €EE: b+ Mt<x < bi+Mit+6}7
where 0 < e < b; — M;a and 1 <3 <n.

ASSUMPTION Hy[f]. The function f: 2 — RF is continuous, satisfies the
condition (V') and

1) the partial derivatives

Ouf = [Ou; fili=1,.. k. j=1,.ns  Ogf = [0g; fili=1,...k,j=1,..n
exist on {2 and 0, f, Oy f € C(£2, Myxn),
2) there exist the Fréchet derivatives Oy f(P) = [Ow, fi(P)]ij=1,..k, and
Ow; fi(P) € CL(B,R) for 1 <i,j <k, P €,
3) there is € > 0 such that
Og f(t,r,w,q) <Oy on EZ."; X C(B,Rk) x R",
Og f(t,r,w,q) > 0y on B x C(B,Rk) x R",
where 1 < i < k and 8y, f = (9, f1,- - 0. i), Oy = (0,...,0) € RE.

REMARK 2.1. Suppose that the function 9, f: 2 — Mj, satisfies the
condition

(2.1) (wlaqlfi<P), ce ,xnaqan(P)) < G[n], 1<i<k, Pe {2,

where 0,,) = (0,...,0) € R". Then condition 3) of Assumption Hy [f] holds
true.

Note that if condition is satisfied on [0, a] x [—b,b] x C(B, R¥) x R¥
then the natural domain for classical solutions of , is the set £ =
[0,a] x [=b,b]. Then we put M = 0}, in the definition of the Haar pyramid.
This property of the initial value problem , follows from the theory
of bicharacteristics.

Suppose that Assumption Hy|f] is satisfied. Set
H={h=(ho,h) € H:h; <e/2for1<j<n}.
We write ﬁxfl = (8x1fi, . ,&Cnfi), 8u)fz = (8w1f,-, . ,8wkfi), where 1 S
i <k Set B = {(tM,2™) € B, : 0+, 2m) € E} and E,) =
(Eon U Ep) N ([<bg,t] x R™), 0 < r < K. We construct a difference
problem corresponding to (1.1), (1.2). Unknown functions in a difference
system are denoted by (z,u) where z = (21,...,2k), U = [Wijli=1,...k, j=1,....n;
w; = (Uit, ..., Uin), 1 < i < k. We denote by dp and (d1,...,d,) = 0 the dif-
ference operators for the variable t and for the spatial variables (1, ..., z,) =
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x respectively. Write dou; = (dotsi, ..., 00Uin), 02; = (0124, ...,0p2;) and
du; = [0juis)s j=1,..n where 1 <i < k. Set

ThU(rm) = [Th(’uz‘j)(r m)]'—1 Sk =1, wfi( )*Thu(rm)
(Zawsfz VT (1) (ram)s - - Zawsfl VT, usn)(rm)) Pen,

and P [z 4] = (t(T),x(m),Thz(r’m),ugr’m)), 1 <4 < k. We consider the
system of difference equations
(2.2) Go"™ = f-(P(’"’m) [z wi))
+ 0y fi(PT™ [z, wi]) 0 (02" —u™™), 1 <i <k,

and
(23)  Soul"™™ = 8, f;(PT™ [z, w]) + D fi (PO [z, wi]) x Thum)

+ O fi (P [z, ) % [sul T 1< <k,
with the initial conditions
(2.4) 2 = ™) =™ on Eyy

where ¢p: Egp — RF and v,: Egp, — Myxp, are given functions. The
difference expressions dgz; and dgu,; are defined by

6Oz§r,m) o hlo[ (r+1 m) Zi(r,m)]

)

2.5
( ) (r+1,m) . u(r,m)

i *h—o[ui i), 1<i<k.

The difference operator ¢ for the spatial variables is defined in the following
way. Suppose that the functions (z,u) are known on the set E,; where
0<r< K. We put

T m 1 T m-e€; I8 m
(2.6) if By, f;(PU"™ [z, w;]) > 0 then §;z ™) = —[plrFhmtes) _rlm))

and

T m 1 T m-re; T ,m
@7 ul ™ = T ) 1 <s <,
J

Moreover we set

r m 1 T m s m—e;
(2.8) if aqui(P(T’m)[z,ui]) < 0 then 5jzi( Fm) —[zz( + )—zi( + j)]

r+1,m 1 r+1,m r+1,m—e;
(2.9) (5ju§s+1 ) = - [uz(.sﬂ’ ) _ uz(-sﬂ’ J)], 1<s<n.
J
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We have i = 1,...,k, 7 = 1,...,n in (2.6)—(2.9). Note that the difference
operators 52’1 and du;, 1 < i < k, are calculated at the point (t(r+1),x(m))

in , l 3). Then the numbers z(TH’erej), AT Tm=e) and the vectors

(2

T—H e (T—H m=ej) , 1 <7 <mn, appear on the right hand sides of ,
. It follows that we have obtained implicit difference schemes
If we apply classical difference methods to problem (|1.1] , . ) then we
approximate derivatives with respect to spatial variables by difference ex-
pressions which are calculated by using previous values of approximate solu-
tions. In our method we approximate the spatial derivatives of the unknown
function in by solving suitable difference equations which are generated
by the original problem.

REMARK 2.2. The above construction of an implicit Euler method has
the following property: the definition of the difference expressions dz; and
ou;, 1 < i < k, at the point (t(r+1),x(m)) depends on the local properties
of the functions 9,f;, 1 < i < k. Note that we construct the Euler type
methods and we do not assume that the functions (sign dg, fi, . . ., sign 9, fi),
1 <i <k, are constant.

REMARK 2.3. Suppose that Assumption Hy[f] is satisfied and z €
C(Ey U E,R¥), uw € C(Ey U E, Myyxy) and u = [uijlic1, . kjet,..ns Wi =
(Uity .-y Uin), 1 <4 < k. Let us consider the Cauchy problem

77/<t) = _8qfi(7—7 77(7—)7 Z(rn(1))s ui(Tv 77(7—)))7 ’17(t) =,
where 1 <i < k is fixed and (¢,x) € E. The solution
gi[z7 u]('} tu x) = (gil[Z, 'LL](, ta $)7 s 7gin[27 ’U,}(, t: 1’))
of the above problem is the ith bicharacteristic of system (|1.1)) corresponding
to (z,u). The following property of bicharacteristics is important in our

construction of implicit difference schemes for (1.1)), (1.2]). The difference
operators (d1,...,0,) = 0 used in this paper satisfy the following conditions:

(i) if the function g;;(z, u](-,t,x) is increasing on [t — €p, ], g > 0, then

—

5jzi(f,ﬂf) = —[zi(t,z) — zi(t,x — Tej)]’

—

djuis(t,x) = ;[uis(t,x) —uis(t,x —1ej)], 1<s<n,

for some 7 > 0,
(ii) if gij[2, u](-,t,x) is decreasing on [t — €p, t], €g > 0, then

5jzi(t,x) = %[Zi(tyiv - Tej) - Zi(t’x)]a

1
djuis(t,x) = ;[uis(t,x —T1ej) —uis(t,z)], 1<s<n,

for some 7 > 0.
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REMARK 2.4. In our theorem on the convergence of the above difference
method we will assume that the initial function ¢ is of class C* on Ey and
that the functions ¢y and vy, are approximations of ¢ and 0, respectively.

The difference problem consisting of system , and initial con-
dition with the difference operators defined by f is called a
generalized implicit Fuler method for , .

The dfference system , is obtained in the following way. Sup-
pose that Assumption Hp[f] is satisfied and that the derivatives 0, =
[0z, 0ili=1,... k, j=1,...n €Xist on Ep. We apply the method of quasilineariza-
tion to problem , . It consists in replacing the nonlinear prob-
lem , with the following one. Let (z,u) be unknown functions of
(t,xz) € E where z = (21,...,2k), ¥ = [Ujliz1,.k j=1,..n, Wi = (Wil, ..., Uin)
for 1 <4 < k. Write Ulz,uit, 2] = (2, 2¢02),wi(t,2)), 1 < i < k. We
introduce first an additional unknown function v = 9,z in . Then we
consider the following linearization of with respect to the last variable:

(2.10) Orzi(t,x) = fi(Ulz, u;;t, x])

+ 0 fi(Ulz,uis t, x]) 0 (0p2i(t, ) —ui(t,x)), 1<i<k.
It follows from that u;, 1 < i < k, satisfy the functional differential
system
(2.11) Owui(t, x) = O fi(Ul2, uis t, @) + 0w fi(Ulz, uis t, 2]) * w(y a)

+ 0y fi(Ulz, ui; t, x]) * [0pui(t, x)]T, 1<i<k.

It is natural to consider the following initial condition for the quasilinear
system , :
(2.12) z(t,x) = p(t,x), u(t,z) =0zp(t,z) on Ep.

We obtain a generalized implicit Euler method for , by a discretiza-
tion of (2.10)(2.12).

Write S; = {z € R" : (t,z) € Eg UE}, t € [=by,a], and U, = {t € R :
(t,z) € Eg U E}, x € [—b,b]. Suppose that v: Eg UE — R is a classical
solution of , . We say that v is of class C* if v(t,-): Sy — R¥ is of
class C? for every t € [~bg,a] and v(-,z): U, — R¥ is of class C for every
x € [—b,b].

The initial value problems , and f have the follow-
ing properties (|12, Chapter IV], [22]).

(i) if v: B U E — R is a classical solution of (1.1)), and v is of
class C* then the functions (v, d,v) satisfy (2.10)-(2.12),

(i) if (2,4): EgUE — R* x Mgy, is a classical solution of @Df(]&[)
then 0.z = 4 and Z satisfies , and Z is of class C*.
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There are different ways of constructing implicit difference schemes for
first order partial functional differential equations or systems. We present two
such constructions. For simplicity we assume that £k = 1 and that does
not contain the functional variable. Let us consider the differential equation

(2.13) Oz(t,x) = G(t,x, 2(t, x), 0x2(t, x))

with the initial condition for £k =1 and by = 0. The difference problem
(2.14) oz = G(t(r) ,z(m) L r+Lm) 52(’"+1’m)),

(2.15) Z(0m) — @ELO’m) for 2™ e [—b, b],

can be considered as an implicit method for , with k =1, bg = 0.
Note that the difference operators (d1,...,d,) and the unknown function z

are calculated at the point (¢7+1D) z(m),
Let us consider the difference equation

(2.16) o2 = Q") g(m) L (rm) 5 (r1m))

with the initial condition . In this case the unknown function z is calcu-
lated at (¢, (™)) and the difference operators (8,2, . . ., d,2) at (£ 1), 2(m).
Thus we have obtained an implicit difference scheme. The paper [4] gives suf-
ficient conditions for the convergence of implicit difference methods of the
type , for functional differential equations.

The numerical methods , and implicit difference schemes
f exhibit the following differences. It is clear that a nonlinear dif-
ferential equation leads to a nonlinear algebraic system . This system
requires iterative schemes for the computation of numerical solutions. In
the case when is a quasilinear differential equation, the corresponding
system of the form is also nonlinear.

On the other hand, if we consider the difference scheme f then
we obtain a linear system for the unknowns (z("+57), 4("+1m)) Note that

our original problem (|1.1)), (1.2)) is nonlinear.

3. Solutions of implicit Euler schemes. Let us denote by (zp,, up): Ep
— RF X My, the solution of f and suppose that the functions
(zn,up) are calculated on the set E,.p, 0 < r < K. Our implicit difference
methods have the following property: we start with the nonlinear system
(1.1)), and the existence of a solution (zp,up) on E,i1j is equivalent to
the existence of a solution of the system , , which is linear. The
difference equations

(3.1) 2T = b0, £ (P [z, u)) 0 620 1< <k,
and
(3.2) ul" T = hod, £i (PO [z, u) * [SulTVT 1< <k,

i
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are the principal parts of (2.2]) and (2.3)) respectively. We prove a lemma on
difference inequalities generated by (3.1)), (3.2)).

LEMMA 3.1. Suppose that

o Assumption Hy[f] is satisfied and condition (1.3 holds,
o hc Handz, € F(EgnUEL RF), uj, € F(EygnUER, Mixy) where 2, =

(Zh1s -3 Zhk)s Uh = [Uhijli=1,. kj=1,..n 0nd Up; = (Whils- -, Unm),
1< <k.
(I) If the functions zp, and uy, satisfy the implicit difference inequalities
(3.3) AT < B0y fo(PU [z, up]) 0 620 1< i <k,
and
ul" ™ < @, fi (PO [z, un ) + [Sul TV 1< <k,
then
(3.4) }(erm) <0 on Ep, for1 <i<k,
(3.5) uérzm) <O onkEyforl<i<k,

(IT) If the implicit difference inequalities
27 > o0y fi( P [z, upa]) 0 62T 1< <,
and
u T > hod fi( PO [z, wpa]) [T, 1< <k
are satisfied then z,(: m) >0 and u( m) > 0, on By for 1 <i<k.
Proof. Consider case (I). Fix 0 g r < K —1. Write
JT = G € Ly 2 9y (PO s un]) 2 0},
Jrm -1, n}\J )
where 1 < i < k. It follows from (3.3]) that

n

rrLm 1 rm
(3.6) Zf(bjl )[1+hozi\3qui(13(’ zn, uni))|
7j=1
(r,m r+1,m+e
Z hj a‘hfz [Zhvuhl])zl(z:r )
)

J(’V‘ m

1 1
~ ho Z ﬁaqui(p(r,m) [Zh,uh.z])zl(::r m=e;)
jeatnm
Suppose that 1 < i < k is fixed and (¢t 2(™) € Ej, is such that

}(Lrl—i-l ,7m) > 2 (r—l—l m) for 2™ ¢ [—b+ Mt(r""l),b _ Mt(T'H)],
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If the assertion (3.4]) is false then
(3.7) AT o,
From ({3.6) we deduce that

P {1 + hoz |an Fi(PU™) 2y, z])|]
j=1
<Y r F(PU g ).
Jj= 1
Hence z}(LTH ) < 0, which contradicts , and the proof of is com-

pleted by induction. In a similar way we prove . Case (II) can be treated
in the same way. This completes the proof.

LEMMA 3.2. If Assumption Ho[f] and condition (1.3) are satisfied then
there exists exactly one solution (zp,un): Eop U Ep — RF X My, of (2.2)-

24).

Proof. Fix 0 <r < K —1 and suppose that the solution (z, up,) is known
on F,j. Consider the linear system

(3.8) L) ) e plm) )
+ hody fi(P(“m) lenyunal) o (6 —ufl 1),
(3.9) “z(‘rﬂ’m) = (T m) + hoOx f( PT™ 2w i))
T hanfl( [Zhv Up, ;]) * (Thuh.i)(nm)
+ hod fz*(P(’“’m (2 una]) % o)

(2 (redm) 3 rHhm)y where (M) € [—b+ M+ p— M+D].

? Z

Suppose that (¢ (T),x ) € Ej. It follows from condition 3) of Assumption

Hy|[f] that the expressions 522-(T+1’m), éugrﬂ’m), 1 < ¢ <k, are well defined.
We conclude from Lemma[3.1]that the homogeneous system corresponding to

, has exactly one zero solution. Then system 7 has exactly
one solution (z,(:url ™ ug;rl’m)) where 2™ € [—b + Mt+D) b — M+,
and consequently, the functions (zp.4,un;), 1 < i < k, are defined and they
are unique on F, 11 5. Since (zp, up,) are given on Ejy j, the proof is completed
by induction.

Now we give estimates of solutions to (1.1)), (1.2)) and (2.2)—(2.4)). Write
k
180 f(P)|| = max{z 10w, fi(P)[ls 11 <i < k} Pe.
j=1

with unknowns
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ASSUMPTION H,[f,y]. The function f: 2 — RF satisfies Assumption
H()[f] and
1) there is A > 0 such that ||0,f(P)|| < A and ||0f(P)|ls < A for
P=(t,z,wq) €L,
2) for P € 2 we have (|0q, fi(P)|,...,|0qufi(P)]) < M,1<i <k,
3) ¢: Eg — RF is of class C' and
co = max{|e(t, 2)lloo : (, ) € Eo},
c1 > max{||Ozp(t,x)| : (t,x) € Ep}
and
0> [l llsorer 2 ™ for (17,20) € By, he B

LEMMA 3.3. Suppose that Assumption H.[f,o| is satisfied and v =
(v1,...,v1): Eg UE — R is a solution to (1.1), (1.2) and v is of class
C* on EgUE. Then

(3.10) [v(t,2)||lso < A0(t),  ||Ozv(t,2)|| < @r(t) for (t,z) € E,
where
(3.11) Go(t) = coet + %(ef‘t — 1) + 2| M| erte
A ~
(3.12) ar(t) = (e +1)ett —1
and

c= max{”f(t7$7070[n])uoo : (t,l’) € E}
where O € C(B,R¥) is given by O(7,y) =0 for (1,y) € B.

Proof. Let us denote by g¢;[z,u](+,t,z) the ith bicharacteristic of (I.1))
corresponding to (z,u). It follows that the functions (v,d,v;), 1 < i < k,
satisfy the integral functional system

¢
zi(t,x) = (0, gi[z,u](0,t,z)) + S fi(Pi[z,u](T,t,x)) dT
0
t

- S 8qfi(-Pi[Zy u] (7—7 ta 1:)) © Ui(T, gi[za U](T, t7 17)) dT7
0
t
wi(t, ) = 0ppi(0, gilz, u) (0,1, 2)) + | Do fi(Pilz, ul (7, 2)) dr
0
t
+\ 0w fi(Bilz, ul (7,8, 2)) * U(r g fof(rey T 1 < i <K,
0
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and the initial conditions z(t,x) = ¢(t,x), u(t,z) = 0y¢(t,z) on Ey where

PBilz,ul(r,t,z) = (7, gil2, ul(T, £, T), 2(r,g, [z 0] (r.t,2))» Wi (T gi[2, u](7, E, 7)), and
1 <11 <k. Write

ao(t) = max{|[v(7,y)|lec : (T,y) € B UE, T < t},
aq (t) = max{||0,v(1,y)| : (1,y) € Eg UE, 7 < t},

where t € [0,a). It follows that the functions (d&o, &) satisfy the integral
inequalities
t ~
Go(t) < co + ct + \[Ado(r) + 2|| M| Ga (7)) dr,
0
t

Gy (t) < er + At + A\ n(r) dr.
0

Hence the functions (ag, &) satisfy the equations corresponding to the above
integral inequalities. Thus the assertion (3.10) follows.

ASSUMPTION H|[T}]. The function Ty, : F(E,UE), R¥) — C(E)UE, RF)
is such that

1) for w,w: Eyp U Ep, — RF we have ||Thw — Tty < ||w — @||rp,
0<r<K,
2) for each w: EgyUE — R¥ of class C! there is ~v«: H — R4 such that

o~ Tuwnlle < 7(h), 0<t<a,  Jimau(h) =0

where wy, = w|g, ,UE,
3) if Oy, € f(EO.hUEh,R) is given by Oh(t,x) =0 for (t, x) € By pbUE)
then (T0p)(t,z) =0 for (t,z) € Eg U E.

REMARK 3.1. The above condition 1) states that T}, satisfies the Lip-
schitz condition with constant L = 1. The meaning of condition 2) is that
Thwy, is an approximation of w and the approximation error is estimated by
~«(h). An example of T;, which satisfies the above conditions can be found
in [12, Chapter 3|.

LEMMA 3.4. Suppose that Assumption H,[f, ] and condition (1.3)) are
satisfied and (zp,up): Eop U Ep — R¥ X My, is a solution to (2.2))-(2.4)

with &g and & defined by (2.5)—(2.9). Then
(3.13) 2™ oo < a8, Juy ™| <a”  on By

where &g, @y are given by (3.11)), (3.12).
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Proof. Write

oy = max{ o™ oo + (1), 2)) € By p},
o} = max{[fu”™ | : (¢9,2") € B,

where 0 < r < K. Easy computations show that the functions (a9, ap.1)
satisfy the difference inequalities

Lo (a1
otV — i) < @+ Aafly + 2| M |laf)),

ho
hlo[agfl) - ag’i] < Al + a(r)] 0<r<K-1.
The functions (@, ap) satisfy the differential equations
yo(t) = &+ Ayo(t) + 2| My (1), yi(t) = A+ Ayi(1).
and a(o) = 0420()), ag ) = é) Thus the assertion follows.

4. Convergence of the generalized implicit Euler method. Sup-
pose that Assumption 15 satlbﬁed Write d = ag(a), d = @y (a) where
(@, a1) are given by , and 2[d,d) = E x Keprryld] x Kgn [d]
where
Koprmld = {w e C(B.RY) : |wlp <d},  Kreld)={g €R": |lq| < d}.
We will need the following assumptions on f.

ASSUMPTION H|[f, ¢]. The functions f: 2 — R¥ and ¢: Ey — RF satisfy
Assumption H,[f, ] and

1) there is 0 € C([0,a] x R4, Ry ) such that

e ¢ is continuous and nondecreasing with respect to both variables,
e 0(t,0) =0 for ¢t € [0,a] and for each ¢ > 1 the maximal solution of
the Cauchy problem

1'(t) = cln(t) + o(t,n(t))],  n(0) =0,
is 7j(t) =0 for t € [0, a],
2) the terms
102 fi(t, 2, w, q) — Ou fi(t, 2,0, Q)||, 104fi(t, 7,0, q) — Oy fi(t, =, w, q)||,
10w fi(t, z,w,q) — Ou fi(t, , 0, )|
are estimated by o(t, ||w — |/ + ||lg — g||) for 1 <i < k on £2[d, d].

REMARK 4.1. Theorems on difference methods presented in [4], [13] have
the following property: it is assumed that the functions 0, f, 0, f, O, f satisfy
nonlinear conditions of the Perron type with respect to (w,¢) and the esti-
mates are global with respect to (w, ¢). Note that we have assumed estimates



474 E. Puzniakowska-Galuch

of the Perron type with respect to (w,q), local with respect to (w, q). It is
clear that there are differential systems with deviated variables and integral
differential systems such that condition 2) holds and global estimates of the
Perron type with respect to (w, q) are not satisfied.

Now we formulate the main result of the paper.

THEOREM 4.1. Suppose that Assumptions H[f, | and H[T}] are satisfied
and

1) ¢ € C(Eo,R¥) and @(t,-): [~b,b] — R* is of class C? for every t €
[—bo, 0] and (-, x): [~by,0] — R¥ is of class C1 for every x € [—b,b),

2) v: EgUE — R¥ is the solution to (1.1)), (1.2) and v is of class C* on
EyUE,

3) (zn,un): Eop U Ep — RF X My, is the solution to (2.2)—(2.4) with
00, 0 defined by (2.5)—(2.9) and there is ag: H — Ry such that

(A1) e =g+ 0™ = o™ < ao(h)  on Eon
and limy,_,o ag(h) = 0.
Then there exists ao: H — Ry such that
(4.2) llvn — znllen + |00 — upllrn < ag(h)  for 0 <r < K,
and limy_g a(h) = 0 where vy, and Oyvy are the restrictions of v and Oyv,

respectively, to the set Fyp U Ep.

Proof. Write X = 0yv, X = [Xijli=1,...kyj=1,...ns Xi = (Xi1, -+, Xin), 1 <
i < k, and
Xh = X|E0.hUEh’
Xh = Xhijli=1,..kj=1,..n> Xhi = (Xnils--->Xnin), 1<i<k.
Then (v, x) satisfy the quasilinear system ([2.10)), (2.11)) and the initial con-
dition (2.12). Consider the functions &,: Eo, U Ej, — R* and A,: Eop U

Ep — Mpyyy defined by &, = vi, — 21, & = (En1s - 6nk), Aw = X — Un,
M= [Mijli=t, b, j=1,.n a0d Ay = (Mpit, -y Apin), 1 < i < k. Let
Wh.0,wh.1: In — Ry be given by

Wl = max{ €™ oo = (19, 20M) € By},
W) = max{|A"™| : (19, 20M) € B}
and wp, = wpg + wp.1- We will write a difference inequality for wy,. We first

examine wyg. Set QU™[v, y;] = (t(r),x(m),v(tr)w(m),x(r’m)), 1<i<k Let

the functions I}, Ay, : E;z — Rk, I = (Fh.ly - 7Fh.k)7 Ay, = (Ah.la e 7Ah.k);
be defined by
(43) L™ = sy = 0™ +0, QU o, il o D™ — ]

)



Implicit difference methods 475

and
(44) AL = FQU™ o xi]) = AP eh uny)
R CARRICR) oxY’” + 0, fi(PU™ 2y unal) o
+ [0,£: QU™ v, xi]) = Dy fi PO 2, up))] 0 b0
where 1 < 4 < k. It follows from , that &, satisfies the difference

equations
(4.5)  60€"™ = 0, fi(PT™ [z, wpi]) 08 ™ 4 A 4 plem) g < <

We conclude from (2.5)—(2.6]) that the above relations are equivalent to

n

(@6) &l [ ho S 216, P )
J

j=1

r,m r+1,m+e;
S e YD 0 P ) €

.J(r,m) J
r+1,m—e
“ho 30 O PO ] €41
jegrm
+ho[T™ 4 A <<k

It follows easily that there is 79: H — R4 such that
(4.7) 117l < 20(h) o B, lim jo(k) = 0.
We conclude from Lemma Lemma [3.4] and Assumption H[T}] that

[0r) wmy | e xm <d, |NTh(zn)(rm)llppe) pomy < d,
I <d, g < d

where (1), 2(™) € E} . Let @ = max{d,d}. Write A = max{A, |M||}. Ac-
cording to Assumption H|[f, p] we have

48)  [IF(QT™ v, xi]) = fi(P"™ [z, upa])l| < Aw” on E for 1< i < k,

and

(4.9) 18, £:(QT™ [0, xi]) — Dg fi(PT™ [z, una]) || < (), i)
on Ej for 1 <i < k. Then we have

(4.10) A < 240" 4 280 (10), W),
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We see at once that

411) Y aqux 1) [ 1)) [T

jEJj'[r,m] ]
r+1,m—e
- > 8quz< ™) [z wpa]) |0
jeJ [rom] hi
< (r(;rl Z |8qgfz( [Zhyuhz])’
7=1

From (8), (I8), (10), (I1I) we get
(412) Wl < ey + 2h0dw” + 2hoio (), ) + hoo(h)

for 0 < r < K — 1. Now we write a difference inequality for wy 1. Let the
functions Up,;, Zp.i: Ej, — R™, 1 <14 <k, be defined by

(4.13) U™ = 5y T gy
+0 fz(Q [1} Xz]) [8mxgr,m) . 5X§;;i—1,m)]T

and

(4.14) 2" = 9, £i(QU™ v, xi]) — De fi( P <“m>[2h,um1>
+8wfz(Q [U Xz]) (Xz) - wfz( [Zhvuhl]) (Thuh-i)(r,m)
+ [0, £:(QU™ v, xi)) — 3fz( ™ [z, una))] % (x5 T

Then the functions Ay ;, 1 < i < k, satisfy the difference equations

oA = 9, £ (PT™ [z, up]) + [SATTEMT o glnm) g glrm),

It follows easily that the above relations are equivalent to

(413) N 140 D 10, AP e )
7j=1
r,m 1 rm r+1,m+e;
:)\EL; )+h0 Z Faquz(P(’ )[Zh,uh.i]))\gjl tei)
jesy

1 rm r+1,m—e; T,m r,m
—ho Z faqu"(P( ™ [zh, unq)) >‘§m; = hO[Uf(L.i '+ Zf(m' ).
jegrm
It is clear that there is v: H — R such that

4.16 U™ <~y(h) onE,for1<i<k and lim~y(h)=0.
h.i h h—0

The estimates analogous to (4.9) can be obtained for 0, f; and 9, f;. It follows



Implicit difference methods 477

from (4.14)) and Assumptions H|[f, @], H[T}] that
(4.17) 125 < (14 28)0 (1), w”) + Aw'™.

It is easy to see that

418 Y &hfz (PO [z up AT
]€J+[r m}

1 rm r+1,m—e
D D Rl R Y ]|

JeJ; [rym]

n

SwY,;“Z \6quz< ™ [zn, up.i))|-

j=1
We deduce from (4.15)), (4.17), (4.18) that
419) W™ <0l 4 hodw” + h0(1 + 2a)a(t<ﬂ, W) + hoy(h)
for 0 <r < K — 1. Adding inequalities (4.12] we get
(4.20) Wi < Wl 4 hg(1+4a)o (1), <’")) +3h0Aw,§ ) ¥ ho(r0(h) +~(R))
for 0 <r < K — 1. Consider the Cauchy problem
(4.21)  W'(t) = 3Aw(t)+(1+4a)o (t,w(t) +(0(h)+7(h), w(0) = ag(h).

From Assumption H[f, ¢] we know that there is ¢y > 0 such that for ||h|| < €
there exists a maximal solution 7y : [0, a] — Ry of (4.21)) and limy, 0 n5 () =0
uniformly on [0, a]. The following recurrent inequality is satisfied:

(4.22) 0" > 0" 4 3hoAn' + ho(1 + 4a@)a (™), 1) + ho(r0(h) + v(h)),

where 0 < r < K —1. Since w,(L ") < n}(LT), from the above inequality and 1)

we see that w(r) }(LT) for 0 < r < K. We obtain the estimate |D for
a(h) = np(a). ThlS completes the proof.

REMARK 4.2. Note that the (CFL) conditions are not assumed in The-
orem [4.1]

5. Comments and examples. Suppose that all the assumptions of
Theorem are satisfied with o(¢,p) = Lp on [0,a] x Ry where L > 0.
Then

(5.1) lon = znllrn + [|0zvn — up|lrn < @&(h), 0<r <K,

where

a(h) = ag(h)e + = (r0(h) + 1 (1)) — 1)



478 E. Puzniakowska-Galuch

and L = 3A + L(1 +4a). Inequality (5.1)) is obtained by solving the Cauchy
problem (4.21)) with o(¢,p) = Lp.
LEMMA 5.1. Suppose that
1) Assumption H[f, ] is satisfied with o(t,p) = Lp on [0,a] x Ry where
L>0,
2) the operator Ty, : F(FEon U Ep,RF) — C(EoU E,R) is such that
o forw,w € F(EypUEy,R*) we have | Thw — Ty ||, < ||w—10|y.1,
0<r<K,
o for each w: Ey U E — RF of class C? there is C,, € Ry such that
|w = Thwp|le < Cul|], 0 <t < a, where wy, = w|E, ,uE,
3) ¢: By — RF is of class C° and v: By UE — R¥ is the solution of

(1.1), (1.2) and v is of class C® on Eg U E,

4) condition 2) of Theorem is satisfied.
Then there is C' € Ry such that
(5.2)  |lvn = zullen + 10evn — unllrn < Coag(h) + Cllh), 0<r <K,
where Cy = exp[(3A + L(1 + 4a))al.

Proof. There are cp,c € Ry such that conditions (4.7) and (4.16) are
satisfied with yo(h) = co||h|| and v(h) = c||h|| respectively. Then we obtain
B2 from (1),

REMARK 5.1. The interpolating operator T}, considered in [I2], Chapter 3|
satisfies condition 2) of Lemma

Two models of functional dependence in partial differential equations are
used in the literature. There are papers concerning the nonlinear equation

(5.3) Oz(t,x) = G(t,z,(Vz)(t,x),0pz(t, x))
with the initial conditions
(5.4) z(t,x) = p(t,z) on Ey

where V is a Volterra type operator and ¢: Fy — R, G: E x R x R" — R.
The main assumptions in existence theorems for , concern the
operator V. They are formulated in terms of inequalities for norms in some
function spaces. A new model of functional dependence for initial value prob-
lems with solutions defined on the Haar pyramid is proposed in [21], [22].
Our results on implicit difference methods are based on that idea.

The paper [I3] concerns implicit difference methods for , . The
following property of the operator Vz is important in [I3]: the interpolat-
ing operator V2 corresponding to V satisfies the Lipschitz condition with

respect to z. Let us consider problem (j5.3)), (5.4]) with
(5.5) (V) (t, @) = 2(t —7,y) - 2(t = 7,y)
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where 7,7 € [0, bg]. The results of [I3] are not applicable to (5.3)), (5.4) with
V' defined by . The interpolating operators Vj,z corresponding to
do not satisfy the Lipschitz condition. Note that Theorem [£.1] can be applied
to the above Cauchy problem.

Let us consider problem , with

(5.6) (Va)(t,x)= | 2%(ry)dydr.
Dlt,x]

The interpolating operators Vj,z corresponding to do not satisfy the
Lipschitz condition. Thus the results of [13] are not applicable to ,
with V' given by . Note that Theorem can be applied to the above
Cauchy problem.

Now we present numerical examples. We apply the results of Section [ to
a differential equation with deviated variables and to a differential integral
problem. For n = 2 we put Ey = {0} x [-b,b] x [-b,b], M > 0 and
(5.7) E={(tz,y) eR®:0<t<a,z,yc[-b+ Mtb— Mt]}.
Initial value problems considered here have solutions on E. Let us write h =
(ho, h1, ho) and assume h; = hy. Let N, € N be defined by (™), y(m2) ¢ [[r]
for my, mg = —N,, =N, +1,...,N,—1, N,, where I[r] = [-1+2t("), 1—2¢(")]
and x(Nrt1) g/ (Net1) T[],

ExaMpPLE 5.1. Consider the differential equation with deviated variables

(5.8)  Oz(t,x,y)
= cos(x0,2(t, x,y) — yOy2(t,x,y)) — x02(t, x,y) — yoyz(t,x,y)

+ 2(t,0.5(x +y),0.5(x — y)) + 2y(1 + 2t)2(t, z,y) — exp (0.25t(z* — y?))
with the initial condition

(5.9) 2(0,z,y) =1 on Ejy.
We put a = 0.4, b =1, M = 2 in (5.7). The solution of (5.8)), is

known, it is v(t, z,y) = €Y. Let us denote by zj,: Ej — R the solution of
the implicit difference problem corresponding to ((5.8)), (5.9). Write

(5.10) &) = 2N+1 Z Z o™ — ™).

mi1=—N, mo=—N,

The number 6;:) is the arithmetical mean of the error with fixed ¢("). We give

experimental values of the above defined errors for hg = 0.01, hy = hy =
0.001.

) 0.15 0.20 0.25 0.30 0.35 0.40
¢™0.000785 0.000941 0.000975 0.000929 0.000918  0.001150
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The results in the table are consistent with our theoretical analysis. We
have solved problem , by using an explicit Lax scheme with the
same steps of the mesh. In the case in question the (CFL) condition is not
satisfied and the errors are greater than 100 for » > 10.

ExAMPLE 5.2. Consider the differential integral equation

(5.11)  Oz(t,x,y)
= —0.2520,2(t, z,y) + 0.25z cos (8xz(t, z,y) + S z(t,s,y) ds)
0

y
— 0.25y0y2(t, z,y) — 0.25y sin (ayz(t, z,y) + S z(t,x, s) ds) +g(t,x,y)
0

where g(t, z,y) = costcosx cosy—x sint sin z cos y—y sin ¢ cos z sin y—0.25x,
with the initial condition

(5.12) 2(0,z,y) =0 on Ey.

We put a =15, b=1, M = 0.5 in . The solution to this problem
is v(t,x,y) = sintcosxcosy. Let us denote by z,: Ej, — R the solution
of the implicit difference problem corresponding to , . Let e,(f)
be defined by . In the table we give experimental values of the above
defined errors for hg = 0.02, h1 = he = 0.002.

(") 0.54 0.60 0.64 0.70 0.74 0.80
e§j> 0.006636  0.007498 0.008044 0.008811 0.009283  0.009927

The results in the table are consistent with our theoretical analysis. We
have solved problem , by using an explicit Lax scheme with the
same steps of the mesh. In this case the (CFL) condition is not satisfied and
the errors are greater than 100 for r > 40.

Note that we have a little better results for the differential equation with
deviated variables than for the differential integral problem. This is due to
the fact that we use interpolating values Vj,zy, at the points 0.5(z("1) 44(m2)),
0.5(z(™) — y(m2)) in the first example and we use interpolating values V},z,
on the intervals [0, 2(™)], [0, y(™2)] in the second example.

The above examples show that there are implicit difference methods for
functional differential equations which are convergent and the corresponding
explicit difference schemes are not convergent. Difference schemes obtained

by the discretization (1.1}, (1.2) have the following property: a large number
rym (r
u

of previous values Z}(L L "™ must be preserved because they are needed

to compute an approximate solution (zj, up) for t = ¢(r+1),
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