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Abstract

This paper is devoted to the numerical comparison of methods ap-
plied to solve problems with nonlocal boundary conditions. Four numer-
ical methods are compared, namely, finite differences method, Galerkin
method, Keller Box scheme and orthogonal spline collocation method.
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1 Introduction

Partial differential equations with non local boundary conditions and partial
integro-differential equations occur in many fields of science and engineering.
A detailed description of the occurrence of such equations is given in [7]. We
present in the sequel a non exhaustive list of phenomena governed by this kind
of equations.

1. Diffusion problems
Certain chemical processes are governed by the equations

Up = Upy, (x,t) €1 XJ,

u(z,0) = f(z),

u(1,t) =g(t), teJ,
[Tu(s,tyds = F(t), bel,te
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where u; = %, Uy = g_Z’ I =(0,1), J =[0,7], b is a given constant.
For instance if u denotes the concentration, F'(t) is the mass in the area
0 < z < b at time t. Similar equations occur in biochemistry, in this case
b =1 and F is constant, the model is called a model with conservation

of protein.

Quasi-static theory of thermoelasticity
Day [6] has shown that the entropy is governed by the equations

[ b(z)uy = (a(x)uy)y, (z,t) €1 X J,

u(z,0) = ug(x),
u(0,t) = fol f(x)u(z, t)dx, teJ,
| u(l,t) = fol g(x)u(x, t)dz, te J,

Quantum mechanics, nuclear reactor dynamics
It is governed by the following equations

d (&
Rl —/ a(s)T(s,t)ds, t >0,
di ;

T, = (W(@)T)s — q(@)T + n(x)o(u(t)),
subject to the initial conditions

u(0) =ug, T(x,0)= f(x), z€]0,(
and the boundary conditions

le(O, t) + dQTx(O, t) - 0, t> 0,
dsT(c,t) + dyTp(c,t) = 0, t>0,

where |di| + |d2| > 0 et |d3| + |d4] > 0, = denotes the position along
the reactor, ¢ denotes the time, u(t) is the logarithm of the total reactor
power, T(z,t) is the deviation of the temperature, a(z) the ratio of
the coefficient of reactivity, n(z) is the fraction of the power generated
at x, g(x) is a constant multiple of the coefficient of external thermal
conductivity and o(u) = —1 + €*.

Population dynamics

If u(z,t) denotes the population density at time t with respect to age
x, s(z,t) the survival rate of the healthy population, d(x,t) the death
rate of the healthy population, ¢(x,t) the survival rate of the disabled
population, d'(x,t) = d(z,t) + 6(x,t) the death rate of the disabled
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population, ((z,t) the fertility rate of healthy women, 7(z,t) the death
rate of disabled women.

Let r(z,t) = Zgig x 100% be the percentage of the disabled population
aged x at time ¢, ¢(z,t) the handicapping rate of the healthy population,
e(x,t) the rehabilitating rate of the disabled population and A the final
age. The following equations were proposed to model the dynamics of a

disabled population [3].

up + uy, = —mu, (x,t) € [0, A],t € J,
ity =0r*—er+w, (x,t)€][0,A]t€J
u(0,t) = fOA budx,t € J
u(z,t) = uo(z), z € [0, A].
where m(x,t) = d'z,t) + 0(x, t)r(z,t), bla,t) = (B(z,t)(1 — r(x,t)) +
t t

v(z,t)) and e(z,t) = (c(z,t)s(x,t) + e(x, t)q(x,t) + d(z,t)), w(z,t) =
c(x,t)s(z,t).

Many authors have investigated the existence of solutions of this kind of prob-
lems [5, 6, 11]. For the numerical aspect, different numerical methods were
used [1, 2, 4, 8, 9].

In what follows, we consider the general form of initial boundary value
problem

u — (a(x)ug)s — b(x)u, = F(u, x,t
{ v (o) e = P 0

subject to the non local boundary conditions

u(0,t) = [ Ko(w)u(z,t)dz + go(t)
u(1,) = [ Ky (x)u(z, t)ds + g, (t) (2)
0<t<T

and the initial condition

u(z,0) =up(x), 0<z<1, (3)

where uy = =57, Uy = —5-

The functions F', Ky, K; are assumed sufficiently smooth. several authors
have studied numerical methods of the problem (1-3) and its variants, see for
instance [1, 2, 7].

In previous contributions, the authors considered a family of numerical
methods for the numerical solution of a linear parabolic problem with bound-
ary conditions containing integrals over the interior of the interval. Global

Ou(x,t) U — Ou(z,t)
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extrapolation procedures in space only and in both space and time were also
discussed [1].

A Galerkin approximation (-method) was devoted to a semi linear parabolic
problem, the existence and convergence were proved for § < 1/2.

Finally, Keller box scheme and orthogonal spline collocation methods were
also studied [4].
In this paper, recalling different methods considered previously for various

problems with nonlocal boundary conditions, the authors propose a numerical
comparison of four methods applied to solve the same problem.

2 Numerical methods

2.1 Finite Differences & Global Extrapolations [1]

The initial boundary value problem (1-3) was considered with a(z) = 1,b(z) =
0 and F'(u,x,t) = f(x,t) . Let Ul denotes u(zy,, t,), the integrals are approx-
imated by the trapezoidal rule.

Assume that the function u(z,t) is sufficiently smooth, & ulz.)

Oz2

is replaced by

8222—? 2 % [w(z = h,t) = 2u(z,t) + u(x + h,t)] + O(h*) as h — 0. (4)

This approximation yields a system of ordinary differential equations, given
by

d‘i—Lf” — AU + b(b),
U0) = f, (5)

where the matrix A of size (M — 1) x (M — 1) is given by

a; as N ¢ % Vs |
1 -2 1
1 1 -2 1
1 =2 1
_Cl Co CMfl_
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the coefficients a; and ¢;, i =1,... , M — 1 are seen to be equal to (see [1]):
o h(lngMM)K01+%KoMKMl 9
ayp = 1_h h2 -
—5 (Koo+K )+ (Koo Karar —Koar K o)
- h(lngMM)KonrgKoMKMz
az = h h2 1’
1—5 (Koo+Knm )+ (Koo K v v — Ko K o)
SIS VPOV S S YO
1—5 (Koo+HKnrm)+ 7 (Koo K v v —Kom Karo)
Cj = n gK]MOKOj:Qh(ligKOO)KNIj ) ) = 17 . 7M - 3,
1—35 (Koo+K )+ (Koo K v v —Kon K o)
c _ %KMOKOM—2+}1(1_gKOO)KMJW—2 +1
M2 1*%(KOO‘FK]M]\/I)‘F%(KOOK]\/UM*KOMK]MO) ’
o hQ_QKJWOKOJ\/Ifl'f‘h(l—%KOO)KJW]VIfl 9
Cm—-1 _h 2 — - 4.
5 (Koo+H )+ (KooK ar v —Konr K o)
where K()j:Ko(ZEj), KMj:Kl(xj)u ]:O,l, ,M.
The vector b(t) has the form
Yo(t) + Fi(t)
Fy(t)
b(t) = Fy(t) : (7)
Fro(t)
M(t) + Fu-1(t)
with
Tolt) = %KOM gi(t) +(1— %KMM)QO(t)
0 - )
h2(1— 2(Koo + Knur) + %Q(KOOKMM — Ko K o))
B BKwmo golt) + (1 — 5 Koo)gi(t)
n(t) =

h2(1 — (Koo + Kyur) + hTf(KOOKMM — Ko Kno))'

F’](t) :F(xjat)7 f0 = (fla"' 7fM71>T7 fj :u0($j>7 j: 17 7M_ 17
and U(t) is of size (M — 1) and given by

U(t) = [Us(t),..., Unm_1(t)]F,
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2.2 Reformulation and Keller Method

Consider again the initial boundary value problem (1-3) with b(x) = 0. The
rectangular R = [0,1] x [0,7] is subdivided on Ry, = Ipx X Jp, where Ipy

denotes the set {z;} N+ where

O:.CI?0<£171<...<£L’N+1:1,

and Jj; denotes
O=to<ti <...<ty=T.

Set
hi:xi_l‘i—la 221,,N+1, h:max(hz),

kn:ti—tnfl, 77,:1,...,]\/[.

In order to apply the keller box scheme, the problem (1-3) is transformed as

follows
ou

t) = a(z)—
o, t) = afw) 2",
introducing the auxillary functions W (z,t) and G(z,t), defined by

W t) = / Kofs

G(z,t) = /OKl(s)u(s t)ds

taking into account these functions, the problem (1-3) becomes

(u— v, = f(,1), v(z,t) = alz)gs,
We(z,t) = —Ko(z)u(x,t), Gu(z,t) = Ki(x)u(z,t),
u(0,t) = W(0,t) + go(t), uw(l,t) = G(1,t) + ¢1(¢), (8)
W(l,t) = G(0,t) =0, u(z,0) = up(x),

[ v(z,0) = a(z)ug(x).

Keller Box Scheme (KBS) [10] is applied to the problem (8). Hence, the
following system of equations arises :

.
Vi—1/2,n = @i—1/2vui ny Vi n—1/2 = atui—l/Q,n - fi—1/2,n—1/27

VVVz',n =—-K;_ 1/2,0Ui—1/2,n, VGzn =K;_ 1/2,1Ui—1/2,n5

wio = up(x;), vio = a(z)uy(x;), 9)
Uon = Won + go(tn), Unim = Garn + 91(tn),

Wirn = Gon = 0,
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where the operators V and 0, are given by

Tic1y2 = 5(Ti + Ti1), taoije = 5(tn +ta1),

D120 = 5(Pi + Pic1n)s Pin—12 = 5(Pi + Piy1), (10)
V(I)i,n _ (q)i,n*hq;ifl,n)’ atcbi,n _ (q)i,n*kji,nfl)’

The resulting linear system is of the form

—
n— n—
LW 10 +RWn= bin.

ui,n 0
where @', = %/n , 7”1 = gm and
Gin 0
h;
— — 0 0
2ai71/2
h 1 0 0
n kn
S 0 2 0 ’
hiK; 12,0
1 0 0 —_—
hiKi 1721
h;
1 — 0 0
" 2ai71/2
—k—" 1 0 0
e 0 2 0 ’
hiKi_1/2,0
1 0 0 2
hiK;_1/2,1

taking into account the boundary conditions ug, — Wy, = go(tn), Uni1.n —

1 0 -1 0
G = g1(tn), Wyiin = Gony1 =0 and set A = 00 0 1)’

The final linear system is given by

—
A w)[) n g O,TL

’ —

n n w b
Ll Rl w 1,n 1,TL

n n .
n n — g
Ly R%H WNn b Ntin
—

W N+1,n ?l,n
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2.3 Orthogonal spline collocation method (OSC)

Consider the quasilinear parabolic problem

Up — Uy = F(u, z,t)
{ 0<z<1 (11)

subject to the initial condition (3) and the nonlocal boundary conditions (2).

Let be (0;) = (z;)]_y a partition of [0,1] such that 0 = zp < z; < ... <
xy = 1, where h = max;(h;), hj = z; —xj_ and [; = [z;_1,25], 1 < j < J,
introduce the family of partitions (0, ).eny where H is a set of positive numbers
with inf(H) = 0. Let S, denote the space of piecewise polynomials of degree
r defined by

Sy = {v/v € C'0,1]andv/I; € P.(I;),1 < j < J},
and S, the subspace of Sy, given by
S) ={v e S,/V(0)=V(1)=0}.

Where P,.(E) denotes the set of polynomials of degree at most r.
Let {¢}/-} be the Gauss-Legendre points in the interval I with correspond-
ing weights {w}/—. Let
0(d) = {Gutji

be the set of Gauss points in the x-direction, where
le:l'j,1+hj§l, j: 1,...,J,l: 1,...,7“—1.

define the discrete inner products and norms by

r—1
< fr9>=h; > wif(Ga(Gu),
=1

J

J
<fg>=> < fig=ilfE=<ff>,llfI7=D_If3
j=1

j=1
The continuous-time approximation to the solution u of (11-3) is a differen-
tiable map U" : [0, T| — Sy, such that

UME ) —UR(Et) = F(6,t,U"), £€0(0,), 0<t<T (12)

UM0,t) =< Ko, U"(t) > +go(t), U"(1,t) =< K, U"(t) > 4+gq:(t), 0<t<T
(13)
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with U"(.,0) a suitable approximation to ug. We also consider a variable time
step Crank-Nicholson OSC method. Let &§; = {t,}_, denote a partition of
[O,T], with 0 =ty <t; <..<ty=T.

Let At = max,(At,) where At, tn—1, then the Crank-Nicholson
method is defined by a set {U"}N_ e (Sh)NJrl such that

Uni1(6) = Up(€)
Athrl

0<n<N-—1, where t, 15 = (tn41 +tn)/2, and Un+1/2 (Uk,, +UP), with
nonlocal boundary conditions

= Uny12(8) = F(& tugr2, Unip(€)), €€ 0(0:),  (14)

USH(O) =< Ko, U1}1L+1 > +go(tnt1),

Ul (1) =< K1, U, > +gi(tn1), 0<n<N-1 (15)

n

2.4 Galerkin Method

Let be (m3) = (2;)7_, a partition of [0,1] such that 0 = 2y < 21 < ... <y =1,
where h = maxj(h) hj = z; —xj_1 and I; = [zj_1,25], 1 S j<J, we
consider a family of partitions (m;)pen Where H is a set of positive numbers
with inf(H) = 0, we define the space Sy, in the following way

Sp =A{v/v e C"0,1]andv/I; € P.(1;),1 < j < J},
and SP, the subspace of Sy, given by
Sy ={v e S,/V(0)=V(1) =0}

Where P, (F) denotes the set of polynomials of degree at most r, r > 2 for a
closed interval E and n < r.

We denote by k the time step, t,, = mk,m = 0,... M = [T/k], t;r9 =
(m + 0)k, and (.,.) the usual inner product on L?[0, 1]).

The 6-Galerkin approximation (f-method), (U™)M_ c S}, to the solution
of (1)-(3) is defined by

Um+1 _ym
(T,U) (U, 0,) — (U, 0) = (F (U, 4 10) 0) = 0,0 € S5,
(16)

0 <m < M — 1, where U™ = U™ + (1 — §)U™. With the nonlocal
boundary conditions

U (a) = [7 Ko(x) U™ (2)da + go(tmsn),
(17)
U (B) = [7 K (2) U™ (@) de + g1 (tn),
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0<m<M-—1,U° €S, will be specified later.
we define the norms ||.|| and |||/, by

Joll = V@), ol = max o).
Let py, : Hy(I) — S; be the operator defined by
(a(z = pr(2))a, vz) = (b(z = pu(2))a;v) =0, v €S, (18)
we note that

Iz = pr()lloe < Clizllwroeo), 2 € Hy(d), (19)

r

where H{(I) is the usual Sobolev space on I, ||[v]|wre(1) = Z 0@ ]| (voir

5)).

We define on S} the linear form

Fm+9(V’ W)(X) = (%’ X) + ((L(evzx + (1 - H)Wx)a X:t)

(20)
= (b(OVe + (1 = 0)W2), x) = (F(OV + (1 = )W, tmis), X) ,

and the operators Ly and L,

Lo(V)=V(a) — /ﬁ Ko(x)V(x)dz, Li(V)=V(B)— /ﬁ K (z)V(x)dx.
We denote
Xk = (S)MT et Vi = S x ((S9))M x RM x RM
where (S7)* is the dual space of Sy. clearly
dim(Xpni) = dim(Yng)-
We also define the operator

Dpp : Xpp — Yo,

M

m=1"

( L (vm —kvm-l) ~ go(tm) —kgo<tm1>)j1’

cI)hk(VO, n VM) _ <U0 . VO, (Fm—1+9(vm’ Vm—l))
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(1 () et )

given an initial condition U° € S}, that satisfies

LO(UO) = go(a), Ll(UO) = g1(a). (22)

It is easy to show that an element (U°,...,UM) € (S),)™*! is a solution of the
f-method if and only if

(phk(an ey U]V[) = 07 (23)

The existence and convergence were treated in [2].

3 Numerical comparison of the methods

The four numerical methods were tested on the following problem

5
6(1+0)

ut—l—um:—et{x(:v—l)—i- +2},x€(0,1),0<t§T,

1
u(0,t) = u(l,t) = —5/ u(z,t)dz,t >0,
0

u(m,O):x(m—l)—i-(i(%m,xE[

Where |0| < 1 and the exact solution, u = u(z,t), is given by

u(z,t) = ¢ (W -+ ﬁ>

0,1].

N=M | Finite differences | Galerkin(f = 1/2) | Keller OSC
4 41071 2.2107* 1211073 | 1.11073

8 2.5107% 7.1107° | 6.107* | 3.2107*

16 1.310~* 2.4107° | 1.7107* | 1.1107*

32 7.107° 3.5107% | 7.8107° | 7.107°

64 3.5107° 1.9107° | 6.8107° | 6.8107°
128 2.1107° 6.31077 | 6.7107° | 6.2107°

Table 1: maximum errors
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N=M | Finite differences | Galerkin(f# = 1/2) | Keller | OSC
4 73 .86 a7 A7

8 .96 91 .82 48

16 1.3 9.8 141 1.75

32 7.5 0.2 3.2 6.4

64 800 600 11.5 38
128 5000 1000 100 | 150

Table 2: Cpu time

The same pattern was globally obtained when the four methods were tested
on other problems with nonlocal boundary conditions [4].

4 Discussion and Conclusion

The present study is devoted to the comparison of numerical methods used
to solve boundary-value problems with non local boundary conditions. Four
numerical methods are considered, namely, Finite Differences Method (FDM),
Galerkin Method (GM), Keller’s Method (KM) and Orthogonal Spline Colloca-
tion Method (OSCM). The details concerning each method and the theoretical
results yielded can be found in the corresponding references given in the pre-
vious sections. In this paper, we restrict ourselves to the comparison of the
numerical results given by the four methods applied to the same problem.

The Finite Differences Method is seen to be easier to use and adaptable with
respect to increasing the accuracy either by increasing the number of knots or
by extrapolations. It has, however, the drawback of giving approximations
at the knots point only and the fact that the discretisation step is generally
constant.

The Keller’s Method offers an attractive alternative to solve boundary value
problems with non local conditions, avoiding the approximation of integrals
and leading to the use of Almost Block Diagonal Matrices. Similarly, Orthog-
onal Spline Collocation Method seems to be an elegant method yielding results
that are comparable to those given by the Keller’s method, the two allowing
for the approximation of the function and its dervative.

Finally, at a higher cost, the results given by the Galerkin method are more
accurate than those given by the three other methods.
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