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Stability Analysis of the High-order Multistep Collocation Method for the Functional
Integral Equations with Constant Delays

P. Darania and S. Pishbin

ABSTRACT: The results on the stability of recurrences play an important role in the theory of dynamical
systems and computer science in connection to the notions of shadowing and controlled chaos. In this paper,
stability properties of high-order multistep collocation method for functional integral equations of Volterra
integral equations with constant delays type with respect to significant test equations are investigated.
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gence analysis, Stability analysis.

Contents
1 Introduction 1
2 Preliminaries 2
3 Stability analysis 5
4 Examples for stability regions 9

1. Introduction

For many years, the subject of functional equations has held a prominent place in the attention of
mathematicians. In more recent years this attention has been directed to a particular kind of functional
equation, an integral equation, wherein the unknown function occurs under the integral sign. The study
of this kind of equation is sometimes referred to as the inversion of a definite integral.

Probably, one of the first question in classical dynamical systems can be stability which motivated
the introduction of new mathematical tools in engineering, particularly in control engineering. Stability
theory has been of interest to mathematicians and astronomers for a long time and has had a stimulating
impact on these fields. The specific problem of attempting to prove that the solar system is stable
accounted for the introduction of many new methods (see e.g. [2]-[4] and reference therein).

Functional delay integral equations model physical systems where the evolution does not only depend
on the present state of the system but also on the past history. Such models are found, for example, in
population dynamics and epidemiology, where the delay is due to a gestation or maturation period, or in
numerical control, where the delay arises from the processing in the controller feedback loop.

In [5], H. Brunner applied collocation type methods for numerical solution of functional integral
equations and discussed about their connection with iterated collocation methods. V. Horvat [6], had
investigated the collocation methods for Volterra integral equations with delay arguments. P. Darania
[7], had considered the nonlinear Volterra integral equations with constant delays 6(t) =¢— 7, 7 > 0, of
the form

g@t) + (Vy)(t) + (Vry)(t), tel=][0,T],
y(t) = (1.1)
o(t), le [_7—7 0),

where

(Vi)(t) = / Fa(t, 5, (s))ds, (1.2)
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(VrW(ﬂZ/()T ka(t, s, y(s))ds, (1.3)

and the given functions, ¢ : [-7,0] 2 R, g: I =R, k1 : DXR - R, D ={(¢,s): 0< s <t <T} and
ky: D xR =R, D, =1x [—7,T — 7] are at least continuous on their domains.

In the first part of this note, we will study the basic materials of the multistep collocation method.
Next, we will study the convergence and superconvergence of this method, which has been presented in
[7]-19]. The linear stability is analyzed in section 3 and the paper is closed in section 4, by showing the
stability regions for the multistep collocation method on some numerical examples.

2. Preliminaries
Let t, = nh, (n =0,...,N, ty =T, h =% forsom 7 € N) define a uniform partition for
I = [O,T], and let Qn = {0 =t <t < - <Iny= T},O’Q = [to,tl],a'n = (tn;tn+1] (1 S n<N— 1).
With a given mesh Qy, we associate the set of its interior points, Zn := {t, : n = 1,. —1}. For a

fixed N > 1 and, for given integer m > 1, the piecewise polynomial space S, (- 1(Z N) is deﬁned by
Sf;_l%(ZN) ={u:ul,, =up €p_1, 0<n<N-—1},

where II,,_1 denotes the set of (real) polynomials of a degree not exceeding m — 1.
Let up, = uls, ,u € S,(,:i(ZN), for all t € o,,, we have

n(tn + sh) = thk 8)Yn— k—l—zw Unj, s€[0,1], n=r,r+1,...,N —1, (2.1)

where Uy, j = un(tn,j), Yn—k = un(tn—x) and

Tos—c T s+ i Sos—c
- & — G4
. -, (s) = - . .
1;[ —C g kA ¥ile) 1'11) ¢+ 11;[1 € ¢ (22)
i+k 2]

The collocation solution uy will be determined by imposing the condition that u, satisfies the integral
equation (1.1) on the finite set Xy = {tn,; =t +¢jh, j=1,2,...,m}

9(t) + (Vup)(t) + (Vrun)(t), t€ Xn,
up(t) = (2.3)
(b(t)v te [_Tv 0),

where {c;}72;, 0 <ec1 < -+ <cp <1, the set of collocation parameters. After some computations, the
exact multistep collocation method is obtained by collocating both sides of (2.3) at the points ¢ = ¢, ;
for j =1,2,...,m and computing y,4+1 = up(tpy1):

Un,j = D,]v 7=1,2,...,m,
_ (2.4)
Yn+1 = Z‘pk )Yn— k+z¢ Unj, n=r,r+1,...,N—1,
where D,, ; = D(t, ;) and
(Vun)(tn ) + ®(tn ), tn; —7 <0,
D(tn,;) = 9(tn,;) + (2.5)

(Vuh)(tn,j) + (V'ruh)(tn,j), tpj—712>0,

tn,j—T
(I)(t’fh]) :A k?(tn,jvsv(b(s))dsa j:172a"'7m7 n:()vla"'v/]’;_]-v (26)
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1
—h [/ kg(tn’j, tn,f + Sh, (b(tn,f + Sh))dS

J

+ Z /k2 tn.jsti + sh, gzﬁ(t—i—sh))d] tn;—T <0,
i=n—7+1

(Vrun)(tn,j) = (2.7)

n—r—1 1
h [ Z /0 kg(tn’j, t; + sh,up(t; + sh))ds
=0

¢
+/ kg(tnd‘, tn_7 + sh, 'Ll,n,f(tn,f + Sh))d8:| R tn’j —7 >0,
0

(Vup)(tn.;) = hZ/ ki (tn j,ti + sh, up(t; + sh))ds
(2.8)
Cj
+h/ K (bns b + $hytun (b -+ sh))ds.
0
By using quadrature formulas with the weights w; and nodes d;,l =1, ..., uq, for integrating on [0, 1],
and the weights w;; and nodes d;;,l = 1,..., y, for integrating on [0, ¢;], with positive integers p, and
41, one can write
Yo _DJ, j=1,2,....m,
- (2.9)
Yn+1 = Zgok yn k+z¢ ,Ja TL—T,T+1,...,N—1,
where B _
D(ty,j) = g(tn,;) + (Vun)(tn;) + (Veun)(tn ), (2.10)
B n—1 My
(Vun)(tnj) = 0y > wiki(tn,ti + dih, Pi(ti + dih))
=0 I=1 (2.11)
Y wjika (t it + djih, Pa(ty + djih),
=1
-1 H1
—h ( SN wika(tn g, ti + dih, $(ti + dih))
i=n—+1 =1
Hy
+ Z Wy k2 (tn st + &5 hs (tn—7 + fj,zh))> ) tny — 7 <0,
_ =1
(Vrun)(tn,;) = (2.12)
n—r—1 Hq
h ( > wika(tn g, ti+ dih, Pi(ti + dih))
i=0 =1
Mo
+ Z wjika(tn,j tn—i + djih, Po_i(tn—i + dj,zh))> y tnj—T120,
I=1

and §;; = ¢; + (1 —¢j)d;, wjp = (1 —cj)w, j=1,....,m, [ =1,...,uy. Also, the discretized
multistep collocation polynomial, denoted by

w(tn + sh) = Z<pk ynk+z¢ Y., se€l[0,1], n=r,...,N—-1 (2.13)
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For more detail see [7].

Let up, € S(_l%(ZN) denote the (exact) collocation solution to (1.1) defined by (2.4). In convergence

analysis, we congider the linear test equation
t t—T1
t)+ ki(t,s sds+/ ko(t,s)y(s)ds, tel,
sy = ) 90+ [ Reseis [ k) (.14
¢(t)7 te [_Ta 0)7

where k1 € C(D) and ky € C(D,).
Theorem 2.1. Let the given functions in (2.14) satisfy g € CP(I), k1 € CP(D), ko € CP(D,), ¢ €
C?([—7,0]), and for t € [0, 7] the integral

t—T1
B(t) = / (1, 5)6(s)ds, (2.15)
0
18 known exactly. Also, suppose that the starting error is

||y —un |lso,0,t,)= O(RP), (2.16)

and
p(A) <1, (2.17)

where p =m + 1 and p denotes the spectral radius and

0 1)1 | I,
A = | —=Lx1 . 2.18
22D | 22 nzo(D) (2.18)

Then for all sufficiently small h = %, (7 € N) the constrained mesh collocation solution uj, € S,(,:i(ZN)
to (2.14), satisfies
[ € [|a< CHP, (2.19)

where E(t) = y(t) — upn(t) be the error of the exact collocation method (2.10) and C' is positive constant
not depending on h. This estimate holds for all collocation parameters {c;} with 0 < c¢; < -+ < ¢ < 1.

Proof. For proof see [7]. O

Theorem 2.2. Let the assumptions of Theorem 2.1 hold, except that the integrals

t—71
<I>(t):/ ka(t,s)p(s)ds, t =t,;, n=0,1,...,7—1,
0

are now approzimated by quadrature formulas ®(t), with corresponding quadrature errors Ey(t) := ®(t) —
O(t), such that

|Eo(t)] < b (2.20)
for some g > 0. Then the collocation solution u; € S,(,:i(ZN) satisfies, for all sufficiently small h > 0,

| €llc< CRP, (2.21)
with p := min{m + r, ¢}, where C' are finite constants not depending on h.

Proof. For proof see [7]. O
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3. Stability analysis

The solution of the given Volterra integral equations with constant delays is found by solving associated
collocation solutions. If no rounding errors were introduced into this process then their exact solution
U,,,; would be obtained at each mesh points t,, ;. The essential idea defining stability is that the numerical
process should not cause any small perturbations introduced through rounding at any stage to grow and
ultimately dominate the solution.

To make the analysis of stability amenable to mathematical analysis, a definition based on the growth
of the exact solution is used. Then, if rounding errors or perturbations are introduced at any stage in
time, then these errors will also be bounded if the exact solution is bounded. The first approach to
stability analysis is called matrix stability analysis. To establish the criterion for stability properties of
exact and discretized multistep method, consider the basic test equation

y(t) = 1+ /\/O y(s)ds + )\/0 y(s)ds, te[0,T],
6(0), t e [—7,0).

To state the main results of stability properties of the method, we define

/0 o (s)ds = Qjk, /0 Yy (s)ds = Pijis

1 1
[ eos=s [wtoas=n, 3.2
0, 0

(3.1)

and introduce the vectors and matrices

U, = [Un,lv ey Un,m]Ta (T) [yna e ynfrJrl]Ta
u= [1,...,1]T ERm, ,3: [60)"'567’—1]Tv
Y =150 Yl (1) = [¥1(1), s ¥ (D],
90(1) = [900(1)’ 3) Sprfl(l)]T’ 90(0) = [900(0)’ 3) gpril(O)]T,
Q= (Qr) € R™*7, p=(p;y;) e R,
1 1
= [/ G(tn_r + sh)ds, .. / G(tn_i + sh)]7, (3.3)
c1 Cm
_ahT i
Al = "l) :| ]31 _ 0:1[><r 00 :| 7
Orscm | (ritysem r X L r41)x (r41)
_ T [
AQ = ¢ :| B2 _ Oixr OO :| .
0rxm r+1)><m L XL (r41) x (r+1)
r _ r 4T
C, - Oll ﬁaw 7 C, — 01 ﬁmw 7
L Yrxl1 | T (r+1)x (r+1) L Yrxl " (r+1)x(r+1)

Remark 3.1. [5] In the following, we assume that, the solution of equation (3.1) is continuous at t =0,
in the other words, the initial function ¢(t) is such that

M®+ATM®@M$%=MW



6 P. DARANIA AND S. PISHBIN

Theorem 3.2. The exact multistep collocation method (2.1) and (2.4), applied to the test equation (3.1),
leads to the following recurrence relation

Y, =T(2)Y,-1+ N(2), (3.4)

where
Yn+1

Yn—741

vy

Un—F

T(z) € REMHA2r+2)x@m+2r42) s the stability matriz and is given by

with z = Ah and

0| —2Q |L,—zp| 0] —2Q | —2p
B 0| —20 |L,—2p 0| 0 0
P(z) o A o o | (3.7)
0 0 C, A,
0 2B’ —Q) |Lu+:r"—p) | 0] 2wp” —Q) | z(uy” —p)
| 0] z@wBT Q) [L,+zunT —p) 0] 0 0
M(z) = B o 0 o , o (38)
0 0 B; 0
0
3(z) = =z | MOnorop T o (3.9)
0 2m—+2r+2x1
Proof. By the notations of this section and from equation
r—1 m
Yt +50) = 3 () n + 31,5 Vas, 5 € 0,1,
k=0 j=1
we have
i1 = T (y) + 9T (1)U, (3.10)
and
Y- =T 0y + 97 (0)U,_s, (3.11)
which can be written in the following matrices forms
Yn+1 Yn
Cl|: r :|+AUTL:B1|: r :|, 3.12
ol 1 Ol (3.12)
Yn—7 Yn—+
C r + AU, =B l: . :| s 3.13
’ [ yizzf ] ’ ’ yleffl (3:13)

where A;,C; and B;, i = 1,2 are given by (3.3). Now, we apply the equations (2.9)-(2.12) (multistep
method) on the test equation (3.1) to get
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+Q(y,; ;;(T)) p(Un—F + Un)} : tn, —7 >0,
Un = (3.14)
u+z{u i “HZWTU - Z ¢1
+Qy! +/;U0n —¢n_f}, o to, — 7 < 0.

The computation of the difference U,, —U,,_; by substituting the (3.14) for both terms U,, and U,,_1,
for t,, ; — 7 >0, leads to

(I, —2p)U,, — 2pU,,_; — zQy,(f) — znyf_)F = (L, +z(wy" —p)U,_1

+z{(ny" = p)U, 51

+(ug” - )y, (3.15)

+(us” - Q)y ngfl}’
and for ¢, ; — 7 < 0, we get
(L = 20)Un = 2Qy1 = (L4 207" = p))Unct = 26, sy — 26— (3.16)

Now we conclude from (3.12),(3.13), (3.15) and (3.16) that

Yn+1 Yn
yglr) ygzr)l
P | U | =mMe) | D | s, (3.17)
Yn—r+1 Yn—r
yf(’zr)r ygzr)r 1
Unfr Unfrfl
or more compactly as
Y, =T(2)Y,-1+ N(2), (3.18)
where T(z) and N(z) are known and this completes the proof. O

Theorem 3.3. Suppose that the hypotheses of Theorem 3.2 hold and ||T(z)|| < 1. Then the difference
method (3.18) stable.

Proof. In general the difference equations for a equation (3.1) can be written in matrix form
Y, =T(2)Y,—1 + N(2). (3.19)
Applied recursively (3.19) gives
Y, =T"(2)Yo +T" ' (2)N(2) + T" 2(2)N(2) + - - - + N(2), (3.20)

where Y is the vector of initial values and N(z) is vector of the known initial condition ¢(x).
The next stage is to consider the propagation of a perturbation, and to do this end consider the vector
of initial values Y perturbed to Y (if we assume no more rounding errors occur), then we have

Y = T"(2)Y: + T L (2)N(2) + T" 2(2)N(2) + - - - + N(2). (3.21)
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Define the perturbation or error vector e to be e = Y* — Y. Then
e,=Y, -Y,=T"2)ep, n=r,..,N — 1. (3.22)

The multistep collocation method will be stable when e,, remains bounded at n increases indefinitely. In
other words ey propagates according to
e, = T"(2)eo. (3.23)

Hence, for compatible matrix and vector norms,
llenll < IT™(2)llleoll- (3.24)

Lax defines [17] the difference scheme as stable if there exists L > 0, such that [|T™(z)| < L. This
condition clearly limits the amplification of any initial perturbation and therefore of any rounding errors
since |le,|| < L||eg]|. Since

[T ()] < IT(2)]I™, (3.25)

it follows that the Lax definition of stability is satisfied as long as p(T(z)) < ||T(2)| < 1.
U

Now, let us define
Mo

Ho
Qjr = ijl‘ﬁk(djl)a ik = sz‘l¢k(dil)a
=1 =1

Hi H1
By =Y wipp(dr), A, = wiy;(dy),
=1 =1

and introduce the vectors and matrices

B = [BO? "'7Br71]T7 7= [:717 "'7r~7m]Ta Q= (Qlk) eR™X", p= (i)ij) € Rmxm.
Then, we have the following Theorem:

Theorem 3.4. The discretized multistep collocation method (2.9) and (2.13), applied to the test equation
(8.1), leads to the following recurrence relation

Y, = ’i‘(z)Yn_l + N(z),

where

T(z) € RGmA2r+2)x2m+2r42) s the stability matriz and is given by

T() = [B)] M), N = [Be)] ),

with z = \h and

0| -2 |I,—2p| O | —2Q | —zp

5 0|2 |L,—zp| 0] 0 0

N C, Al 0 0 |’
0 0 C, A,
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T - - - ~T o~ - -
0|:wp Q) |Tnt208"-p)| 0| :wp’ —Q) |2y —p)
=T = ~ -
M(z)= | 0 |z@B —Q) |TIn+2y" —p) 0 o0 0 ,
B, 0 0 0
0 0 B, 0
A;,B;, C;,i=1,2 and J(z) are matrices defined in (3.3) and (3.9).
Proof. Tt is similar to the proof of Theorem 3.2. O
The stability function of the method with respect to (3.1) is defined as
p(w, z) = det(wlzmt2r+2 — T(2)). (3.26)

To investigate the stability properties of the exact multistep method, it is more convenient to work with
the polynomial obtained by multiplying the stability function (3.26) by its denominator. The resulting
polynomial will be denoted by the same symbol p(w, z). Denoting by w1, ws, ..., wamt2r+2, the roots of
the polynomial p(w, z), the region of absolute stability of the methods is defined by

§:={z€C:|w(z) <1, i=1,2,...,2m+ 2r + 2}.

For this method, we have

2m—+2r+2
p(w,z) = Z pi(z)w’, (3.27)
i=0
where p;(z), i = 0,1,...,2m + 2r + 2, are polynomials of degree less than or equal to 2m. To obtain

the region of absolute stability, we use the boundary locus method [10]. Inserting w = €', the roots of
(3.27) describe the stability region [16].

Image(z)
o

ol

-3 -25 -2 -1.5 -1 -0.5
Real(z)

Figure 1: Stability region for multistep collocation method with m = 1,7 = 3 and ¢; = 1 (convergence).

4. Examples for stability regions

In this section, we illustrate the theoretical results obtained in the previous section by the following
examples. All computations are performed by MATLAB software.
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Figure 2: Stability region for multistep collocation method with m = 2,7 = 3 and ¢1 = 0.7, ¢2 = 1 (convergence).

Figure 3: Stability region for multistep collocation method with m = 2,7 =3 and ¢1 = %,CQ =1 (superconver-
gence).

Consider multistep collocation method with r steps and m collocation parameters ¢;,i = 1,2,...,m.
The stability polynomial for this family of methods is of the form

2m—+2r+2
p(wa Z) = Z pi(z)wz’
i=0
where p;(2),i =0,1,...,2m + 2r + 2 are polynomials of degree less than or equal to 2m.

Note that, Figure 1. shows the stability region for multistep collocation method with m = 1,r = 3
and ¢; = 1. Figures 2. and 3. show stability region for multistep collocation method with m = 2,r =
3, (c1,¢2) = (0.7,1) and m = 2,7 = 3 with superconvergence collocation parameters [8] (c1,¢2) = (33, 1),
respectively.

Remark 4.1. In the discretized multistep collocation method, the order of applied quadrature rules is at
least the same proved order for multistep collocation method in section 2. These rules are exact for the
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¢r(s),k =0,1,...,7 =1 and ¥;(s),j = 1,2,...,m, since these polynomials are of degree 2m + 2r + 2.

Thus for multistep collocation method, we have T(z) = T(z) and so the stability regions plotted in Figures
1-8 don’t change for the discretized cases.
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