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Abstract

We address the problem of determining the initial function ¢(t) (for
t € [—7,0]) given the solution y(t) = y(¢;t) of the linear delay differential
equation

y'(t) — Alt)y(t) — B(t)y(t — ) = f(t) (t€[0,T)),

for which
y(t) =¢(t) (t€[-7,0]).

The function ¢(t) is approximated by the function ¢, (¢) that min-
imizes a certain parameter-dependent quadratic functional. The optimal
function @, (t) is shown to satisfy a Fredholm integral equation, and the role
of a regularization parameter is transparent from the form of this equation.
(There is a related integral equation for ¢(¢).) The convergence properties
of an iterative method for finding ¢, (t), using an iteration that is based
upon the delay equation for y(¢) and a corresponding adjoint equation, are
established by considering an iteration for the solution of the Fredholm
integral equation.

Keywords: Delay differential equations, initial function, adjoint equations, iden-
tification problem, data assimilation, fundamental matrices, regularization pa-
rameter.

1 The nature of the problem.

Studies have been undertaken, in the context of the mathematical modelling of
biological data (see Remark 1.3), of the problem of determining a parametrized
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retarded differential equation, along with the corresponding initial function, such
that the solution is a good fit to an observed function. This type of problem has
been addressed by others (e.g. [7, 20]). Our practical approach to answering the
question relies upon the numerical solution of differential equations with deviating
arguments, and the minimization of an objective function appearing in this paper;
we discuss numerical experiments elsewhere. However, some interesting analysis
involving integral equations arises in arriving at a theory for our technique; part
of this material is presented below.

Here, we describe a method for determining an initial function, given the
solution to a linear delay differential equation that it generates. This is shown
— using the adjoint equations with deviating arguments — to be equivalent to
the solution of a Fredholm integral equation (see §1.3). The integral equation
can be of a type which is generally recognized as ill-posed, and the effect of
regularization parameters is established. Our results here extend those for “data
assimilation problems” in ordinary and partial differential equations (cf. [16] and
related works). Extensions to nonlinear delay differential equations (where the
initial function need not be unique) are discussed by the authors elsewhere.

Since inverse problems are frequently ill-posed, the connection with integral
equations of the first kind (and their regularization to integral equations of the
second kind) is, though interesting, unsurprising. Moreover, the role of adjoint
equations in variation-of-constants formulae can be found in the literature. Nev-
ertheless, our results appear to be new and the theory provides insight into a
practical method, insight which does not appear to be readily available by a
different approach.

1.1  Analysis.

Consider an n-dimensional system of linear delay differential equations (DDEs)
with time-dependent coefficients, of the form

d?il_iﬂ — A()y(t) — B(t)yy(t — 1) = f(t), forte[0,T], (1a)

subject to
y(t) = @(t) fort e [—T,0]. (1b)
Here
y(t), f(t), o(t) €R™,A(t), B(t) € R™™,

T is a prescribed positive constant (the “lag”); ¢(t) is the “initial function”, f(t)
the “inhomogeneous term”. We find it convenient to suppose that T" > 7. The
solution of (1) is dependent on the function ¢ in (1b), and when y(t) = p(¢) (for
t € [—7,0]) we can therefore write

y(t) =ylpst)  (for t € [-7,T]). (2)



Remark 1.1 If B(t) does not vanish fort € [0,T] then the functions y(e1;t) and
y(pa;t) differ when the functions p1 and @y differ, and ¢ is uniquely determined
if y(@;t) is given on [0, T].

The problem addressed here involves the determination (given prescribed 7 > 0,
A(t), B(t), f(t)) of an initial function ¢(t), chosen from some class F of functions
defined on [—7, 0], such that the solution y(¢;t) of the given retarded equation
is a “best” approximation to an observed function. Throughout, we suppose
F C PC|—7,0]), so that the initial function is required to be piecewise continuous
with finite jumps at points of discontinuity. We emphasize the case where

o e F, where F := {go € C[—1,0) with bounded go(O)}; (3a)

A, B, feC0,T). (3b)

We determine an estimation of the initial function ¢(¢) by minimization of a
quadratic functional (given below) involving the deviation of y(p;t) from the
observed function.

1.2  Details of the identification problem.

Suppose «, 3,7 > 0 and y(p;0) = ¢(0)) and @ = @(t) and ¥ = y(t) are given
functions. We introduce the functional

527(0) = J llott) - @03t + 3llo(0) - O] + 0

ﬂm@m—ﬂmM+§@Www—ﬂm@ﬁ

where y(p;t) satisfies (1). We intend the value 7 (introduced to provide some
flexibility in the formulation) to assume the value 0 or 1.

We can now formulate the identification problem (or data assimilation prob-
lem) as follows:

Definition 1.1 Let F C PC[—7,0] be a smoothness class of bounded functions
on [—7,0]. Then the corresponding data assimilation problem for the identifica-
tion of ¢ is formulated as follows. Find a function ¢, € F, such that y(p,;t)
satisfies (1) and
S27(px) = min S77 (), (5)
peF

where S57(y) is defined by (4), in which y(i;t) satisfies (1).

This formulation embodies parameters a > 0, # > 0, v > 0, which (when
positive) are “regularization parameters” (see [9], for example). This applies,



in particular, to . Thus, if we introduce an abstract operator A such that
y(p;t) = Ap(t) we have

5000 = 5 [ llete) = @to) e+ 5 [ 4o =50 et

(which is of the form associated with Tikhonov regularization [19] for recovery of
(t) from Ap(t) =7y(t)). Clearly, ¢, depends on these parameters «, (3, 7.

We consider an idealized situation where the functions y(¢) and @(t) are sup-
posed to be unambiguously defined, but in practice y(t) is usually defined by a
priori observational data which is subject to noise. The choice of $(t) is deter-
mined by modelling considerations.

1.3 Our results in brief.

We show below that the optimal initial function ¢, satisfies a coupled set of
delay equations (see (10)), involving “adjoint equations”, and we give an iterative
technique for obtaining successive approximations ¢, to ¢,. We show that the
function ¢, identified by our chosen formulation is associated with the solution
of a Fredholm integral equation, and the iteration we propose is related to an
iterative solution of the integral equation. Our discussion establishes a connection
with a regularization method due to Lavrent’ev [12].

Theorem 1.1 For appropriate g27(t), Kg(t,s) and vo(5,7), the function p.(t)
solving the data assimilation problem satisfies equations of the form

apn(t) + / Kooty 8)pu(s)ds = g27(t),  for t € [~,0), (6)

©.(0) = 7(3,7).

In (6), the kernel Kz, (t,s) is self-adjoint (Kp,(t,s) = Kj_(s,t)) and positive-
definite.

Remark 1.2 [f a > 0, then equation (6) is a Fredholm equation of the second
kind, and if « = 0 it s a Fredholm equation of the first kind. The positive-
definiteness of the kernel implies that the equation of the second kind (o > 0) is
uniquely solvable. However, Fredholm equations of the first kind (the case « =0)
with well-behaved kernels are ill-posed. For this reason, the introduction of a > 0
15 said to reqularize the problem.

The above theorem is derived through the use of an adjoint differential equation
with a deviating argument. (The link with a variation of parameters formula is
exploited.) We shall obtain properties of the kernel Kz, (¢, 0) using the funda-
mental matrix solution for a delay differential equation. The iteration that yields
successive ¢, is related to the integral equation in (6) and we investigate the
convergence of that iteration by using properties of the kernel.

4



Remark 1.3 Note that we concentrate on the identification of the initial function
o(t), it being assumed that the DDE is known. For discussions of parameter
estimation for DDEs, in particular in the context of cell dynamics, see Baker,
Bocharov & Paul [3], Baker, Bocharov, Paul, & Rihan [{], and [5], and the
references therein. Ordinary differential equations (ODEs) and parabolic partial
differential equations (PPDEs) also arise in modeling of cell populations. Similar
(so-called — see [1, 2, 15, 16, 17]) data assimilation problems have been discussed
for ODEs, see [15], and PPDEs, see [1, 2, 16]; the present work fills a gap in the
discussion of DDFEs.

2 The optimization problem.

In order to consider the minimum of the functional (4), we analyze S77(p + ).
If ¢, € F provides a minimum of the functional S?7(y), we have S27(yp,) <
SBY(p, + e1), where ¢ is a real parameter and 1) is an arbitrary function in the
linear space F. We note S?7(¢) > 0, and S?7(p + ) is a quadratic in e. To
write down S27 (i, + e1b) we need an expression for y(¢, + €¢;t), and we have
it in the following result.

Let us write Ly(t) := y'(t) — A(t)y(t) — B(t)y(t — 7) (for t € [0,T]), and
My(t) = y(t) (for t € [—7,0]). By virtue of the linearity of L and M,

Y(ox +eit) = y(pust) +e2(¥5 1) (7)

where z(t) = z(1; t) satisfies Lz(t) =0 (fort € [0,T]) and Mz(t) =¢(t) (fort e
[—7,0]), that is,

dz(;i; D Aa(wit) — BOs(wit— )= 0, forte0.T],  (Sa)
z(Y;t) = (t), fort e [—7,0), and z(¢;0) = ¢(0). (8b)

The condition z(;t) = ¥(t), for t € [—7,0] is expressed as z(¢;t) = ¥(t), for

t € [-7,0), and z(¢);0) = ¢(0) in order to emphasize the possibility that ¢(0—)

may not equal 1(0). The function z(1;t) vanishes if and only if ¢ (¢) vanishes.
We can write

S (p +ep) = SE7(p) + ePY (0, 9) + £2Qa7 (%), (9a)

where

o) = a / {olt) T ()t + (9b)

T

/{y«m SOV 2(s )t + BLp(0) — B(0)}T(0) + 1 {y(250) — 5(0)}T 2(: 0):

0



0 T
1
@)= [ 1w+ [ Istv:0lBd+ 5118 + L)}
0

We observe that in the latter expressions we have z(¢;0) = 1 (0). We obtain
the following result.

Lemma 2.1 1/ (.0) = f{w OV {(t) — B dt+
/{y i) = SON {ulass 1) — 50}t + 2 {(0) — B0 {(0) — G(O)}+

—{y(% 0) = 5(0)}" {y(v:0) = 3(0)};

then S5 () = J37 (@, ), and P (p,40) = T2 (0, )+ T2 (0, ) = 2027 (0, 9).
2

Finally, Q7(9) = $ 25 {J87 (p+ev, o)}, and Q3(9) > 0 and Q47() = 0

if and only if » =0 on [—T,0].

We thus have the following result.

Theorem 2.1 A function o, (t) defined on [—,0] minimizes S°7(p) in (4) for
¢ € F if and only if P?(p,, ) in (9b) vanishes for all v € F, where z = z(¢;t)
satisfies (7).

We also note the following result (the proof of which is provided in Appendix
A).

Lemma 2.2 The bilinear form P (p,v) is symmetric and positive semidefinite

(definite when o« > 0) on F.

2.1 A method for finding the optimal ¢,.

We propose a method for finding the initial function ¢, € F which minimizes
SB7(p) on F. This method comprises the solution of a set of coupled equations,
written in the form

d‘zl—it) — Al)y(t) — B(t)y(t — 1) = f(t), forte[0,T], (10a)
W) = oult) forte[7.0), 3(0) = 2.(0) (100)
S @AW B+ T) = o) —FOF, (100
for t € [0,77,
' (t) =0, fortel[T,T+1] (10d)
alp(t) — o)+ [Bt + )T x(t +7) =0, forte[-T,0), (10e)
2(0) + B{p.(0)  B(0)} + (2. 0) ~5(0)} = 0. (101



Remark 2.1 If equation (10e) were to hold for t € [—7,0] then the equation for

t = 0 would have the form ap,(0)+ [B(7)]" (1) = a$(0). Equation (10f) defines

0x(0) if B+~ #0.

In the process of determining ¢,(t) we also determine the corresponding y(py;t)

and z' (¢,;t). We shall show that the solution of (10) does provide a minimum.
The method proposed for the solution of (10) is based upon the following

iteration:

Definition 2.1 (An iteration for finding the function ,(t))

Woll) — An®) - Bt~ 1) = 70), forte 0.7, (1)

nt) = oult) fort €70, yu(0) = 6 (0), (111)

Sl G L+ B 7) = o) —SOT, (11¢)
forte[0,T],

(1) =0, forte[T,T+ 7] (11d)

Grinll) = ealt) + bu(alalt) ~ BO) +BU T malt+7)), (11e)

fort e [—1,0) and

Pn+1(0) = (0) + 6, { (B +7)9u(0) + 2a(0) — BB(0) — 73(0) }, (11f)

formn=0,1,2,... and {0;}, {0}} are appropriately chosen scalars.
What is proposed is to find the solution of (10) using the following procedure:

e Choose a starting approzimation for the initial function (po(s), s € [—T,0]).
e Forn=20,2,...,N, where the choice of N yields appropriate accuracy:

1.) Obtain the solution y, = y,(t) of the original problem (11a) for ¢ =
©n(s)-

2.) Obtain the solution 2 = xT (t) of the adjoint problem (11c) with known
right-hand side y,(t) —y(t) when t € [0, T] with the condition T (s) =
0, se[l,T+r].

3.) Find the next iterate pn11(S) using equations (11e) and (11f).

We shall establish that if we allow N to tend to infinity, this iteration converges
to give y,, for a feasible range of values of o and §. Our convergence result (see
Theorem 4.2) follows very simply from the fact that the solution of (10) satisfies
an integral equation of the form

apn(t) + / Ko (1, 5)pu(s)ds = g27(0), (12)

for t € [—7,0), in which Kz,(t,s) and g7 (¢) are given in detail in (23). The
iteration above is related to an iterative method for solving the integral equation
(see (36), below).



3 The underlying theory.

The theoretical discussion of our method depends upon aspects of the theory of
DDEs and of integral equations.

3.1 A réle for the adjoint equation.

We shall obtain an equivalent formulation of the problem (5), based upon adjoint
equations. This provides an alternative characterization to that of Theorem 2.1.
The purpose of this approach is to derive (10) and (11) in order to solve the
“data assimilation problem” (5). The results presented here arise, in effect, due
to the relation between the fundamental solution, certain adjoint problems, and
variation of parameters formulae [6].

Lemma 3.1 Let y = y(p;t) be a solution of the problem (1) and let z = z(1);t)

be a solution of the homogeneous problem (8). Then the first variation of the
0

functional SP7(p) can be represented in the form PP7(p,1) = /{oz[go(t) -

P)] + " (t+7)B(t + T)}T¢(t)dt+

(o (0) + Bl (0) = BO)T +1ly(50) = FO)T )(0), (13)
where x' (t) € R™™ is the solution (x' (t) = 2" (p;t)) of the problem

dl’dt(t> — 7' (t)A(t) — ' (t + T)B(t + 7—) _ [y(go; t) N /};(t)]T’ (14&)

fort e [0,T],

' (t) =0, forte[T,T+7] (14b)
Equations (14) correspond to an adjoint problem, with a special forcing term
y(pit) = 3(t).

Remark 3.1 If required, the derivative in (14a) is interpreted as the left-hand
derivative. The derivative of the function x' (t) satisfying (14) inherits from
y(p;t) —3(t) any jump discontinuities at points in [0,T]; if y(p;t) —F(t) is con-
tinuous (in particular if y(t) satisfies (1) where f € C[0,T] and ¢ € C[—7,0])
then La7 (t) is continuous on [0,T.

Proof. We have

P(p,4) = a / lo(t) — BT (t)dt+



Ble(0) = 2(0)] ¥ (0) +~[y(; 0) = FO)]" 2(¢; 0)
_ / dxdt(t)z(¢7t)dt— / T (A 2(4: 1) dt (15)
term (1) o terr;lr(zz) }

—/xT (t+71)B(t + 7)2(v; t)dt .

0

-~

g

term (4i%)
Using integration by parts, for (i) in (15) and writing (4i7) as

T+

/ 2" (8)B(s)z(1); s — 7)ds = /zT (s)B(s)z(v; s — T)ds

— /zT (s+7)B(s+ 7)Y(s)ds,

we obtain P(¢,¢) = a f[@(ﬂ—@(ﬂ]%(ﬂdtﬂT (0)2(; 0)+ Bl (0) = (0)]" ¥(0)+

-7

Wy 0) ~FOT=: 004 [ a1+ 7)BU+ 7))t

ZxT (t) (% — A(t)z(¢;t) — B(t)z(v,t — 7')) dt. Then z(v;t) satisfies the

homogeneous equation (8). For P%7(ip, ) we thus obtain the expression in (13)
and our lemma follows.
. From (9a), since y(1; 0) = ¢(0), we have the following theorem.

Theorem 3.1 A function p,(t) defined on [—T,0] minimizes S (p) for p € F
where F = C[—7,0) N {¢|e(0) is bounded} if, where ™ satisfies (7),

/{a[ap(t) — o)) +a" (t+7)B(t + 7)Y (t)dt =0 (16a)

for ally € C|—7,0), and

{2(0) + B(0) = B(0)] + 7l (0) = F0)]} ¥(0) = 0. (16b)

If we consider the problem of minimizing over a subset F,, of F, we obtain
analogous results with F replaced in F,.

9



3.2 A role for fundamental solutions.

We introduce (see [10, pp. 359-363], [11, pp. 148-150]) the fundamental solution
for a linear delay differential equation of the form

dy(t)

WD At~ B —7) = F0), fortef0 1), (7a)
with initial condition
y(t) = ¢(t) fort e [—1,0]. (17Db)
Lemma 3.2 Let Y(s,t) be a solution of the equation
Y
0 8(? J +Y(s,t)A(s)+Y(s+1,t)B(s+7) =0, fors<t, (18a)
which satisfies
Y(s,t) =0, for t <s, Y(t,t)=1 (18Db)
Then the solution of the system (17) is given by
0 t
y(t):Y(O,t)ap(O)—i-/Y(s—i-T, t)B(s+T)<p(s)ds+/Y(s,t)f(s)ds. (19)
s 0

For related results, see [6]. One may see that the essential structure in (19)
is that

y(eit) = y(t) = Y(0,8)0(0) + Fo(t) + V(1) (20a)
where F' is a Fredholm integral operator defined on F and V is a Volterra inte-
gral operator defined on C[0,7]. Hence, also, the solution of the homogeneous
problem with initial function v is

2(it) = 2(t) = Y(0,)1(0) + Fob(t). (20b)

Lemma 3.3 The solution z" (t) of the adjoint problem
—dit(t) — 2" (O)A(t) — 2" (t+7)B(t +71)=4g" (), fort € 0,T], (21a)
' (t) =" (t), forte [T, T +1] (21Db)

18 expressible as
T
' () =" (T)Y (t,T) + / V' (s)B(s)Y (t,s — 7)ds + /gT (s)Y(t,s)ds,
T ¢
It follows that the solution z' () of (14) is given by

fwszww—ﬂﬂwwmw, (22)

10



4 An integral equation for the optimal initial

function o,.

In the next pages, we shall establish the following theorem.

Theorem 4.1 Fort € [—7,0),

aon(t) + / Ko (1, 5)pu(s)ds = g27(0),

i which

T
Ks(t,s) = / ST (t +71,6)D(s + 7, &)dé+
E=t+T
T T
- [ ] T novo. om0 o+ p)dud
E=ttT p=s+T
and

T
g27() = a(t) — / T (t 4 7, 5)Y (0, 5)D5! Fo(@(0).5. f)ds
—+7

where

Dy = (B +)] + / ¥ (0,9 Y(0, 5)ds

(24D)

(24c)

is a symmetric and positive-definite constant matriz. Here ®(t + 7,s) = Y (t +

T,8)B(t + 7). Additionally, v,(0) satisfies a relation

Dy 0.(0) = B(0) +75(0) + / / Y(0,6) B(s + 7, £)p(s)deds—

—T $+T

/ ¥ (0, 5)" ( / Y (€. 5) F(€)de ?(s)) s,

0

11



Remark 4.1 It is easy to show that Dgs. is symmetric positive-definite (and
T
therefore has an inverse). Consider J(t,s) = [[Y(t, )] Y (s,&)dE; we have
0
J(t,s) = T (s,t), and therefore Dg, = (3 + )] + J(0,0) = D}, . By defi-
T T

nition, / A (1) / V(0, )TV (0, 8)dsu(t)dt —

//uT Y (0, s)u(t)dsdt /HU (t)[|2dt > 0 (26)

for some v(t), and > 0, v > 0 so (Dg,yu,u) > 0. Thus the positive semi-
definiteness of Dg. is obtained. Since Y (0, s) is a solution of the equation (18a)
we can conclude from (26) that (D u,w) = 0 implies w = 0. The ezistence of

Dﬁ_fy follows.

Corollary 4.1 When o =0, we have

| Kaalt.houlshds = g6 (0) for 1 € [-7.0), (27)

where K., (t,s) and g27(t) are defined by (24).

Lemma 4.1 The kernel Kz, (t,s) defined by (24a) is self-adjoint and positive
semi-definite.

The proof is provided in Appendix B.

The equation (23) is obtainable from (27) by applying Lavrent’ev’s method
([12, 18], [21, p. 89]) — which is sometimes called the “method of singular pertur-
bation” [13, 18] — to (27). The function ¢ satisfies

/ Koolt, s)o(s)ds = g(t), for t € [—7,0). (28)

4.1 Proof of Theorem 4.1.

In this section we shall establish that the initial function which satisfies equations
(16) also satisfies the integral equation (23).

According to §3.2 we may write the solution of the adjoint problem (14) in
the form

/ () Y (¢, )ds. (29)

12



Using (19), we can write (29) as

f@%zi

T

Y(t,s)ds+

0

Y@ﬁwm%ﬁ/Y@+ﬂ@B@+Tw@M£

-7

T

Y (t,s)ds

T

/

t

s

[ Yeori-30)
0
(for 0 <t < T), and therefore

T T

JQ+T%:/

t+7

S

/ Y (&, ) F(€)de —5(s)

0

Y(t+7,s)ds+

T T

o]

t+7

0

Ymﬁmm»y/Y@+nﬁB@+TMQM§

-7

Y (t+ 7, s)ds. (30)

By virtue of (10e), o(t) satisfies ap(t) + [z (¢ + 7)B(t + T)}T = ap(t) forte
[—7,0). Thus, using (30), we have for ¢t € [—7,0)

T

/

t+7

ap(t) + Y@ﬁwm)ﬁ/Y@+ﬂ$B®+TM®W4 x

XY (t+71,s)dsB(t + 7‘)} = ap(t)—

T 0

{/ [/Y(f,s)f({)df—?(s)} Y(t+7,s)dsB(t+T)] . (31)

;From the expression for a7 (¢), we have

fﬁnzj

+/ [Y(O, s)p(0) + /Y(€ +7,8)B(¢ —I—T)cp(f)df] Y (0, s)ds. (32)

T

Y (0, s)ds+

S

/ Y (&, ) 1(€)dE —5(s)

0

13



Therefore, we can write ¢(0) as (see (10£)) (y+8)¢(0)+ [2T (O)}T = ((0)+~5(0).
Here, using (32), we can write (5 + 7)e(0)+

T T

[ oo

0

0

+/Y§+7‘5 (&4 1)p(&)dE

—T

e []]jrc

Y (0, s)ds] =

s T

[ veor©i-i)

0

0

Y (0, s)ds] : (33)

The latter equation allows us to eliminate ¢,(0) from (31) to obtain an integral
equation for ¢,. Taking the transposes we can write (33) in the form

(v+ B)p +/ w(0)ds =
/ ﬁyo STY (€ + 7, 8)B(E + 7)p(€)déds + Fo(3(0).5. ).

where Fy(2(0),y, f) = BP(0) + By(0)—

St~

Y (0,5 ( / Y (€, 8)£(€)de —;<s>) ds.

0

We may therefore write

Daol0) = = [ [V(0.0] 0l + mos)o(©deds + Fo30).5.0). (30

-7

Using the equation (34), we may obtain from (31) the result

T 0
+//q>T (t+7.8)B(E + 7 8)p(E)dEds+ (35)

t+7 —71

14



T T 0

_/ /{ /@T (t+7,9)Y(0,8)D [V (0, u)]' B(€ + 7, M)Sp(g)dg}dluds _

t+7 0 —T

T
aB(t) — [ & (47, 5)Y(0,5)D5 Fo(B(0), 5, f)ds+

- / (t 4 7,5) / V() F(€)dE —5(s) | ds.

Remark 4.2 From Lemma 3.2 we have Y ({ + 7, 1) =0 for u <+ 7. We may
therefore change the lower limit in the third term in equation (35) to =&+ 7.

We have derived (35) which is the required integral equation formulation and
Theorem 4.1 is now established.

Remark 4.3 The solution ¢, of (23) is unique in Lo[—7,0] and hence in F.
Using a similar method to that above, we can show that in a finite dimensional
subspace F,, of F the integral equation has the form (23), where all functions are
treated as functions from JF,.

4.2 A convergence result.

We shall consider the convergence of the iteration described in §2.1 by studying
the iteration

0
Eontl Z2ll) _ o) (apnl) + [ Koot shnlods). (36)
This iteration is based upon the integral equation (23). It is, in a certain
sense, linked to the “method of sequential approximations” [12, p. 272]. In (36),
Kj3,(t, s) has been shown to be symmetric and positive-definite; the correspond-
ing integral operator on Ls[—7, 0] is bounded, self-adjoint, and positive-definite.
We state the following result.

Lemma 4.2 The iteration (36) is equivalent to the iteration (11) described in
§2.1. (For a given vy, the two sequences {p,} are identical.)

Proof. From (11e), the functions defined by the iteration (11) satisfy the relation

Pri1(t) = on(t)
571

and we have shown in §4.1 that

= a(pa(t) —3(t)) + [B(t + )T 2n(t +7) fort e [—1,0)

alen(t) = 8(t) + [B(t + )] wn(t +7) = apn(t) + / K (t,s)pn(s)ds — g2 (t),

15



so the result is immediate.

Theorem 4.2 (Convergence) Suppose p(Kg.) is the spectral radius of the inte-
gral operator Kg., on Lo|—7,0] having the kernel Kg.(t,s). Then, a sufficient
condition for the iteration (11) in Definition 2.1 to converge in the mean-square
norm 18 5

On < . forall n. 37
max (@, p(K ) w7

0
Proof. We shall write £07p(t) = ap(t) + | Kg(t, s)¢(s)ds and the operator

£87 on Ly[—7, 0] inherits self-adjointness and (with a > 0) positive-definiteness
from the corresponding properties of the integral operator Kgz . For a sequence
{6,,} with ¢,, > 0 for all n, we can write the iteration process (36) in the form

SOn+1(t)6n— on(t) = g27(t) — £, (). (38)

Let ¢, be the solution of the equation £27¢p, (t) = g?7(t) and let us define ,,, | =
©Oni1 — ©x. Then, according to (38), we have the relation €,,1 = (I — §,£%7)e,,

and
n

ene1 = | [ = 6.207)e0. (39)

i=0
The iteration (38) converges in the mean-square norm if ||e,|l2 — 0 as n — oc.
. From (39) we have

el < I T = 6,220 < I || - suezn .
levealls < [ TIU = nein | ook < T (7 = 8,227 ol
Thus, a sufficient condition for convergence of this iteration is
|1 — 6,57, <9 <1 forall n. (40)

Given the properties of £77 on Ly[—7,0], we have ||£57]|, = Max A, (the spectral

radius p(£27)), where {x,},>o are the positive eigenvalues of £77. Indeed, k, =
a + s,, where {s,},>¢ are the positive eigenvalues of Kg.. Then condition (40)
becomes

max |1 — 00 — dpoe,| < 1.

We have 1 — 6,&0 — 0,56, € [1 — 00 — Sp(Kp), 1 — 0,a) C (—1,1) provided
1 — 6, — 6,p(Kp,) > —1 and Theorem 4.2 established.

Remark 4.4 In general, the explicit form of the kernel Kz (t,s) is unknown
and we cannot implement the iteration process for the integral equation itself; we
use the iterative process (11).

Appendices
16



A Proof of Lemma 2.2

i From (9b) we have

PP Y(p,) = /m) )bt + / {(p, f£56) — SOV (s )+
B(0) — GO)T(0) + 7 {y(p: 0) — 5(0)}T 2(45;0).
Clearly,

T

P, 9) = / {o(t) — B())T w(t)dt + / (o F51) — 5O (05 0)dt =

—T 0

0

—a / S (bt + / T (s £ )25 £)dt

-7

o [&@wmar+ [0 inar).

Using the expressions for y(t) and z(t) associated with (20),

T

/{y(% Fit) =50} 2(y; t)dt =

0

{ [t 0.000) + Fe(0) + V1) =501 Y 0,04 v 0)+

/ [Y(0.00(0) + Fot) + V() ~5(0)} Bty

Let us write P?7(p, 1) in the form

integrals with ¢ (¢) in the integrand

A

=~

P (p,9) = "PY%(p,90) + 'PY(B, ) + 2P ({V f = 9}, v)

v~ g

terms in ¢ terms in @ terms in f & 4

+ VP (@) + 'V AV =)

J

integrals involving 1(0)

17



discrete terms: involving ¢(0) and ¥(0);  involving only /(0)

~ ——~—
+ ARY AR+ PART(3.)
—— ~
independent of 3, ~y involving 3 and ~y

Let us now consider the bilinear form

P, 0) = P2, 0) + (VB (¢) + CARS" + AR )u(0)  (42)

If we return to the detailed expression for °P%0(p, ¥), "V P (), °APy" and
IAPJ™ we obtain the following expression for the bilinear form P%7(p, ¢) =

oz/OsoT(SW(S)dH/T/O/OSOT ()®" (s + 7, 1)®(p + 7, )¢ (p)dpdsdi+

—-T —T

0
/ S ()BT (5 + 7, )Y (0, )8(0)dsct+

/
T (43)
/

O (0)[Y(0,)]T ®(s + 7, )b (s)dsdt+
T
SO+ 260 + [ & OY Y. 00)d:
0
It is easy to see from (43) that P27 (i, 1) = P57 (1, ¢). Now consider P27 (p, ).

We can write
0

PP (o) = a / T (5)p(s)ds + (81 1) (0)p(0)+

-7

/[Y(O,t)¢(0)+/<1>(s+7‘, t)cp(s)als}T [Y(O,t)¢(0)+/®(s—l—7‘, t)p(s)ds|dt.

-7

Thus P27 (i, ¢) > 0; positive definiteness is established.

B Proof of Lemma 4.1

Since the bilinear form (42) is positive semidefinite for all ¢(0) we can pick some
particular value of the function ¢ at t = 0, namely, let

0o T

0) = _Dlg7£///[Y(0,§)]TY(S+T, §)B(s+71)p(s)dEds,

—T $+7

18



and we define the bilinear form (43) after substitution of ¢ (0) as P27(p, ).
If, for notational convenience, we define

P(p,t) = d(p+ 7,t)0(1)

then we have

0 T 0 0
B2, 0) = a / T (s)p(s)ds + / / / 7 ( £)dpudsdi—
-7 0

—T —T

@ (s,0)Y(0,1)D; // (0,6)] @(p, €)dédpdsdt+

0
—T —T p+7
0

1 [ [ .o el )asan] 1Y O.0T ol s

-7 —7 ptT
T T
Dy’ 0, )] @(t, u)d dt 6 )1 Y (0,t)dt
[ 5 _Tt+/7 v p)dp +7) +O/ )
Dy’ 0,] @(s, £)déd
o Jr s}

Let us consider the last two terms in the expression for 7350(@, ¢) (within the
T

braces). Taking into account that Dg ., = (6 +v)I + /[Y(O, t)]TY(0,t)dt we can

) 0
write

_/T /O {73 /0 /T V(0.0 @l )} V(0,0 ols, s+

0 -7 —7 T
0T
Dg}y/ /[Y(O,u) o(t, p)dpdt // 0,6)] @(s, €)déds = 0.
—T l+7 —T S+T
Hence, we have
0.< P (p,0) = alp, @) + (Ko, ), (44)
where Kp ., is the integral operator with kernel
T
Ko (t,s) = / T (4 7,6)B(s + 7, £)de + (45)
E=ttr

19



- [ ] T n oY oy 0.0 B+ p)dud

E=t+7 p=s+7

Since D is symmetric we can show, from (44) and (45), that P (p, 1) is
symmetrlc and Lemma 4.1 is estabhshed

References

1]

2]

V. 1. Agoshkov, and G. I. Marchuk, On the solvability and numerical solution
of data assimilation problems, Russian J. Numer. Anal. Math. Modelling, 8,
(1993), 1-16,

, E. 1. Parmuzin, V. P. Shutyaev, and C. Bardos, Numerical analysis
of iterative algorithms for an inverse boundary transport problem, Math.
Models Methods Appl. Sci. , Mathematical Models & Methods in Applied
Sciences, 10 (2000), 11-29,

C.T. H Baker, G. A. Bocharov and C. A. H. Paul, Mathematical Modelling of
the Interleukin-2 T-Cell System: A Comparative Study of Approaches based

on Ordinary and Delay Differential Equations, J. of Theoretical Medicine, 2
(1997), 117-128.

, ,and F. A. Rihan, Modelling and Analysis of Time-Lags
n Some Basic Pattems of Cell Prolzfemtzon J. of Mathematical Biology,
37 (1998), 341-371.

, ,and | Computational modelling with functional
dzﬁerentml equations: zdentzﬁcatwn selection, and sensitivity, Submitted.

, and E. I. Parmuzin, A guide tour of VPF for continuous and dis-
cretized DDE, NA Report 430, Manchester, 2004.

H. T. Banks, J. A. Burns and E. M. Cliff, Parameter estimation and identi-
fication for systems with delays, STAM J. Control Optim. , 19, No. 6, (1981),
791-828.

H. W. Engl, and C. W. Groetsch (eds. ), Inverse and ill-posed problems,
Academic, Boston, 1987

, M. Hanke and A. Neubauer, Regularization of inverse problems,
Kluwer Academic, Dordrecht, 1996.

A. Halanay, Differential Equations: stability, oscillation, time lag, Academic,
New York, 1966.

J. Hale, Theory of Functional Differential Fquations, Springer, New York,
1977.

M. M. Lavrent’ev and L. Ya. Savel’e, Linear operators and ill-posed problems,
Consultants Bureau, New York, 1995.

20



[13]

[14]

[15]

[16]

[17]
[18]
[19]
[20]

[21]

F. Liu and M. Z. Nashed, Convergence of reqularized solutions of nonlinear
ill-posed problems with monotone operators, [14], (1996), 353-361.

P. Marcellini, G. G. Talenti and E. Vesentini (eds.), Partial differential equa-
tions and applications Lecture Notes in Pure and Applied Mathematics, 177,
Marcel Dekker, New York, 1996.

E. I. Parmuzin and V. P. Shutyaev, Numerical algorithms for solving a prob-
lem of data assimilation, Zh. Vychisl. Mat. Mat. Fiz. ; 37 (1997), 816-827.

and , Numerical analysis of iterative methods for solving evolu-
tion data assimilation problems, Russian J. Numer. Anal. Math. Modelling,
14 (1999), 275-289.

V. Shutyaev, Control operators and iterative algorithms in variational data
assimilation problems, J. Inverse Ill-Posed Probl. ; 9 (2001), 177-188.

U. Tautenhahn, On the method of Lavrentiev reqularization for nonlinear
ill-posed problems, Inverse Problems, 18, (2002), 191-207.

A. N. Tikhonov and V. Y. Arsenin, Solution of ill-posed problems, Wiley,
New York, 1977.

S. Verduyn Lunel, Parameter identifiability of differential delay equations.
Int. J. Adapt. Control Signal Process 15 (2001), 655-678.

G. Vainikko, On the optimality of reqularization methods, [8], (1987), 77-95.

21



