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Abstract

We develop a theoretical context in which to study the future-sequential regularization
method developed by J. V. Beck for the Inverse Heat Conduction Problem. In the process, we
generalize Beck’s ideas and view that method as one in a large class of regularization methods
in which the solution of an ill-posed first-kind Volterra equation is seen to be the limit of a se-
quence of solutions of well-posed second-kind Volterra equations. Such techniques are important
because standard regularization methods (such as Tikhonov regularization) tend to transform
a naturally-sequential Volterra problem into a full-domain Fredholm problem, destroying the
underlying causal nature of the Volterra model and leading to inefficient global approximation
strategies. In contrast, the ideas we present here preserve the original Volterra structure of the
problem and thus can lead to easily-implemented localized approximation strategies.

Theoretical properties of these methods are discussed and proofs of convergence are given.
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1. Introduction.

Linear and nonlinear Volterra integral equations arise in many applications, for example, in models
of population dynamics, for the transport of charged particles in a turbulent plasma, and in the
transmission of an epidemic through a fixed-size population [7]. A particular application of interest
here is the first-kind Volterra equation for the Inverse Heat Conduction Problem, an inverse problem
associated with the partial differential equation describing heat conduction, which we consider in
some detail in the next section. In this and many other examples, the underlying problem of interest
may be expressed as

/Otk(t—s)u(s) ds = f(1), telo,1], (1.1)
a first-kind equation with convolution kernel k € C([0, 1]; R"*") and given data f € Lo((0,1); R™).

We rewrite this equation as a linear operator equation,

where both f and the Volterra integral operator A (a bounded linear operator from La( (0,1); R™)
to itself) are given, and the goal is to determine the solution @ € La( (0,1); R™). We will assume
throughout that the original data f is such that existence of a unique solution @ of equation (1.1)
is guaranteed (see, [7], for example, for conditions guaranteeing such a hypothesis is met; clearly
f€C([0,1];IR™) and f(0) = 0 are necessary conditions), and will focus primarily on the well-known
instability problems associated with solving this ill-posed problem, i.e., with obtaining the solution
7 = A7l f when it is necessarily the case that A~! is unbounded on Lo( (0,1); R™) whenever the
range of A is not closed [8]. This question is important because typically one has noise in the
data and, in fact, one uses a less-smooth perturbation f° of f in (1.1). Indeed the degree of
instability associated with inversion of the operator A may be quantified depending on properties
of the Volterra kernel k [10], a notion which gives useful information about the degree to which
perturbations in data f corrupt the solution w and about the best possible accuracy one would

hope to achieve from any solution method for such a problem.



In this paper we analyze a very effective solution/stabilization method for the inversion of linear
Volterra operators of convolution type. In particular, we develop a theoretical context in which to
the study the “future-sequential” regularization method developed by J. V. Beck for the Inverse
Heat Conduction Problem, establishing for the first time the convergence of this regularization
method for a special class of “finitely smoothing” Volterra problems. In the process, we generalize
Beck’s ideas and are able to view the future-sequential method as a special case in a class of
regularization methods in which the solution of an ill-posed, first-kind Volterra equation is found
to be the limit of a sequence of solutions of well-posed, second-kind Volterra equations. In what

follows we define second-kind equations of the form
t
/ F(t — 5: A )u(s) ds + a(A))u(t) = F(t A,).
0

where a(A,) is an nxn constant matrix, and k(; A,) € C([0,1]; R™*") and F(-; A,) € Ly((0,1); R™)
are functions constructed using “future” values of k and f, respectively, in an effective manner.

Here k has the general form
~ Ay
KO = [ k4 p)dn (o)

for all ¢ € [0,1] (so that we must extend k past the original interval [0, 1]), where 7, is a suitable
measure on the Borel subsets of IR and A, is the length of the “future” interval. As we shall later see,
A, performs the role of a “regularization parameter” in the presence of noisy data. This approach
can also be viewed as an effective tool for approximation in finite-dimensional discretizations of the
original problem (as Beck’s work for the Inverse Heat Conduction Problem has been viewed for
over thirty years), or, just as important, as an infinite-dimensional regularization method for the
Volterra operator equation.

There are good reasons to select a method of this type over a method such as Tikhonov regular-
ization (see, for example, [8]) in order to solve the infinite-dimensional equation Au = f; we recall

that the Tikhonov method is implemented via the selection of a regularization parameter G > 0



and through the subsequent minimization of a quadratic functional
Ta(u) = || Au — f|I* + B|| Lul?

over u € Ly((0,1);IR™), where L is a closed operator satisfying certain well-known assumptions
and ||-|| is an appropriate norm [12]. This approach leads to the solution of the infinite-dimensional

operator equation

(A*A+ BL*L)yu = A*f

for a 3-dependent solution ug which depends continuously on data f so long as 3 > 0. Standard
theory shows that, for ug the minimizer of Jg using data f9, there is a choice of § = 8 (6) such that
as the level § of noise converges to zero, one has approximations ug( 5) converging to the solution @
of (1.1). This well-studied method, though effective, has the following distinct disadvantage in the
case of Volterra equations. The original Volterra problem Au = f is a causal problem which may

be solved sequentially in time, that is, first solve

/Otk(t—s)u(s) ds = f(t), te0,t]

for u; € La((0,1);IR™). Then, holding w; fixed, solve the same equation on the interval [¢;, 2] for

uz € La((0,1); R™); i.e., ua solves

/Otlk;(t—s)ul(s)dH "t — Su(s)ds = F(t), te [t tal,

131
and so on, until the full solution is obtained on the desired interval (in the case of data outside the
range of A, one could solve sequential least-squares problems). Applying Tikhonov regularization
to this problem destroys its causal nature since the operator A*A is no longer of Volterra type, and
thus a naturally-sequential problem is transformed into a “full-domain” problem requiring both past
and future values for solution. And even if one implements Tikhonov regularization without solving
the normal equations (see, for example, [6] for efficient methods for convolution-type equations),

one still cannot typically avoid the use of all (past and future) data at every point in time. Thus,



one of the advantages of using “future”’-based methods over the Tikhonov method lies in the fact
that one is able to preserve the structure of the original Volterra equation, and thus partial-domain,
or sequential, solution methods may be used.

We note that another standard way to regularize linear ill-posed operator equations is via finite-
dimensional discretizations (see, for example, [8, 14, 15]), since finite-dimensional linear equations
are always stable. The regularization parameter in this case then becomes the meshsize associated
with the underlying discretization, and the appropriate size of the mesh is always linked closely to
the amount of expected noise (data measurement error, or computational/round-off error) in the
problem. An effective discretization/regularization technique selects the meshsize according to the
level of error, and allows this meshsize to shrink to zero only as errors in the problem also decrease
to zero. The result is that, in order to stabilize ill-posed problems via discretization, the meshsize
must often be held at an unacceptably large value, leading to poor approximation. In contrast,
discretized future-sequential methods relax considerably the constraints on the meshsize, allowing
for a finer grid and dramatically better approximations. The details of the theoretical analysis of
a discretized version of this problem are given in [11], along with corresponding numerical results.

In Section 1 below we describe the Beck method as it is applied to the Inverse Heat Conduction
Problem. We examine the way in which this method may be viewed as a transformation of an
unstable first-kind Volterra equation into a well-posed second-kind equation. Using a second-kind
equation to approximate the solution of a first-kind equation is a classical procedure (see, for
example, [4, 5, 9, 13, 21]), but, as far as we know, we are the first to view the particular method
developed by Beck in such a manner. And in fact the second-kind equation generated by this
approach differs significantly from those considered in the literature.

In Section 2, we generalize the Beck ideas (which, to our knowledge, have to-date been applied
only in the context of finite-dimensional discretizations) and view the generalization as an infinite-
dimensional regularization technique for the original operator equation. The first complete proofs

of convergence of any form of this method are discussed in Section 3, where we focus on the infinite-



dimensional regularization problem for scalar-valued k£ and f. Even though the theory discussed
there is immediately applicable to problems in which the kernel k satisfies £(0) # 0, the framework
we develop involving second-kind Volterra equations suggests extension to more general kernels.
We first prove convergence in the absence of noise, and then extend the ideas to the case of noisy
data, illustrating how the future-sequential parameter A, should be selected such that we have
convergence both of A, to zero and of the regularized approximations to the solution @ of the
original (noise-free) problem (1.1) as the level ¢ of noise converges to zero.

Our notation is completely standard, using, for example, expressions such as La( (0,1); R™) for

R™-valued square-integrable “functions” defined on (0, 1), and L2 (0, 1) for the special case of n = 1.

2. Sequential and Future-Sequential Solution of the Inverse Heat

Conduction Problem.

The Inverse Heat Conduction Problem (IHCP) is typically stated as the problem of determining,
from internal temperature or temperature-flux measurements, the unknown heat (or heat flux)
source which is being applied at the surface of a solid. Measurements at various internal spatial
locations are taken over the course of time, the goal being to reconstruct a time-varying function
representing the temperature history at the surface of the solid. For example, if we consider the
problem of recovering a heat source u(t) at the boundary x = 0 of a one-dimensional semi-infinite

bar, the governing partial differential equation (for zero initial heat distribution) is

W = Wge, 0<zx <00, t>0,
w(0,t) = wu(t), t>0
w(z,0) = 0.

If data is collected at the spatial location x = 1 (i.e., unperturbed measurements are given by

f(t) = w(1,t) € R), then the unknown source u is the solution of the first-kind equation (1.1),



where, in this case, k is the scalar-valued kernel

1 1
k(t) = 72\/7?t3/zexp <_4t>

[3]. This problem arises naturally in numerous applied settings, for example, in the determination
of the temperature profile of the surface of a space shuttle during its re-entry into the earth’s
atmosphere [2]. Physical considerations often make it necessary to measure the temperature at a
point interior to the solid, rather than at the heated surface where temperature sensor is at risk of
being damaged. Unfortunately, the IHCP problem is severely ill-posed, with unstable dependence
of solutions on data.

J. V. Beck [2] has made significant contributions to the development of useful methods for
solving the IHCP. His ideas are based on a stabilizing modification of a widely-used method
for solving the IHCP equations, the so-called Stolz algorithm. Stolz’s idea is to take the IHCP
equations in first-kind integral form, Au = f, and to construct approximating equations based
on a collocation procedure utilizing approximations in an N-dimensional space of step-functions
defined on an equally-partitioned time interval. Thus Stolz exactly fits an N-part step-function to
N discrete temperature measurements; one may show that there is always a unique solution to the
N-level discretized problem and that solution of the equations is very simple (and in fact may be
done “sequentially”) because the matrix governing the approximation is lower triangular.

Unfortunately, the Stolz method is also highly unstable, with oscillations entering into the solu-
tion for even small N. Beck’s proposed “future estimation method” modifies the Stolz algorithm
and uses r — 1 future temperature (flux) measurements to estimate the source temperature (flux)
at a given time; here r > 1 is an integer. As is seen in the example below, numerical testing
indicates that Beck’s “future sequential estimation” method stabilizes Stolz’s algorithm, with the
degree of “stabilizability” related to the number » — 1 of future measurements used at each step.
In addition, Beck makes convincing arguments from a physical point of view which lead one to

expect his method to exhibit genuine regularizing characteristics. But as yet no one has performed



a complete mathematical convergence/regularization analysis of this very popular and widely-used
method. The goal of this paper is to correct this shortcoming, at least for some general classes of
Volterra equations, and to construct a class of generalized regularization methods for which Beck’s
method is a special case.

We begin here with a detailed discussion of both the Stolz and Beck methods for a general
Volterra convolution equation. For simplicity, we assume throughout the remainder of this section
that the convolution kernel k is real-valued and continuous on [0,7] for some 7" > 1 and that
k(t) # 0 for t € (0,T] (mirroring the properties of the IHCP kernel). Let N = 1,2,..., be fixed,
let At = 1/N and t; = iAt, for i = 0,1,...,N. We designate the space of piecewise-constant
functions on [0, 1] by S = span{x,}, where ¥, is the characteristic function defined by ¥, (t) = 1,
for t; 1 <t <t;, and x,(t) = 0 otherwise; x, (0) = 1. We then seek ¢ € SV solving the collocation

equations
Aq(ti) = f(t:) (2.1)

for i = 1,2,...,N. Expressing q in terms of the basis for SV we have ¢ = Zf\il cix, for some

¢; € R, and observe that
t; N
.Aq(tj) = /0 <k‘(tj — 8) Z CiX; (8)) ds
i=1
J t;
= ch/ k(t; —s)ds
J
= Z Ci/ k(tj—i—i-l — S) ds.
- 0

Thus, defining A; = fgl k(t;—s)ds fori=1,2,..., we may write (2.1) in matrix form as AVc = fV,



where ¢ = (c1,¢a,...,cn)" € RY and

AL 0 0 ... 0 £(#)
Ag Ay o ... 0 f(tQ)
AN = Asg JAD A ... 0 ) fN = f(tg)
AN An_1 ... Ny A4 f(tN)

Due to the assumptions on the kernel k, the diagonal entries A; of AV are nonzero and thus the
Stolz equations may be solved sequentially (via forward substitution) for ¢;, ¢ = 1,..., N. However,
the ill-posedness of the original problem leads to poor-conditioning of the matrix A", especially as
A1 gets close to zero (which happens quickly as N grows, especially if k£ and/or one or more of its
derivatives is zero at t = 0; indeed, this is true for all derivatives at ¢ = 0 of the kernel associated
with the IHCP). Thus, for even moderate values of N, errors made in calculating c;, c2, and so
on, are propagated to later ¢;, making the Stolz approach an unreasonable method for solving the
IHCP, or even for the solution of better-conditioned finitely-smoothing Volterra equations [10], as
is evident in the example given below.

In addition to being poorly-conditioned, the Stolz approach has other shortcomings, which are
seen as follows. Assume that ¢, ca,...,c¢;—1 have been determined. With the Stolz method, one
computes ¢; such that c;A; + coA;—1 + ... ci—1A9 + ¢;A1 matches f(¢;) exactly. Thus, ¢;, the
coefficient of the “input” basis function with support on (¢;_1,;], is selected using “output” f(t;)
and using prior values ¢y, ¢, ..., ¢;—1 (which were computed using prior values of f). However the
nature of a Volterra equation is such that the “output” at time ¢ is only influenced by “input” at
times prior to ¢, so that it makes sense to use later data values f(t; 1), f(ti+2),. .. to determine ¢;.
The Stolz method for Volterra equations, although simple in its sequential nature, has the peculiar
disadvantage of making the selection of the current ¢; independent of the future values of data.

The approach taken by Beck uses future data values in the computation of ¢;; the result is a

sequential algorithm which, as later sections will show, is actually regularizing in the presence of



data error (i.e., perturbations in f). For Beck’s approach, each ¢; is determined to be the optimal
value one would use if forced to use ¢; as the value of the present coefficient as well as the value
of r — 1 future coefficients while performing data-fitting to » — 1 future data points (see [2] for
the rationale on using less than the entire set of remaining future data points at each step). To
illustrate, we suppose that r has been fixed, and select ¢; minimizing the least squares fit-to-data

Jlu

Ji(er) = [Acixa(t) — f(8)P + [Aer(xa + x2) (t2) — f(t2)P + - ..

o A O e+ (&) — FE) 2

After making this selection of ¢1, we then hold ¢q fired and choose ¢ minimizing

Ja(c2) = |Alerx + cax2)(ta) = f(t2)]* + [Alcixa + calxa + x3))(ts) = f(t3)]” + . ..

ot JAlexs Fealxa+ .-+ Xr+1))(tr+l)_f(tr+l)|2a

and so on. As the end of the interval nears and there are fewer than r — 1 future data points, one
can either use data which is outside the interval [0,1] (i.e., use data at t; = i/N, i = N + 1, N +
2,...,N +r—1) or one can use fewer future data points, in effect all the remaining data points,
in the formation of a least squares fit-to-data criterion. For simplicity in what follows, we take the
first approach and assume that data is given on the interval [0, 7], for some T > 1.

We illustrate here the results of application of both the Stolz method and Beck’s method to a
particular non-THCP example (see [2] for many examples illustrating the effectiveness of the future-

sequential method for model equations associated with the IHCP).

Example 2.1:  We consider the problem of approximating the solution of (1.1) in the case of
k(t) = 2+ te! and true solution given by u = t cos(4t). Using k and @, unperturbed data f is given
by the exact integral [J k(t — s)a@(s)ds for t € [0,1], while a perturbation f of f is computed to

be fO(t) = f(t) + d(t) where d is uniformly distributed random error with ||d|s < .05 f||oo (here

10



|| - |loo denotes the usual L, norm). In this example, both the Stolz method and Beck’s method
were applied to the problem of approximating the solution of (1.1) in the case of perturbed data,
with NV = 20 discrete time subintervals and piecewise constant approximations; the results are
shown in Figure 2.1 below for Stolz (i.e., with no future intervals, or 7 = 1), and for Beck with 1
future interval (r = 2) and 2 future intervals (r = 3)

In order to motivate what follows, we look more closely at the special case of r = 2 (one future

value); we recall that the idea is to choose ¢; in order to minimize

Jiler) = (e1di— f(t1))* + (cr(Da2 + Ay) = f(t2))”

= (aA1 = f(0)* + (ads — f(t2))?,
where A; = Ay + ...+ A; = fomt k(iAt — s)ds. That is, ¢ satisfies
c1(AT + A3) = Arf(t1) + Ao f(ta).
Preserving this value for ¢1, we next choose ¢o minimizing

Jo(c2) = (c1lg+ 2y — f(t2))? + (183 + co(Ag + A1) — f(t3))?

= (c1lz+ A1 — f(t2))? + (183 + c2Bg — f(t3))?

or, ¢y satisfying

c1(A1Ag + AgAg) + e2(AT + A3) = A1 f(t2) + Ao f(t3),

and so on, until c3, ¢y, . . ., cx have been determined sequentially in this manner. The Beck equations

for r = 2 are thus given in matrix form by

AN2e = N2 (2.2)

11



where

A} + A}

0 0 0
AlAQ + AgAg A% + E% 0 0
AlAg + 82A4 AlAQ + AQA;} A% + A% 0
Jve _
AAN 4+ AsAni1 AjAn_1 + ArAy AAg 4+ ANy A} + A}
Aift) +  Asf(ta)
o Aif(ts) +  Asf(ts)

Aif(tn) + Aof(tni1)

It is useful to rewrite the diagonal elements of A2 in the form A?+A3 = (A}4+AA0)+AsA; =

Al(slAl +82A2)+82£% (51 = Ay), where s; = Ai/ﬁl, t=1,2,.... In a similar manner, elements

of AN2 below the diagonal may be expressed as A, + AQAZ-H = Al(slAi + s92Aj+1), so that we

have (after factoring A; from each such element of AN 2,

$101+52A9 0 0 0
5109+ 89A3 $1A1+ 8249 0 0
1 AN
EA 2 51A3+82Ay 510+ 89A3 $1A1+52A9 0
51AN+52AN11 S1AN_1+52AN 518245273 51A14+52A0
+ 89/,

12




where I is the N x N identity matrix. Similarly,

sif(t) +  saf(t2)
ifN _ sif(t2) +  sa2f(fs)
A

sif(tn) + saf(tns1),

It thus follows that equation (2.2) may be written in the form
N A N N A NY _
s1((AY + BoD)e— V) + 52 ((AY + AD)e— f) =0 (2.3)

where we have defined Ay = 0, and

A; 0 0 . 0
f(t:)
AVER] A 0o ... 0
f(tiv1)
AV =1 Ao A A ... 0 =
Jf(tnyio1)
Airn—1 Djyn—2 Aiv1 A

In this form one can immediately see that equation (2.3) is the collocation equation associated with

exactly matching the infinite-dimensional equation,
s1(Aju + Aou —S1f) + sa(Agu + A1u —Saf) =0, (2.4)

at collocation points t1,ts,. .., ¢y, restricting solutions to lie in the approximation space SV; here

A; : L2(0,1) — L2(0,1) is defined for i = 1,...,7 by
Ago(t) = /Otk:(t—i-(i—l)At—s)v(s) ds, v e Ls(0,1),

and S; denotes the shift-and-restriction operator from Ly(0,7') to L2(0,1) given by
SiF(t) = f(t+ (i~ 1) ),

te0,1], fe€ Ly(0,7T).

Throughout it is assumed that 7" is large enough to ensure that [0,1 + (r — 1)At] C [0,7]. We note

that equation (2.4) may also be written
t - -
/ {s1k(t—s) + sok(t+At—s)}u(s) ds + (s1Q¢ + s2A1)u(t) = s151f(t) + s252f(t), t € (0,1)
0

13



which is a second-kind integral equation whenever A1 >0 (i.e., for all At > 0, under the assump-
tions on k).
In the general case of fixed r > 2 (note that 7 = 1 reduces to the Stolz equations), we select ¢;

minimizing
- 2 ~ 2 ~ 2 ~ 2
Jiler) = (a1 = f(t) + (a1ds = f(t2)) + (@1Bs = f(ts)) +... + (adr = f(1))
or, c¢1 such that
(AT + A5+ ..+ ANer = Arf(t) + Dof(ta) + ...+ A f(t),
and then select co minimizing

(C1A2 + el — f(t2))2 + (C1A3 + ey — f(t3))2 +...+ (C1Ar+1 + A, — f(tr+1))2 ;

or co satisfying

(A Ag+ AoAs+ ...+ A Ay + (A2 4+ A2+ ...+ Ad)ey

= Alf(tQ) + AQf(tf}) + ...+ Arf(tr-‘rl):

and so on.

Regarding the coefficient (A2 4 ... 4+ A2) of ¢y above, we note that

Zﬁ? = Zﬁi(Ai +Ai71)
i=1 i=1
= 51 Z(SzAz + 82‘51‘_1)
i=1

so that, arguing as before, it is not difficult to show that c¢ satisfies the equations

-
Y osil(AY +Aiale— V) =0,
i=1
which are the corresponding discretized collocation equations for the infinite-dimensional problem,
r ~
Z SZ(AZU + A;_qu — Szf) =0, (2.5)

i=1

14



or,

/Ot <Zr: Sik(t+(i—1)At—3)> u(s) ds + u(t) (Zi: 3i£i—1>

i=1

- isif(tJr(i—l)At), telo,1]. (2.6)
=1

o r (i—1)At
where ZSZ-AZ-,l = ZSZ/ k((i—1)At—s)ds.
i=1 i=1 70

Remark 2.1: Equation (2.5) is a weighted sum of terms of the form (Aju+A;_ju—S;f), and it is

worthwhile to examine individual terms separately. If we assume that the true solution w satisfies
Au(t) = f(t), forallte[0,T],
for T > 1+ (r — 1)At, then it follows that
S Au(t) = S;f(t), foralltel0,1],i=1,2,...,r
But

SiAu(t) = Au(t+ (i —1)At)
t+(i—1)At
_ / k(t+(i—1)At—s)a(s) ds
i—1)A
= /k +(i—1)At —s)u ds+/ —1)At—s)u(s +t)ds
(i—1)At
= Aa(t) + (/0 k((i—1)At—s) (u(t) + su'(£(¢, 5))) dS)

= Aa(t) + Aija(t) + O ((i - 1)2At2> ’

for k and @’ bounded. Therefore, under these conditions, the equation > ;_; si(Aiu—Fﬁi_w—Si f) =
0 is an O(At? I_, (i —1)?) approximation to the equation Z $iSi(Au — f) = 0, which @ is known
=1

to satisfy exactly. However, because A~! is unbounded there is no guarantee that the solution

u = u(-;r, At) of the approximating equation is close to the “true solution” @ when At is small.

15



3. Generalized Future-Sequential Methods for Volterra

Convolution Equations.

In what follows we generalize the “future-sequential” ideas discussed in the previous section, and
use this generalization to define an infinite-dimensional regularization method for the solution of
(1.1). Using the notation of the last section (with the kernel k scalar-valued momentarily), we let

r > 2 be fixed, and now define A, = (r —1)At to be the length of the “future interval” and Q, by

QATqb = Zsigb(’yiflAr). (31)
=1

where ¢ € C[0,A,], v; = Ti%l, for j=0,1,...,7 — 1, and s; is given as before by

i A

o iAr_ .
:fOA k(y S)ds, i=1,2,...,r; Y= L
O k(1 A — 8)ds r—1

S

Then for each A, >0, €2, is a bounded linear functional on C[0, A,], i.e., Q, € C*[0,A,], the
continuous dual of C[0,A,]. Defining k; € C[0,A,] for each t € [0,1] and A, > 0 via ki(p) =
k(t + p), p € [0,A,] (note that by k; we do not intend k'(t)) and defining k € C[0,A,] by

k(p) = J§ k(p— s)ds, p € [0,A,], equation (2.6) may be written

/Ot (QAT kt_s) u(s)ds + (QATE) u(t) = Q, fi, (3.2)

provided that point evaluations of f; make sense (fi(p) = f(t + p), p € [0,A,]). The original,
unperturbed f is necessarily continuous, so that f; € C[0,A,] and thus €, f; is well-defined in
this case; however, in general we will be solving equation (3.2) using a less-smooth perturbation fo
of f, so we will deliberately avoid assumptions of continuity on the data in what follows and only
require that f is such that Q, f; is well-defined in the setting in which it appears. This will be
made more precise below.

Equation (3.2) may be further generalized by allowing arbitrary positive Q, € C*[0,A,]. For
example, one could consider the Q, given in (3.1) (i.e., 2, as a linear combination of delta

functions), but instead allow the s; to be arbitrary positive constants and ~; arbitrary in [0, 1].

16



Alternatively, a continuous analog of the discrete €2, ~given in (3.1) could be constructed, namely

0,,0= / pydp. ¢ €Cl0 A, (3.3)

where w, (p) is a continuous analog of the s; given above,

fp+5k:(p+5—s)ds
fo k(0 — s)ds

for some § > 0 small, § = c A, for some fixed ¢ € (0, 1]. More generally one could let €2, ~denote a

wa, (P) = (3.4)

density, using (3.3) with arbitrary w, (p) > 0.
It will be convenient to use the Riesz Representation Theorem for C*[0, A,] (see, for example,

[1], p. 106) to represent positive bounded linear functionals €2, on C[0, A,] by

Ay
Q, ¢ = /0 6(p) dna(p), & € C[0,A]

where 7, is a real-valued Borel-Stieltjes measure on the Borel subsets of R and fOAT a Stieltjes
integral. It will be assumed henceforth that, for some Ar > 0 and all A, € (0, Ag|, the interval
(0,A;) has positive, finite measure under each 7, . This assumption is easily satisfied for all
measures mentioned above, that is, for Q, ~as defined in (3.1) for arbitrary s; > 0 and ~; € [0, 1],
and for €2, ~given by (3.3) for arbitrary positive w,

Using now 7, , equation (3.2 ) becomes

/Ot (/ON kE(t+p—s) dUAT(P)> s)ds + u(t (/ / k(p—s)dsdn, (p )) = (3.5)

/0 "f(t+ p)dng (p), te[0,1],

where below we state conditions on f ensuring that the right-hand side is well-defined, and that
a unique solution of (3.5) may be found. Before doing so, it is useful to note that we may extend
these ideas to k € C([0,1]; R™*™) and f : [0,T] — R", provided we interpret fOAT k(t+ p)dny (p)
to be the n x n matrix of scalar integrations fOA " ki j(t+p)dn, (p) , and use a similar interpretation
for fOAT f(t+p)dn, (p). Then equation (3.5) is still well-defined as an approximating equation, and

we are able to find conditions on k, f guaranteeing a it has a unique solution u(-; A,) : [0, 1] — R"
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Theorem 3.1 Let Ar > 0 be given with 1 + Ar <T', and let 0, be a measure defined as above

for fized A, € (0,AR]. Then for k € C ([0, T];IR"*"™) satisfying the condition that the matrix

Ay rp
o(a) = [T [Tkt s)dsdn (o) (3.6)

is nonsingular, and for f :[0,T] — IR™ such that f; : [0, A;] — IR" is n, ~integrable for t € [0,1],
with fol I fOAT f(t+p) dnAr(p)Hin dt < oo, there is a unique solution u(-;A,) € L2((0,1);IR™) of

equation (3.5).

The proof of the theorem follows easily from Theorem 9.3.6 of [7] and the fact that the map
t— fOAT k(t + p) dn, (p) is continuous; we note that other (L, ) conditions on f lead to solutions

u(;Ay) € Ly(0,1) for 1 < p < 0.

4. Convergence of Abstract Future-Sequential Methods.

We turn to the question of convergence of solutions u(-; A,) of equation (3.5) to the solution @ of

/Otk(t ~ syu(s)ds = f(t), te0,T] (4.1)

as A, — 0, in the special case of real-valued k£ and f. The theory developed here also holds for
vector equations, but only under special conditions on the measure 1, and kernel k, as indicated
in Remark 4.1. We initially consider the problem of convergence in the case of unperturbed data
f, and then extend to perturbations f° of f, proving convergence as both A, and the level § of
noise go to zero.

We will make the assumption throughout this section that Ar > 0 is given, that T'> 1 + Ag,
and that 7, is a Borel-Stieltjes measure defined as in the last section. In addition we assume
that k,uw € Wh®°[0,T), that k(t) # 0 for t € (0, Agr] (an assumption easily satisfied by Volterra
kernels occurring in many applications, e.g., the IHCP), and that f € Lo (0,7) with the map

t— fOA"' f(t+p)dn, (p) belonging to La(0,1) for all A, € (0, Ag] (such as is satisfied, for example,
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when f is piecewise continuous on [0, 7). Under such assumptions it is not difficult to see that the
hypotheses of Theorem 3.1 hold for all A, € (0, Ag].

Recalling Remark 2.1, we note that the solution @ of (4.1) satisfies

/OAT (/{)t+pk(t+ps) (s )ds) dn,,(p) :/OATf(ter)dnAr(p), teo,1],

for any (fixed) A, € (0, Ag]|, or, splitting the inner integral at ¢ in the first term,

/ot </0A k(t+p—s) dnm(p)> u(s)ds + /OAT (/op Ko = syuls+ 1) d8> T {7)

Ar
= /0 f(t + P) d%T(P)a te [Ov 1]' (4'2)

Writing the approximation error as y(t) = u(t; A,) —u(t) (y(t) = y(t; A,)), we have by subtracting

(4.2) from (3.5) that y satisfies the error equations

/;(/Omk(ter—S)dnAr(p)) s)ds +y(t (/ / p—s dsdm())

Ar rp
L [ ko= 9t + 0 —a) dsan, (o). ¢ < [0.1]

where the existence of a unique solution y is guaranteed using results similar to Theorem 3.1.
Furthermore, the assumptions on @, k ensure that y € C[0,T]. Because the quantity a(A,) defined

in (3.6) is assumed to be nonzero for all A, € (0, Ar|, we may rewrite the last equation as

y(t) = _a(lAr) /Ot E(t — s; Ay)y(s)ds + F(t; Ay), te€][0,1], (4.3)

where

- Ay
R(tA,) = /0 k(t+ p) dng (o),

Jo " J§ k(p — s)[a(s +t) —a(t)] ds dn, (p) .
J& [ k(p — s)ds dn (p)

F(t; Ay)

The following estimates are suggested by the ideas in [4], but here there are notable differences

due to the presence of the regularization parameter A, and the fact that the kernel itself now
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depends on A,. We define

KA, = FEA)
k(()? Ar)
() = 28
k(0; Ar)
so that (4.3) for y may be written as
to1
y(t) == [ K= 5 A0y(s) ds + Flti Ay), (4.4)
0 €(Ay)

where k(0; A,) # 0 and €(A,) > 0 for all A, € (0, Ag] due to the continuity of k and the fact that
k does not change sign on (0,7]. Convolving both sides of (4.4) with the function (¢, €(A,)) given

by
0, t<0
Y(t, ) =
%e_t/ﬁ, t>0,

the result is

/Otzb(t s, e(A))y(s) ds

))/OTK(T — 53 An)y(s)dsdr +(t,e(Ay)) x F(t, A,),
which we then subtract from (4.4) to obtain
= [R5 Ay (s) ds -+ [F (5 A,) = 000, e(A0) = (5 ) (15)

Here the new (non-convolution, in general) kernel K is defined via a change of order of integration

by

/Ot K.(t,5)y(s) ds
/wt—se s)ds + — /Kt—s)()ds
—*//wt—’f& (1 —s)dry(s)ds
and we have momentarily suppressed the dependence of various entities on A,.. Thus
Klt,s) = —lt—s5:0)+ TK(t—5) - 1/t¢(t i QK(r - 8)dr
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= Yt —s5e) + %K(t —5) = Y(0;€)K(t — s) +(t — s;€)K(0)
¢
—l—/s Yt — 1) K' (71— s)dr
= /stw(t—T;e)K'(T—s)dT

using an integration by parts and the fact that K(0) = 1. But these estimates yield

t
Kdt.9) < 1K [ it = rie)dr
= K foo(1 = e

< K-
Applying Gronwall’s inequality and the previous estimates to equation (4.5), it follows that
(@) < [F(tAr) — (8 e(Ar)) + Ft; Ap)] - exp(t | K' (5 Ar)[oo),
where

F(t8,) = 060 s FEA)] < [F(A) ] (1 (/wt_se@)

IN

2|F (5 Ar)loo

= O(Ar)a
since @ € W1°°[0, T]. Therefore,
ly(t)] < O(Ar) exp(t [ K'(5 Ar)lloo),  t € [0,1],

where it remains to consider conditions under which ||K’(:; A;)||oo is bounded as A, — 0. In fact,

_h k’(t+p)dm ()
fO dnA( )

K'(t; A)

so that

fO d%r

K'(A)[loo < [IF oo :
G Ar)lloo < [IF] 5 k() dns ()

We have thus proven the following:
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Theorem 4.1 Let k, u, n, , Agr, and f satisfy the assumptions given at the beginning of this

section. Then if there exists M > 0 such that

o dn,,(p)

fAr ko) dn (2) < M, forall A, € (0,AR],
0 Ar

it follows that the solution w = u(-; Ay) of (3.5) converges tou(t) as A, — 0, uniformly int € [0,1].

From assumptions guaranteeing continuity of k, we immediately have the conditions of the

theorem holding for arbitrary 7, in the case of k(0) # 0:

Corollary 4.1 Let k, u, n, , Ar, and f satisfy the assumptions given at the beginning of this
section, and in addition, assume that k(0) # 0. Then the solution u = u(-; A,) of (3.5) converges

to u(t) as A, — 0, uniformly in t € [0,1].

The case of k£(0) = 0 is not as easily handled; in fact, as we shall see below, the sufficiency
conditions stated in the theorem fail when k(0)=0. However, convergence of u(-;A,) to U as
A, — 0 is still possible in this important case, as is seen in [10] using an approach different from
that taken here.

To show how the sufficient conditions of Theorem 4.1 can fail to hold when k£(0) = 0, we look
at the simple case of k(t) =t, for t € [0,T] and dn, (p) = w,, (p)dp, w,, > 0 integrable for each

A, € (0,Ag]. We find through an integration by parts that

Jo wa, () dp Jo" wa, (p) dp

I3 pwa, (p) dp Ay 3 wa, () dT = [ [§ w,, (1) dTdp
> 1 A 0
= A, as Ay —

so that the conditions of the theorem do not hold for this example.
In fact, this example illustrates the reality of the situation in general, namely that the condi-

tions of the theorem cannot hold if £(0) = 0 and k is continuous. In fact, we now show that so
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long as k(0) = 0 and k is continuous there is no family of positive bounded-variation functions
{Na, YA, €(0,a5) Which satisfy

J&r dny, (p)
o k(p) dny,(p)

<M, Ar€(0,Ag] (4.6)

for fixed M > 0. Indeed, since we may always rescale the family {n, }a, e, in the consid-

eration of this bound, it suffices to show that any family of positive bounded-variation functions

{Na, YA, (0,45 satisfying

Ar
| dna =1

for A, € (0, Ag] simultaneously satisfies

A
/ k(p) dn, (p) — 0as A, — 0.
0

In fact, for any A, € (0, Ag], a necessary and sufficient condition that na, have total variation < 1

(so that fOAT dn,,(p) < 1) and that fOA" k(p) dn, (p) = ca, for an arbitrary constant ca, is that

< k(p)|-
lea,| < max |k(p)]

This type of result arises in the classical “moment problem” (see, for example, p. 116 of [20]). But
k continuous and k(0) = 0 necessarily implies that |ca, | — 0. Thus, it is impossible for inequality
(4.6) to hold for fixed M > 0 under such conditions on k. This does not imply nonconvergence of the
error y(t; A,) to zero, as A, — 0, but rather that a particular sufficient condition for convergence
(given in Theorem 4.1) fails to be met for certain k.

We note that success for the case of k£ with k(0) = 0 might be obtained if we weaken the

assumptions of Theorem 4.1 and instead require an inequality of the form

1

A
rd 1
Jo" dnys (p) < 1 og
1K oo~ VA,

S k() dn,,(p)

),

since such an assumption will give |y(¢; A,)| = O(VA,) as A, — 0. However, we have not been

able to find a k and 7, which simultaneously satisfy such a condition and the condition k(0) = 0.
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Remark 4.1: The preceding theory may also be applied (with only few obvious modifications)

to the case of k(t) € R™*™ and f(t) € R", under the special condition that the matrix product

A, -1
a(a,) ( J dnﬁxp)) = &)1
for I the n x n identity and some scalar ¢(A,) > 0. Otherwise, without such an assumption, a
different approach may be taken in which Gronwall’s inequality is applied directly to equation (4.3),
requiring that the assumptions of Theorem 3.1 hold for all A, sufficiently small, and, in addition,
the existence of some M > 0 such that sup,cpop [|k(t)[|/[l(A)|| < M for all A, € (0,A,], and

suitable matrix/vector norms || - ||.

We need only make small modifications in the theory preceding Theorem 4.1 to consider equation
(1.1) with perturbed data f°(t) = f(t) + d(t), where d(-) € L(0,T) with ¢ fOA’“ d(t+ p) dn, (p)
belonging to Ly(0,1) for all A, € (0,Ag], and where we assume ||d||c < d. In the presence of

noise, equation (4.3) becomes

vH) =~ a(lAr)

t
/ Rt — 5 A )y(s) ds + F(t:A,) + E(t; Ay, 6), ¢ € [0,1],
0

where

Ay
E(t; Ay, 5) = a(lAT) /0 d(t + p) dn,,(p)-

Treating the term for E(t; A,,d) just as we have for F'(t; A, ), we obtain

ly@)] < ([F(tAr) = (it e(Ar) < F (6 Ar)| + |E(t; Ay, 6) — 9(8 €(Ar))x E(t; Ay, 6)])

cexp(t |K' (- A0) ||0o),

where, as for F',

|E(t; Ary 6) - ¢(t; E(Ar))*E(t; Ara 5)|

IN

1E(; Ay, 6)loo (1 + /th(t — s5€) d5>

foAr dmr(ﬂ) .

20 2

IN
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The following theorem thus obtains for the case of perturbed data.

Theorem 4.2 Assume the hypotheses of Theorem 4.1, and in addition, that A, = A,(d) may be

selected satisfying

5 J&r dny, (p)
& J¢ k(p — s) ds dn, (p)

—0, asd—0.

and

Aq(6) =0 asd— 0.

It then follows that the solution u = u(-;6) of (3.5) (using A.(8) and data f°, ||f — f°|lec < 0)

converges to the solution u(t) of (1.1) as 6 — 0, uniformly in t € [0,1].

As an example of the choice of A, = A,(J), consider n, a density which is independent of

Ay, e, dny (p) = w(p)dp where w € L>[0,T], w(p) > w_. > 0 on [0,7], and assume that

min
k € Whe°[0,T] with k(0) = 1. Then it is not difficult to show that
o w(p)dp

A flwl| oo
) pw—
Jo " J§ k(p = 5) dsw(p) dp

Wnin Fnin <%AT2>
0
A C

J

IN

for A, sufficiently small, where |k(t)| > k . >0 for 0 <t < A,, and C > 0 is a suitable constant.

Thus the choice A, = 6P for p € (0,1) satisfies the assumptions of Theorem 4.2.

5. Conclusion.

We have examined a widely-used numerical method for the stable solution of the Inverse Heat
Conduction Problem, a problem which is described by an infinitely-smoothing first-kind Volterra
integral equation with convolution kernel. We have shown that the numerical method developed by

J. V. Beck is equivalent to a standard collocation discretization of a related second-kind equation
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which is constructed using future values of the data in the original equation. Our results include
a convergence/regularization theory for problems in which the kernel is real-valued and nonzero at
the origin, proving that the solution of the infinite-dimensional second-kind equation converges to
the solution of the original first-kind problem as the level of noise goes to zero (provided that a
regularization parameter in the approximating equation is chosen correctly).

In [10] we extend the findings in this paper to r-smoothing scalar Volterra problems, i.e.,
those first-kind Volterra equations with kernels k satisfying k(0) = ¥'(0) = ... = k#=2(0) = 0,
E=1(0) # 0, k™) € Ly(0,1), for certain values of v, and prove convergence of the approximations
defined in this paper for this more general problem.

In addition, in [11], we consider discretizations of the regularized problem along the lines dis-
cussed in Section 2 above, illustrating the relationship between noise level §, number of future
intervals (r — 1), and width At of these intervals (or discretization stepsize). In that paper it is
shown how to compute At = At(d,r) such that § — 0 implies At — 0 and convergence of the
corresponding finite-dimensional approximations to the original solution @ of (1.1).

Finally we note that other investigations into stability and approximation properties of Beck’s

method may be found in [16, 17, 18, 19] where both linear and nonlinear problems are treated.

Acknowledgement: We would like to thank Professor J. V. Beck for many helpful discussions

during the early stages of this work.
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Figure 2.1: Results for Example 2.1
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