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Preface

The Laplace transform, as its name implies, can be traced back to the work of
the Marquis Pierre-Simon de Laplace (1749-1827). Strange as it may seem no
reference is made to Laplace transforms in Rouse Ball’s “A Short Account of
the History of Mathematics”. Rouse Ball does refer to Laplace’s contribution
to Probability Theory and his use of the generating function. Nowadays it is
well-known that if ¢(t) is the probability density in the distribution function of
the variate ¢, where 0 < t < oo, then the expected value of e* is the Moment
Generating Function which is defined by

M(s) = /0 et ()t (1)

The term on the right hand side of (1) is, if we replace s by —s, the quantity
that we now call the Laplace transform of the function ¢(t).

One of the earliest workers in the field of Laplace transforms was J.M. Petzval
(1807-1891) although he is best remembered for his work on optical lenses and
aberration which paved the way for the construction of modern cameras. Petzval
[167] wrote a two volume treatise on the Laplace transform and its application
to ordinary linear differential equations. Because of this substantial contribu-
tion the Laplace transform might well have been called the Petzval transform
had not one of his students fallen out with him and accused him of plagiarising
Laplace’s work. Although the allegations were untrue it influenced Boole and
Poincare to call the transformation the Laplace transform.

The full potential of the Laplace transform was not realised until Oliver Heavi-
side (1850-1925) used his operational calculus to solve problems in electromag-
netic theory. Heaviside’s transform was a multiple of the Laplace transform and,
given a transform, he devised various rules for finding the original function but

without much concern for rigour. If we consider the simple differential equation
d*y
—_— =1, t>0
az Y

with initial conditions y(0) = 3’(0) = 0 then Heaviside would write py for dy/dt,
p?y for d?y/dt? and so on. Thus the given equation is equivalent to

P+ 1)y =1,
and the ‘operational solution’ is
. 1
Ve rT

Expanding the right hand side in powers of 1/p we obtain

+

11 1
Y= — — 4 —
p? pt o p®
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Heaviside regarded 1/p as equivalent to fot 1dt, i.e. t, 1/p? as fot tdt = t2/2!,
etc., so that the solution of the given differential equation is

2ttt
YTaTa e

which is readily identified with 1 — cost, the correct solution.
For a differential equation of the form (again using the notation py = dy/dt,
etc.)

(aop™ +a1p" 4+ anap+an)y =1,
satisfying

d"y
dtr

:O’ T:O’l’...7n_1
t=0

Heaviside has the operational solution

_ 1
Y= ey

where we denote the nth degree polynomial by ¢(p). If all the roots p,, r =
1,--- ,n of the nth degree algebraic equation ¢(p) = 0 are distinct Heaviside
gave the formula (known as the ‘Expansion Theorem’)

N eprt

1
V=50 T ) @

r=0

Compare this to (1.23). Carslaw and Jaeger [31] give examples of Heaviside’s
approach to solving partial differential equations where his approach is very
haphazard. Curiously, in his obituaries, there is no reference to his pioneering
work in the Operational Calculus.

Bateman (1882-1944) seems to have been the first to apply the Laplace trans-
form to solve integral equations in the early part of the 20th century. Based
on notes left by Bateman, Erdélyi [78] compiled a table of integral transforms
which contains many Laplace transforms.

Bromwich (1875-1929), by resorting to the theory of functions of a complex
variable helped to justify Heaviside’s methods to some extent and lay a firm
foundation for operational methods. For the example given above he recognized
that the solution of the second order equation could be expressed as

Y= L e pt dp

= " € 5
2mi y—1i00 p(p2 + 1)
where v > 0. For the more general nth order equation we have

1 ’Y+ioo ept dp

Y—100 pd)(p) 7

Y= omi
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where all the roots of ¢(p) = 0 lie to the left of ®p = . The integral can be
replaced by p
1 ot ap

YT )" por) W
where C is any circular path with centre the origin which contains all the zeros
of ¢(p) = 0 inside its circumference. Applying the Cauchy residue theorem to
this integral leads to the expansion theorem (2). Again no specific mention of
his contribution to the Operational Calculus was made in Bromwich’s obituary
(Hardy [111]). However, Jeffreys [118] gives an exposition of his methods in his
book.

Starting in the 1920’s considerable effort was put into research on transforms.
In particular, Carson [32] and van der Pol made significant contributions to
the study of Heaviside transforms. Thus Carson established, for the differential
equation considered above, that

1 o0
—pt
=p [ ey, (5)
o(p) 0

Van der Pol gave a simpler proof of Carson’s formula and showed how it could
be extended to deal with non-zero initial conditions. Doetsch in his substantial
contributions to transform theory preferred to use the definition that is now
familiar as the Laplace transform

fo)= [ s (©)
0

Another researcher who made significant contributions to the theory of Laplace

transforms was Widder and in his book [253] he gives an exposition of the theory

of the Laplace-Stieltjes transform

fo= [ " e tdat), (7)

where the function a(t) is of bounded variation in the interval 0 < ¢ < R and
the improper integral is defined by

oo R
/ e Stda(t) = lim e Stda(t).

0 fimoo Jo
This, of course, reduces to the standard definition of the Laplace transform
when da(t) = f(t)dt and f(t) is a continuous function. An advantage of the
Laplace-Stieltjes approach is that it enables us to deal in a sensible manner
with functions of ¢ which have discontinuities. In particular, we note that the
inversion theorem takes the form (2.14) at a point of discontinuity.
Many other mathematicians made contributions to the theory of Laplace trans-
forms and we shall just recall Tricomi [233] who used expansions in terms of
Laguerre polynomials in order to facilitate the inversion of Laplace transforms.
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The reader should consult Widder and the references therein for more details.
Also quite a number of reference works appeared with tables of functions and
their Laplace transforms, e.g. Roberts and Kaufman [197] — nearly all these
results having been found painstakingly by contour integration methods.

With the advent of computers an opportunity arose to find out if one could
develop methods which would produce accurate numerical answers for the in-
verse Laplace transform. A great deal has been achieved and this book gives
some insight into the State of the Art. When a function has an explicit Laplace
transform which has no poles to the right of ®s = ¢(c > 0) and only a finite
number of poles to the left then, at this juncture in time, it is reasonable to ex-
pect that f(¢) can be computed to a high degree of accuracy for moderate values
of t. When f(s) has an infinity of poles on the imaginary axis then matters are
not quite so straightforward and results can be very unreliable. Clearly this is
an area where further research would be worthwhile. Where f(s) is determined
by numerical values we again cannot expect to obtain accurate results. In many
cases we have to rely on ad hoc methods such as interpolation or least squares
to re-construct the function (see Applications §10.1 and §10.3) and, in general,
we cannot expect good results unless, as in §10.1, we can compute f (s) very
accurately. A blossoming area of current research is to find reliable techniques
for the inversion of multidimensional transforms and a brief account has been
given in the text.

This book is divided into a number of parts. The Preface gives a brief historical
introduction. Chapters 1 and 2 provide basic theory. Chapters 3 - 8 outline
methods that have been developed to find f(t) for given ¢ and f(s). Chapter 9
presents the conclusions of various surveys which have been carried out on the
efficacies of these methods. In Chapter 10 we give some case studies of Applica-
tions. Chapter 11 gives background material needed to understand the methods
discussed in earlier chapters. Readers can access a selection of FORTRAN and
Mathematica programs of some of the most efficient numerical techniques from
the website www.cf.ac.uk/maths/cohen/programs/inverselaplacetransform/.
When using these programs the user should try at least two different methods
to confirm agreement of the numerical results as, occasionally, one method may
fail for no accountable reason or it may be that ¢ is too large or there has been
severe cancellation of terms involved in the methods.

It is hoped that this book will be a useful tool for all those who use Laplace
transforms in their work whether they are engineers, financial planners, math-
ematicians, scientists or statisticians. The book can also be used to provide
a balanced course on Laplace transforms consisting of theory, numerical tech-
niques and Applications.
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Notation

Lo{f(t1,t2)}

Le

L7Hf(s)}
L5 {f(s1,52}

s

s

Qs
Y
c

Z{f)}
B,%B',C
5
Sc

Ss
H(t)

V(=1)
nth derivative of f(t)
Laplace transform of f(t)
LLf()}
numerical approximation tof (t)
Laplace transform of f(t1,t2)
Laplace-Carson transform
inverse transform of f(s)
inverse transform of f(sy,s2)
parameter in the Laplace transformation
real part of s
imaginary part of s
smallest real part of s for which Laplace transform is convergent
real number > vy
z — transform of f(t)
integration path
Fourier transform
Fourier cosine transform
Fourier sine transform
Heaviside unit step function
unit impulse function
the error function
the exponential integral
the gamma function
factorial function
Pochhammer symbol
Psi or Digamma function
Euler’s constant
Chebyshev polynomial of first kind
shifted Chebyshev polynomial of first kind
Chebyshev polynomial of second kind
Legendre polynomial
Laguerre polynomial
orthogonal Laguerre function
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n-point Lagrange interpolation polynomial
nth order Bessel function
nth order modified Bessel function
cosine integral
sine integral
Fresnel integrals
Kummer confluent hypergeometric function
forward difference operator
integer part of x
complex conjugate of z
rth divided difference
notation for Padé approximant
sign of x
an appropriate norm
vector inner product



Chapter 1

Basic Results

1.1 Introduction

The principal object of this work is to bring together in one volume details of the
various methods which have been devised for the numerical inversion of Laplace
Transforms and to try and give some indication of how effective these methods
are. In order to understand these methods we need to be familiar with basic
results about Laplace transforms and these are presented in this and the next
chapter.

Definition 1.1 The Laplace transform of the function f(t) is defined by

clroy = [ e (1.1)

In general, we shall denote the transform by f(s). We assume that in (1.1)
the function f(t) is defined for all positive ¢ in the range (0, 00), s is real and,
most importantly, that the integral is convergent. A necessary condition for
convergence is that

Rs >, where 7 is a constant,

and f(t) satisfies
If#)] = O(e™) as t— oo. (1.2)

This condition implies that the function f(¢) is smaller in magnitude than the
term e~ for large t (> tg, say) and, unless f(t) has some singularity for ¢ < tg,
the integral in (1.1) is convergent. Additionally, we can infer that

f(s) —0, as s — oo.

A most important consequence of the above is that f(s) will be an analytic
function in the half-plane Rs > 7, a result which will have application in sub-
sequent chapters.
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Because of the restrictions imposed by (1.2) it is clear that a function such as
exp(t?) cannot have a Laplace transform since no value of the constant v can

be found for which
2
e < e,

for large t. The restriction that f(¢) should be continuous can be relaxed and
later we shall determine the Laplace transforms of functions which are periodic,

with period 7', and which have an infinite number of discontinuities.

1.2 Transforms of Elementary Functions

Integration yields

L{1} = /000 e Stdt =1/s, (s>0).

> —st _teist > > —st
L{t} = e Ttdt = + (e7%"/s)dt,
0 s 0 0

= (1/s) /OOO e tdt =1/s”

If we let -
I, = / e Sttdt, (n an integer)
0

then, by integration by parts, we find
I, = (n/s)I_1.
Repeated application of this result yields
L{"y =1, = (n/s)l,_ 1 == (n!/s")]y =n!/s"TT.
Also

o oo
L{e*} = / e e dt = / et =1/(s — ).
0

0
The integral converges provided that s > «. Again

o0
L{sinwt} = / e *tsinwtdt = I, say.
0

Integration by parts produces

1 i s [
I = —=coswte™* — —/ e %t cos wtdt,
w 0 w 0
1 s (1 g [
= — — — { —e Stginwt| + —/ e~ st sinwtdt} .
w w|lw 0 w Jo
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Thus

I=- -2
w  w?

)

which, after rearrangement, gives
L{sinwt} =T =w/(s* +w?).

Similarly,
L{coswt} = s/(s% + w?).

A list of the more useful transforms is given in Appendix 11.1.

1.2.1 Elementary Properties of Transforms

It follows from (1.1) that if f(¢) and g(¢t) are any two functions satisfying the
conditions of the definition then

LA + () = / T et + gt))d,
:/0 e*stf(t)dt+/0 e Stg(t)dt,

ie.
L{F() +g(t)} = F(s) +3(s). (1.3)

Also

L{kf(t)} = /OO e S (kf(t))dt, K a constant

0
— > —st d
/{/O e ** f(t)dt,

ie.

L{kf()} = K f(s). (1.4)
From (1.3) and (1.4) and the results of the previous section we can determine the

Laplace transforms of any linear combination of the functions 1, ", e®!, sinwt

and coswt. For example,

L{3+1% +2e " +sin2t} = L{3} + L{t*} + L{2e '} + L{sin 2t},
32 2 2

:g+?+s+1+32+4'

In some instances £{f(¢)} will be known and it will be required to determine
L{f(at)}. We find, by making a change of variable in the defining relationship

(1.1), that

cirey =7 (2). (15)

a
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If we define the function h(t) by

h(t) = f(t) +ig(t),  i=V-1,

then
L{n(t)} = L{F(O)} +il{g(t)} = f(s) +ig(s). (1.6)
In particular, when f(t), g(t) and s are real
RL{()}Y = f(s)
SE0) Z o ) 4o

Further, if f(t) is a function with known transform f(s), it follows from (1.1)
that

00
—st

Ll (1)) = / e (e Ot (1)),
= [ e

0

and, by comparing the right hand side with (1.1), it is clear this represents a
‘transform’ having parameter s + o . Thus we have the result

L{e ' f(1)} = f(s + a). (L8)

(1.8) is referred to as the Shift theorem for Laplace transforms although Doetsch
[70] refers to it as the damping theorem . It follows from the Shift theorem that

L{te™"} =1/(s + a)?,

—at - w

L{e T sinwt} = 7(8 FRPS R
—at . S+

e eoswt) =

Since e~ ! = coswt — isinwt it follows from the Shift theorem and (1.6) that

L{f(t) coswt} = Nf(s + iw), (1.9)
L{f(t)sinwt} = -3 f(s +iw). (1.10)

Another useful result is
LU0} =~ (7(6)) (1.11)

This result is valid whenever it is permissible to differentiate (1.1) under the
sign of integration. We find by taking f(¢) = coswt that (1.11) yields
52 —w?

£{t COS wt} = m,
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a result which could also have been obtained by taking f(¢) =t in (1.9).
Finally, in this section, we establish the result

Lo/ = [ e, (1.12)
The right hand side may be written as

/S ~ Flo)dv = / h ( /0 e f(t)dt> dv

Assuming uniform convergence of the integrals the order of integration may be
inverted and we have

/ flv dv—/ f(t) (/Oo _”tdv>dt,
/ 10 _gfdt /me—st (ff)) dt,

= L{f @)/}

It follows from (1.12) that

r sint :/Oo dv ~tan—1v
t s V241

=2 —tan 's. (1.13)

Note that it follows from (1.13), by taking s = 0 and s = 1 respectively, that

t
/ sin di —

0 o—tgint
/ e 'sin d — z

1.3 Transforms of Derivatives and Integrals

and

In some of the most important applications of Laplace transforms we need to
find the transform of f’(t), the derivative of f(t), higher derivatives of f(t), and
also fo w)du. Assume that f(t) is differentiable and continuous and O(e?)
as t — oo . Further, f'(t) is continuous except at a finite number of points
ti,to, - ,t, in any finite interval [0,7]. Then

T t1 to T
—st p/ _ —st g/ —st g/ —st p/
/0 ¢ f(t)dt—/o e f(t)dt+/tl e~ (1) dt + +/tn e (1)t
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Integrating by parts a typical term on the right hand side is

t, tri1
Ty 5/ e St f(t)dt,
t

ty

/ T e e = e ()
t

where

fla=) = lim f(a —¢),

e—0

fla+) = lim f(a + €),

e—0

and € > 0. Since f(t) is continuous at each ¢; we find

T T
/ et (t)dt = e T f(T) — f(0+) + s/ e St f(t)dt.
0 0
Letting T' — oo we obtain the result

L{f' (1)} = sf(s) = F(O+). (1.14)

If we assume that f’(t) is continuous and differentiable and f”(¢) is continuous
except at a finite number of points in any finite interval (0,7") then

el = e { 10} = setro) - s

giving -
L{f" (1)} = s°f(s) = sf(0+) = f'(0+). (1.15)
This result can be extended to higher derivatives to yield

LMD} =5"(5) = "7 04) = "2 f/(04) = oo = [UTD(04). - (1.16)

In most of the applications that we are interested in the function and its deriva-
tives are continuous at ¢ = 0 so that f(™(0+) can be replaced by ™) (0).
Another useful result is

c {/Ot f(u)du} — F(s)/s. (1.17)

From the definition we have

c { /O t f(u)du} /0 st ( /0 t f(u)du)oodt,
(/ t a7 " poyar,

S

67815
S




1.3. TRANSFORMS OF DERIVATIVES AND INTEGRALS 7

by integrating by parts. Because we require the Laplace transform to be con-
vergent it follows that fg f(u)du must be majorised by e™5¢ as t — oo. At the
lower limit the integrand is zero. Thus

c{f t Pty =2 [ e ptyan = s,

as required. Finally, in this section, we shall demonstrate how we can find the
formal solution of a linear ordinary differential equation with constant coeffi-
cients.

Example 1.1 Solve the linear second order differential equation system

d2y 2 /
A ry=1, y0)=a y0)=b (1.18)

where w(> 0), a and b are constants.
We can proceed in the following way. If g(s) is the Laplace transform of y(t) it
follows from (1.15) that

2
E{Cfﬁg} = 5%(s) — sa — b,

and since £{1} = 1/s it follows that the Laplace transform of the differential
equation is
s2G(s) — sa — b+ w?g(s) = 1/s.

Collecting terms in g(s) this gives
(s + wHg(s) = sa+b+1/s,

i.e.
sa+b 1

i(s) = ’
y(s) 24+ w?  s(s?+w?)
and, by resolving into partial fractions, we obtain

N 1 s b w 11
y(s)=|a—— + + -

w? ) s24 w2 ws?t+w? w?s

By reference to the Table of Transforms in Appendix 11.1 we can infer that the
right hand side is the Laplace transform of

1 b . 1
a— — | coswt + —sinwt + —,
w? w w?
and we therefore assert that

1 b 1
y(t) = (a — w2) coswt + ” sin wt + 0 (1.19)

is a solution of the differential equation system (1.18). Substitution of y(¢) in
the differential equation and evaluation of y(0) and y’(0) confirms this.
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1.4 Inverse Transforms

If L{f(t)} = f(s) then we write L7*{f(s)} to denote the function whose Laplace
transform is f(s). Thus

F(t) = L7HF(s)}, (1.20)

and we say that f(t) is the inverse transform of f(s). From the previous sections

it is evident that
1 S
-1 _ -1 _
L {82}—t, L {52+w2}—coswt.

It is not difficult to establish that if a function f1(¢) differs from f(¢) only at a
finite set of values tq, to, ---, t, then

L{H®)} = L{fB)},

so that the inverse transform is not unique. As we shall see in the next chapter
the Laplace transform is unique if f(¢) is continuous in the interval [0, c0). This
condition will be tacitly assumed throughout the book unless otherwise stated.
In the last section we found that we could solve a differential equation if it was
possible to express a rational function of s in terms of functions whose inverse
transforms were known. More generally, if

Fs) = P(8)/Q(s),  degP < deg @, (121)
and
Qls) = (5 - a)(s — az) -+ (s — ), (1.22)
where the oy, are all distinct, then f(s) can be written as
for=3 e,
so that
L) = kg 200 o (1.23)

This result is known as the expansion theorem . If one of the roots «, is repeated

m times then the expansion for f(s) contains terms of the form

A A Am
s—ap  (s—ag)? (s — ag)m’
where
1dr =

A, = lim

s—ayp | r!ds”

((s —ar)™ f(s))
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Example 1.2 Find £7'{1/s(s — 1)*}.
From the above it is clear that f(s) must have the form

fo=2+ 2y Sy P
YT s T s (s—1)2  (s—1)3"
where
A:Iin%l/(s—l)?’:—l,
1 d%1
B=Mmgaes =t
d1
C=lm—-=-
521 ds s ’
o1
D=1im-=1.
s—1 8
Thus i 1 i )
o) =+ o T oo
and

) = L)} = =1+ ¢! —te! + bi2e.

The same result could have been achieved by the equivalent method of partial
fractions. In the next chapter we will show how the inverse transform of more
general functions can be determined.

1.5 Convolution

Consider the following example which differs from Example 1.1 only in con-
sequence of the right hand side of the differential equation not being given
explicitly.

Example 1.3 Solve the linear second order ordinary differential equation sys-

tem )
dy 2, _ _ (0 —

2 TYey=10, y0)=a y(0) =0 (1.24)
where f(t) is a function of ¢ to be specified and w, a, b are constants.
Proceeding as in Example 1.1 we find that if § = §(s) = L{y(¢)} and f = f(s) =

L{f(t)} then the Laplace transform of the differential equation is

$?’g—sa—b+w’y=f.

B s n b w . 1 f w
=-q - —— — — — . —_—,
Y 52 + w? w /) 82+ w? w 52 + w?

Now the first term on the right hand side is clearly the transform of acoswt
and the second term is the transform of (b/w)sinwt but, without more precise

Thus
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information about f, we cannot deduce anything about the last term using our
current knowledge of Laplace transforms. The following theorem enables us to
give an explicit formula for the inverse transform of the final term. We have

Theorem 1.1 The Convolution Theorem. If f1(s) is the Laplace transform
of f1(t) and fa(s) is the Laplace transform of fa(t) then

LY (3) fals)) = / f1() ot — w)du, (1.25)

— this theorem is sometimes referred to as the Composition theorem or the
Faltung theorem or Duhamel’s theorem. The integral on the right hand side of
(1.25) is known as the convolution of f(t) and ¢(t) and is written as (f * g)(t).
Proof. Assume that the integrals defining fi(s) and fo(s) converge absolutely
on s = sg > 0. Then we know that

/0 h e” " f1(u)du /0 N e " fa(v)dv = / / e WH) £ () fo (v)dudo,

where the double integral is taken over the quadrant uw > 0, v > 0. The
substitution u = u, u + v =t transforms the double integral into

//e‘sotfl(u)fg(t — u)dudt,

taken over the region between the u-axis and the line v = ¢ in the u, t plane.
This double integral is equal to the repeated integral

/OOO e {/Ot fi(w) f2(t - u)du} dt.

Since the absolute convergence for s = sg > 0 implies absolute convergence for
s > so we have established the theorem. [ |

Applying the above theorem to the transform in the above example we find that
the third term is the transform of

% /Ot fw)sinw(t — u)du,

and hence the complete solution of the differential equation system (1.24) is
given for general f(t) by

y(t) = acoswt + (b/w) sinwt + (1/w) /0 fw)sinw(t — u)du. (1.26)

When f(t) is specified then y(t) can be determined explicitly by evaluating the
integral in (1.26).
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We remark that the Convolution theorem can be applied to solve Volterra in-
tegral equations of the first and second kind where the kernel is of convolution

type.

Example 1.4 Solve the equation

¢
/ cos(t — x)p(x)dx = sint.
0

Taking Laplace transforms of both sides we have

s - 1
S2+1¢(8) - 32 + 17
which implies that
- 1
¢(S) - ;a
i.e.
o(t) =1

With the general Volterra equation of the first kind

/0 K(t - 2)é(x)dz = g(t),

then B B
o(s) = g(s)[K(s)] .
Now [K(s)]~! cannot be a Laplace transform since it does not tend to zero as
s — oo. Hence, for ¢(t) to exist as an ordinary function g(¢) must be a function
which satisfies ~
G(s)[K(s)] ' =0 as |s| = c0.

1.6 The Laplace Transforms of some Special
Functions

The Heaviside Unit Step Function

The discontinuous function H(t) defined by

0 whent<O
H(t) = { 1 whent>0 ’ (1.27)

is called the (Heaviside) unit step function. We have

L{H(t)} = /OOO e ' H(t)dt = /OOO e Stdt = é



12 CHAPTER 1. BASIC RESULTS

Similarly,
0 whent<a

H(t—a):{ 1 whent>a

It therefore represents a unit step function applied at t = a. Its Laplace trans-
form is given by

C{H(t—a)} = /O T e — a)dt = / T et @,

efst oo e—as
= _— = . 1.2
-5 -5 (1.28)

a

Note that a is always positive since ¢ = 0 represents the start of observations.
A particularly useful result involving the unit step function is

L{H(t —a)f(t —a)} = e **f(s). (1.29)

This is referred to by Doetsch as the translation theorem and by Bellman and
Roth as the exponential shift theorem .
The function

K[H(t —a) — H(t — b)),

where a < b, is equal to 0 when ¢t < a, k when a < ¢t < b and 0 when ¢t > b. It is
called a pulse of duration b — a, magnitude k and strength x(b— a). Its Laplace

transform is
r(e™ —e7%)/s.

The Unit Impulse Function

A pulse of large magnitude, short duration and finite strength is called an
impulse. The unit impulse function, denoted by 4(t), and sometimes called the
delta function , is an impulse of unit strength at ¢ = 0. It is the limit of a pulse
of duration & and magnitude 1/ as & — 0. Thus

§(t) = lim {H(t) —At-a) } . (1.30)

a—0 «

It follows that

cla) = tim (125,

and, applying 'Hopital’s rule,

Se—(XS

the right hand side = lim =1.

a—0 S

Thus
L{5(t)} =1. (1.31)
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The function 6(t — a) represents an unit impulse function applied at ¢t = a. Its
Laplace transform is given by

L{0(t—a)} =e .

The impulse function is useful when we are trying to model physical situations,
such as the case of two billiard balls impinging, where we have a large force
acting for a short time which produces a finite change of momentum.

Periodic functions

Sometimes, particularly in problems involving electrical circuits, we have to
find the Laplace transform of a function f(¢) with the property that

FE+T)=f(t), t>0. (1.32)

where T is a constant. Such a function is called periodic and the most frequently
occurring examples of periodic functions are cost and sint¢. The Laplace trans-
form of f(t) is given by

o= | Tt (nyr,

0

T 2T (k+1)T
:/ e—stf(t)dt+/ e_Stf(t)dt—i—-n—i—/ e St f(t)dt +--- .
0

T kT

But
(k+1)T T
/ e St f(t)dt = e_kST/ e St f(t)dt,
kT 0

which implies that
T
f&)=(+e T 4e 2T 4o e T ... )/ e Stf(t)dt.
0

The geometric series has common ratio e~*7 < 1 for all real s > ~ and therefore
it converges to 1/(1 — e~*T) giving

I ettt

LUO) =" =7 (1.33)

Example 1.5 Find the Laplace transform of the Square Wave function

flt) =

1
{ 1, 0<t<3T (1.34)

-1, iT<t<T
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Applying the result (1.33) we have

- T T
f(s) = / e Stdt — / e~ *tdt | /(1 —e5T),
0 iT

1- 267%ST +esT
- Ja— e,

s
1 _6725T
s(14e2°T)
1 1
= — tanh —sT.
S 4

A comprehensive list of transforms can be found in Roberts and Kaufman
[197] and Erdélyi [78], for example. A selected list of transforms is given in
Appendix 11.1.

1.7 Difference Equations and Delay Differential
Equations

We have seen that linear ordinary differential equations and convolution type
Volterra integral equations can be solved by means of Laplace transforms. An-
other type of problem which is amenable to solution by Laplace transforms is

that of difference equations. Suppose we are given ag. Define y(t) = a, for
n<t<n+1wheren=0,1, 2,---. Then, if §(s) = L{y(t)}, we have

L{y(t+1)} = /Ooo e Sty(t + 1)dt,

= / e_s(“_l)y(u)du,

1

— et { /0 " sty (w)du — /0 1 esuy(u)du} ,
— et {y(s)— A 1 esuaodu],

ape®(1 —e™%)

— €Sy(8) S (135)
Similarly we can establish that
5(1—e % s
Lly(t+2)} = e2og(s) — CA= e aoe" ) (1.36)

S

We will now employ the above results to determine the solution of a difference
equation.
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Example 1.6 Solve the difference equation a,4+2 — 5a,4+1 + 6a, = 0, ag = 0,
a; = 1.
Write, as before, y(t) = a,, n <t <n-+1. Then

y(t+2) —by(t+1) + 6y(t) = 0.
Taking Laplace transforms

e* (1 —e %)

e*y(s) — ——

— 5e°g(s) + 6g(s) = 0.

Collecting together the terms in g(s) and rearranging produces
. ef(l—e7?) 1
0= 2 o)
ef(1—e ) e’ (1—e?)

s(es —3) s(es —2)

From Appendix 12.1, L{f(t)} = (1—e%)/s(1—re %) if f(t) =r",n <t <n+1
and thus
y(t) =3 -2l = ¢, =3"—2",

where [t] denotes the integer part of ¢.

We can also use the method of Laplace transforms to solve differential difference
equations.

Example 1.7 Solve y/(t) + y(t — 1) =2 if y(t) = 0 for t < 0.
Taking the Laplace transform of both sides

L{y' (0} + L{y(t - 1)} = 2/5°.

Now
L{y'(t)} = sy — y(0) = sy,
and
clute -1} = [T eyl ar
= / e_s(“+1)y(u)du
0 [
=e [/_1@ y(u)du—l—/o e’ y(u)du],
=e "y(s)
Thus
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giving
y=2/s’(s+e7")
We have
o 2
YT S e sy
2 e~ S 6725
-2 (1= — ...
st ( s T > ’
2 25 Q¢ 2
G s5 PO
0 ne—ns
=2 (1" g
n=0
Since s
_ e—ns (t _ n)n-i-
L1 = H(t
{ Sn+4 } (n 4 3)! ( n)7
we find
(¢] 3
(t —n)"*
t) =2 -t
0 =23 0"

where [t] = greatest integer < t.

1.7.1 z-Transforms

An alternative way of solving difference equations is via z-transforms. z-transforms
have applications in digital filtering and signal processing and other practical
problems (see Vich [244] and Brezinski [26]).

In signal processing we have the transformation of an input signal f(¢) into an
output signal h(t) by means of a system G called a digital filter. If f is known
for all values of ¢ we have a continuous signal but it may only be known at
equally spaced values of ¢, t,, = nT, n = 0,1.--- where T is the period, in
which case we have a discrete signal.

The z-transform of a discrete signal is given by

Z{fW)} =F(2) =) faz ™", fo=f(nl).
0

Corresponding to the input sequence f, we have an output sequence h,, where
hy, = h(nT). The corresponding transfer function is

Z{h(t)} =H(z) = Y hpz "
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The system G can be represented by its so-called transfer function G(z) which
satisfies

If .
G(z) = Zgnz_"
then . ’
ho =Y fign-t, n=01,-. (1.37)

k=0
Given {f,} and {h,} then (1.37) enables {g,} to be computed.
An alternative way of looking at the input signal is to consider the function f(t)
as being composed of a sum of impulse functions applied at nT, n =0,1,--- |
ie.,

f@) = fob(t) + [10(t =T) + -+ fud(t =nT) +---.
The Laplace transform of f(¢) is
fls)=fot+ fre™™ 4ot faeT 54

Ts

and, if we write z = e’ ¥, we obtain

f_(s) :f0+f1271+~~-+fnzfn+~~:F(Z),
which establishes the connection between z-transforms and Laplace transforms.

To close this section we give an example of how z-transforms can be used to
solve a difference equation.

Example 1.8 Find the solution of the difference equation
Gp+2 — Oapy1 +6a, =3n, n>2; a9=0, ap =1
If we multiply the difference equation by z~™ and sum over n we get

o0
QZQ"”— Za"“+ Za” >4
Zn+2 n+1 z
n=0

n=0

Denoting 7 a,/z" by A(z) this can be expressed as
3z
(z—1)%
from Appendix §11.1. Substituting the values of ag and a; and rearranging we
find

22A(2) — apz® — arz — 5[2A(2) — agz] + 6A(z) =

3z n z
(z—=2)(z=3)(z—1)2  (2—-2)(z-3)’
which, after resolution into partial fractions, yields

A(z) =

T2 4z 92 32
A _ _4 _ 4 2 .
() z—3 z—2+z—1+(z—1)2

By reference to the table of z-transforms in §11.1 we find

ap =13 —4.2" 4+ 9 4 3p,
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1.8 Multidimensional Laplace Transforms

We have restricted our exposition of Laplace transforms to functions of one
variable but we could equally well extend our definition to a function of two or
more variables. Thus if, for example, y is a function of the variables t1, to, i.e.
y = f(t1,t2) then we define

Loly} = F(s1,59) = / / cmsh=te f(4 p it dts,  (1.38)
0 0

where, for convergence of the integrals, we have to impose restrictions on f and
$1, 82 which are similar to those in §1.1, — see Ditkin and Prudnikov [67] for a
fuller account of the criteria needed for convergence. We can, as earlier, deduce
the Laplace transform for elementary functions of two variables. Useful general
results are:-

L Iiﬂthtz) = fi(t1) f2(t2) and L{f1(t1)} = fi(s1) and L{fa(t2)} = fa(s2)
then
Lo{f(t1,t2)} = fi(s1)f2(s2). (1.39)

2. If the integral (1.38) converges boundedly at the point (s,s}) then it
converges boundedly at all points (s, s2) for which

R(s1 —s7) >0, R(s2—shH) >0.

3. If the function f(sq, s2) is analytic in the region D which consists of the set
of all points (s1, s2) for which the integral (1.38) is boundedly convergent

then
8’“*” 7 m+4n > >~ —s1t1—82taymyn
851m852nf(81’ 52) = (71) 0 0 € tl t2 f(tlatQ)dtldt%
(1.40)
or, equivalently,
n aern _
Loft" 15 f(tr,t2)} = (=1)™ nmf(shsz)- (1.40)

Example 1.9 If f(t1,t5) = e*"'1F% (q, 3 real numbers), then

o0 oo o0 o0
/ / e~ sitimsatzgatitBte gy gy :/ e s1tigatigy, x/ e~S2t2 P2,
o Jo 0 0

_ 1
S (s1—a)(s2— )

The region of convergence is Rs; > a, Rsy > .

Example 1.10 If
el for t; <to,

f(tlth) = { et2 fOI‘ tl > t27
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then

/ / e_sltl_SQth(tl,tg)dﬁldtg
0 0
[e%s) to [e%e]
:/ e~%22 dt, {/ e~Sthehidey +/ esltletzdtl},
0 to
00 to 00
/ et dt, {/ e~tie1=Dgg, 4 et2/ g1t dtl},
0 0 to
00 —t1(s1—1) [t2 —sit oo
0 (81 - 1) 0 81 to
oS —tg(sl—l) 1 —s1ta
e [( )~ ()]
0 81 — ].) (81 — ].) S1

1 1
+ + :
(s1+ 82 — 1)(81 —1)  sa(s1—1)  s1(s1+82—1)

which simplifies to yield

S1 +SQ
s182(s1 + 82— 1)

Lo{f(tr,t2)} =

The region of convergence is shown in fig.1.1

We can establish many more results but just give a few samples below:-

1
Lo{1} = s153
‘ k!
74k _L
Lo{tits} = ST
52{67at1*[3t2y} — f(sl + o, S2 + /8)7
1
Lo{sint} = ————,
2{ 1} 52(8% + 1)
S5182
Lo{costycosty} = 5—s5—,
a{costy costa} (s24+1)(s3+1)
Lofsin(ts +t2)} = et

(s+1)(s3+1)

The convolution concept can be extended to functions of two variables and
Ditkin and Prudnikov give the result:-

Theorem 1.2 The convolution theorem for functions of two variables.
If, at the point (s1,s2) the integral

f(s1,82) = / / e STl (1 o) dty dts,
o Jo
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is boundedly convergent, and the integral

o0 o0
g(s1,82) = / / e STl g (4 1) dt dio,
o Jo

is absolutely convergent, then
h(s1,s2) =f(s1,52)7(s1,52), (1.41)

is the Laplace transform of the function

h(t1,t2) :/0 1 /O 2 J(ts — &1 ta — &2)g(&1, §2)dE1déa, (1.42)

and the integral

}77/(817 82) = / / e_sltl_‘”tzh(tl, tg)dtldtg,
0 0

is boundedly convergent at the point (s1,2). |

Ditkin and Prudnikov find that there are some advantages in using the
Laplace-Carson transform defined by

EC{f(tlat2)} = fC(ShSQ) = 51892 /OO /OO 6751t1782t2f(t1,tg)dt1dt2. (143)
0 0

This is essentially the two-dimensional analogue of the Heaviside transform and
effectively s1so times the Laplace transform L£5. With the above definition we
have by integration by parts

L)
Slfc(51752) :5152/ e~ S2t2 {767511‘,1 f(t1;t2)|:f:0}dt2
0
Rl X Of(t1,t
+slsz/ / R LG
o Jo oty
LS
23182/ G_Sztzf(o,tz)dtQ
0

RO e of(t1,t
+8182/ / e S1ti—sztz 7f(81, Q)dtldtg,
0 31

=51Lf(0,t2) + L¢ {gtfl }

Thus

Le {gt]i } = s1[fe(s1,82) — L{f(0,t2)}]. (1.44)

Likewise we can establish

Le {gf} — salfe(s1,85) — L{f(t1,0)}] (1.45)
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Other results which are easily deduced are:-

Lc{f(aty,bta)} = fe(s1/a,sa/b), a,b>0 (1.46)
Lofe™ = (4, 4)} = mﬁ(sl +a,s2+b), a,b arbitrary,
(1.47)

Le{g(t,t2)} = e 175250 (s1, 59), (1.48)

where
0 t1<a or t9 <b

glts, ta) = { ft1 —a,ta —b) t1>a, ta>b
More extensive results are given in Ditkin et al and we just quote here the result,
where L, (z) denotes the Laguerre polynomial of degree n in the single variable
x’

5189 n+1
Ec{e*tlftZLn(tl)Ln(tz)} = ((1—‘1-81)(1-‘1-82)> . (1.49)

This, and similar results will be used in the 2-dimensional analogue of the Weeks’
method (see Chapter 3).
Naturally, we can extend the definition to cover m variables so that if

y:f(t17t27”' 7t’m)7

we have
Em{y} = g(Sla s aShL)
= e / e—sltl—.‘._smtmf(tl7 e ,tm)dtl ceedty,. (1.50)
0 0

More information on two dimensional Laplace transforms can be found in the
works of van der Pol and Bremmer [240] or Voelker and Doetsch [245] and the
Bibliography should be consulted, particularly in regard to numerical inversion.



Chapter 2

Inversion Formulae and
Practical Results

2.1 The Uniqueness Property

We mentioned in the last Chapter that the Laplace transform is unique in
the sense that if f(s) = g(s) and f(t) and g¢(t) are continuous functions then
f(t) = g(t). This result was proved originally by Lerch [125] and the proof given
here follows that in Carslaw and Jaeger [31].

Theorem 2.1 (Lerch’s theorem).
If

i) - | Ty, s>, (2.1)

0

is satisfied by a continuous function f(t), there is no other continuous function
which satisfies the equation (2.1).
Proof. We require the following lemma.

Lemma 2.1 Let ¢p(x) be a continuous function in [0,1] and let
1
/ " Yap(x)dx = 0, for n=1,2,---. (2.2)
0

Then

P(z) =0, m 0<ax<1. (2.3)

Proof. If ¢(x) is not identically zero in the closed interval [0, 1], there must be
an interval [a, b] where 0 < a < b < 1 in which ¢ (x) is always positive (or always
negative). We shall suppose the first alternative. By considering the function
(b — x)(x — a) we see that if

c = max[ab, (1 — a)(]- - b)]a
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then
1
1—|—E(b—:1:)(x—a)>1, when a <z <b
and
1
0<l4+-(b—2z)(xz—a)<l1, when 0<z<a and b<z<l1.
c

Thus the function

plz) = {1+ (1/e)(b - z)(z - a)}",

can be made as large as we please in ¢ < x < b and as small as we like in
0 <z <a, b<z <1 by appropriate choice of r. But p(z) is a polynomial in z,
and by our hypothesis

1
/ " lep(x)dr = 0, for n=1,2,---
0

we should have )
| v =o.
0

for every positive integer r. But the above inequalities imply that, by choosing
r large enough,

/0 p(x)y(z)dz > 0.

The first alternative thus leads to a contradiction. A similar argument applies
if we assume 9 (x) < 0 in (a,b). It therefore follows that ¢)(z) =0in [0,1]. W

Now suppose that g(t) is another continuous function satisfying (2.1) and define
h(t) = f(t) — g(t) which, as the difference of two continuous functions, is also

continuous. Then -

e *'h(t)dt = 0, 5> 7. (2.4)
0

Let s = v 4+ n, where n is any positive integer. Then

/ e*(””)th(t)dt:/ e~ (e (1)) dt,
0 0

o0

_ [e”t/otewh(u)du]o —|—n/000 e Uotevuh(u)du} dt,
—n /OOO e Uot ewh(u)du] dt,

and thus it follows from (2.4) that

/DO e "o(t)dt = 0,

0
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where .
B(t) = /O e T h(t)dt. (2.5)

In (2.5) put z = e~ *, 9(x) = ¢[In(1/z)] . Then ¢(z) is continuous in the closed
interval [0, 1], since we take

$(0) = lim o(t)  and (1) = ¢(0) = 0.

t—o0
Also .
/ 2" W(z)dx = 0, n=12--.
0

It follows from the lemma that ¢¥(z) =0 in 0 < < 1, and therefore
t
o(t) = / e~ "'h(t)dt = 0, when ¢ > 0. (2.6)
0
Because e~ 7*h(t) is continuous when ¢ > 0, it follows from (2.6) that e~ 7" /(

t) =
0 when ¢ > 0, i.e. h(t) =0, when ¢ > 0. Consequently, g(t) = f(¢) when ¢t > 0
and the theorem is proved.

The theorem gives us some confidence that a given Laplace transform f(s) will
uniquely determine f(t) if exact methods are used to determine £L~{f(s)}. As
Bellman and Roth [18] have pointed out Laplace transform inversion is, in many
respects, an ill-conditioned problem. They give the examples of

2
a e @ /4t

fl(S) =L {MW} = 67‘1\/57

fa(s) = L{sinbt} = b/(s* + b?).

The transform f;(s) is uniformly bounded by 1 for all positive s and a whilst
the function f1(t) has a maximum at ¢t = a?/6 and steadily decreases to zero.
In fact, as a — 0 it becomes more steadily spiked in the vicinity of ¢ = 0 and
provides a good approximation (after scaling) to the impulse function 6(¢). The
transform fy(s) is uniformly bounded by 1/b for all positive s and b and is
clearly the transform of a function which oscillates more and more rapidly as b
increases but which is always bounded by 1. From the above analysis it follows
that the function

and

1410720 f1(t) + sin 10%°,

will have the same Laplace transform as f(t) = 1 to almost 20 significant dig-
its when a = 1. The implication is that the spike behaviour, represented by
the function 10720, (¢), and the extremely rapid oscillations, represented by
sin 102%¢, are virtually impossible to be filtered out by numerical techniques. In
what follows we shall assume, for the most part, that our given functions are
essentially smooth.
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2.2 The Bromwich Inversion Theorem

In the previous chapter we saw that we could determine the function f(¢) from
its Laplace transform f(s) provided that it was possible to express f(s) in
terms of simpler functions with known inverse transforms. This is essentially a
haphazard process and we now give a direct method which has its basis in the
following theorem :-

Theorem 2.2 The Inversion Theorem.
Let f(t) have a continuous derivative and let |f(t)| < Ke"* where K and ~y are
positive constants. Define

F(s) = /0 Tt Rs > . 2.7)
Then
Lo AT iz
(@) :%Tlgnoo /C_iT e f(s)ds, where ¢ >y (2.8)
or
1 fetie /
f(t) =5 /c_ioo e’ f(s)ds. (2.8")
Proof. We have
]:i il o F()ds 1 e+l estds/oo S
210 Je—i ~2mi —iT 0

c+iT
/ f(u)du / est= “)ds
27” c—iT

the change in order of integration being permitted since we have uniform con-
vergence. Thus

J— f( )du ( (Y+iT) (t—u) _ ('y—iT)(t—u))
2mi Jo t—wu ’

_ l/ eV(tfu)f(u) SlnT(t — U) du_
0

™ t—u

Now let u =t +0, () = e~ f(t+6). The right hand side of the integral then
becomes | e L TO
sin

— 0 dé. 2.9

[ 50 (29)

We divide the integral in (2.9) into two parts [;~ and f_Ot. We write
> in 70 *sin 70 *50) -

/ 50)22"" a9 = F(0) / ST 6 + / SO =3O G 79as
0 0 o 0 0 0

X . o .
+/ 3’(9)SmT9d9+/ 3(9>5111T9d9.
5 0 x 0

(2.10)
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We can choose 6 small and X large so that

0) sinT0do| < ¢

and

‘/ S(G)SmTedQ‘ “c
x 0

X .
T0
/ 3(6) sinT9
5 0
Integrating by parts

X sin 70 cosT6 X X d (5(0)
| o™ de—{—mw]éw [Cesrot (30) a

= O(/T),

for all T. Next consider

since each term involves 1/T and the integral is bounded. Again,

% $inT6 _ re sin ¢ _
/0 : de—/o Lo (6=T0)

s 1
=5+0(z):

°° sin ¢ 71'
dp = —.
/o ¢ °=3

Combination of the above results gives

since we know that

lim / 306) Smg”de = 1Lx3(0) = Lrs(0).

T—o0 0

Similarly we can express

0 . 5 . 0 .
/ S(Q)SIHHTGCW: 30 )SmHTad(‘)—i—S(O)/ smeTGde
—t — é
/ S §(0) —3(0)

A similar argument to that used previously yields

sin 76d0.

smT@da S

lim 3( )

T—o0 0

The inversion formula follows by adding the two parts of the integral and divid-
ing by . |
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In particular, we note that if f(¢) is a real function we can write (2.8') in the
alternative forms

f®) = e—Ct oo[?%{f(c—i—iw)}costw — 3{f(c+ iw)} sin tw]dw, (2.11)
T Jo
_ 2 / T R{f e+ iw)) costw do, (2.12)
T Jo
- —2e” /00 ${f(c+ iw)}sintw dw. (2.13)
™ 0

It has been assumed that the function f(¢) is continuous and differentiable.
However, it may be shown that where f(¢) has a finite number of discontinuities
and t is such a point then the inversion formula is

1 c+io0o B

o e f(s)ds = 5[f(t=) + f(t+)]. (2.14)

211 c—ioco

An analogous result to (2.8) holds for the inversion of the two-dimensional
Laplace transform, namely:-

Theorem 2.3 The Two-dimensional Inversion Formula.

Suppose f(t1,ta) possesses first order partial derivatives 0 f /0t and df /Ots and
second order derivative 02 f/0t10ty and there exist positive constants M, 1, Yo
such that for all 0 < t1,ts < 00

0% f
t ,t <M "/1t1+’72t27 < M ’Y1t1+72t2_
|f( 1 2)' € 5t13t2 €
Then if
f(81782)=/ / e ST £ty to)dtdts,
0 0
we have
1 c1+iT1 co+iT> B
f(ti,t2) = lim s 2/ / ettt fs) s5)dsidsy, (2.15)
Tl — X ( 7TZ) c1—iTh co—1iTs
T2 — OO
or

c1+ioco co+ioco

1 _
t1,t) = — sititsats dsid 2.1
f(t1,t2) i) /Clioo s e [(s1,s2)ds1dsa, (2.16)
where c1 > 1 and ca > ¥a. [ |
A proof of this theorem can be found in Ditkin and Prudnikov [67].

Traditionally the inversion theorem has been applied by resorting to the cal-
culus of residues. If a function g(s) is regular inside a closed contour C except
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for a finite number of poles located at sq, s, - , s, then a well-known theorem
of Cauchy informs us that

/Q(S)ds =2mi ) Ry, (2.17)
¢ k=1

where
Ry, = residue of g(s) at s = sy, (2.18)
= lim (s — sx)g(s), (2.19)
S— Sk

if si is a simple pole. If si is a pole of order m then

Ry =

m—1
(m i 1! {jsm_l {(s - sk)mg(S)}] : (2.20)

S=Sk

Another useful application of Cauchy’s theorem which follows from (2.17) is
that if C; and Cy are closed curves such that C; C Cy then

/C2 g(s)ds = /C1 g(s)ds + 2mi Z Ry, (2.21)

k=1

where Ry denotes the residue at the pole s = s; which lies in the region C; —C;.
In particular, we can establish that if B := {s = ¢ +it,—00 < ¢t < oo} and
B = {s = +it,—00 <t < 0o} where ¢’ < ¢ then

/%g(s)dSZ//g(s)ds—FZmZRk, (2.22)

k=1

where Ry, is the residue at the pole s, which lies in the strip ¢/ < Rs < c.

In a large number of applications to determine the inverse transform we employ
a contour C which consists of a circular arc ' of radius R cut off by the line
Rs =+, as in Figure 2.1.

If f(s) satisfies the conditions of the following lemma then the lemma implies
that f(t) is determined by the sum of the residues at all singularities (i.e. poles)
to the left of Rs = .

Lemma 2.2 If |f(s)| < CR™Y when s = Re?’, —7 <0 <m, R> Ry, where
Ry, C and v(> 0) are constants then, for ¢t > 0,

/ e f(s)ds — 0 and / e f(s)ds — 0,
T s

as R — oo where 'y and Ty are respectively the arcs BCD and DEA of T.
Proof. Consider first

Ir, :/ e f(s)ds.
I'y
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C__B
Iy
I'=T,uUly )
D
O
I'
E A

Figure 2.1: The standard Bromwich contour

The arc I'; is made up of the arcs BC and CD. On BC, 6 varies between
a = cos (y/R) and 7/2. Thus

/2
- )

Cet
-
—0, as R — oo,

Rsin™*(v/R),

since, as R — oo, Rsin~'(y/R) — 7.
For the arc CD,

C T ‘
|ICD| < ﬁ R/ eRtC%ed@,
/2
C /7r/2 Risi
= —.R e~ tsmqﬁd¢7
Rv 0

and, since sing/¢ > 2/7, 0< ¢ <m/2,

C /2
—~ 'R 72Rt¢/rrd
< v /0 e o}

< wC
2tRY’
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As t > 0 we see that |Ipc| — 0 as R — oco. The same reasoning shows that the
integrals over the arcs DE and E'A can be made as small as we please and thus
we have established the lemma. ]

We give some examples to illustrate the application of the inversion theorem.

Example 2.1 Find £7{1/s(s — 1)3}.

This example was considered by other means in the previous chapter. It is clear
from the form of f(s) that it has an isolated pole at s = 0 and a pole of order
3 at s = 1. If we take C to be the contour in Figure 2.1 with v > 1 then, with
our previous notation for residues,

/ e’ f(s)ds = 2mi(Ry + Ra),
c

where ( 0) .
s—0)e’

Fa sy s(s—1)37
and 2 ( )3 .
1 s—1)%e®
P— 1. —_— A —

Rz = lim [2! ds? ( s(s—1)3 )] ’
giving

Ri=-1 and Ry =c¢" —te' + 1t?e".

Now let the radius of the circular section I' of C tend to infinity and we obtain
ft)=Ri+Ro=—-1+¢e"(1—t+1t?),

which is exactly the result obtained previously.

Now consider the following problem.

Example 2.2 Determine £7!(1/s) tanh £sT.

This is not a rational function where we can apply the technique of partial
fractions and we thus have to resort to the Inversion Theorem. Since tanhx =
sinh ./ coshz we see that e*! f(s) has poles where cosh isT =0,1ie,s=s, =
2i(2n + V)7/T, n = 0,4£1,£2,---. Note that s = 0 is not a pole because
sinh isT/s — iT as s — 0. The residue R,, at a typical pole s,, is given by

) e*! sinh 1T
R, = lim (s — sp) ———5 -
5—Sn scosh 78T

Application of 'Hopital’s rule gives

R . et sinh isT
n — 1111 - )
s—8n %ST sinh %ST
4esnt

_ ﬁ — 262(2n+1)iﬁt/T/(2n + 1),”.‘.
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Treating the contour C as before we find

f(£) =" Rn,

which simplifies to
o0

) = 4 Z sin(4;Ln++2)17rt/T.

This turns out to be the Fourier series representation of the square wave function
so that we have no contradiction with the results of the last chapter.

Another example where the Inversion Theorem is required is in modelling the
vibration of a beam.

Example 2.3 A beam of length L has one end (z = 0) fixed and is initially
at rest. A constant force Fyy per unit area is applied longitudinally at the free
end. Find the longitudinal displacement of any point x of the beam at any time
t>0.
Denote by y(x,t) the longitudinal displacement of any point x of the beam
at time ¢. Then it can be shown that y(z,t) satisfies the partial differential
equation
Py _ 0%
o2~ ¢ a2
where c is a constant, subject to the boundary conditions

O<z<L, t>0,

0
y(x,O) - Oa ay(wvo) - Oa

9

8xy

E being Young’s modulus for the beam.
Taking Laplace transforms of the differential equation we have

y(O,t):O, (Lvt):FO/Ev

0 d%y
SQg(xa S) - Sy(.’E,O) - EZU(%O) = c2 dxgv
or . )
y s
@ @0
together with
d Fy
5(0,s) = 0 —3(L,s) = —.
9(0,5) =0, —y(L,s) = 5

The general solution of the ordinary differential equation is
g(x,s) = Acosh(sz/c) + Bsinh(sz/c).

The boundary condition §(0,s) = 0 implies A = 0 and the remaining condition
yields
B = cFy/Es*cosh(sL/c),
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so that
_cFy  sinh(sz/c)

E  s2cosh(sL/c)’

/ ey (x, s)ds,
c

where C does not pass through any poles of the integrand. The integrand appears
to have a double pole at s = 0 but as (sinh s/s) — 1 as s — 0 it is clear that
the pole is in fact simple. There are also simple poles where

Now consider

cosh(sL/c) =0,
ie.
s=sn = (n—3)mic/L, n=0+1,+2---.

By choosing R the radius of the circular part of C to be nwc/L we ensure that
there are no poles on the boundary of C. We also have to check that the integrand
satisfies the conditions of the Lemma. Carslaw and Jaeger [31] establish this for
similar problems and the reader is referred to that text to obtain an outline of
the proof. The residue at s =0 is

lim (s 0)@ e sinh(sz/c) — lim cFy e*'(x/c) cosh(sz/c) _ @'
5—0 E  s%2cosh(sL/c) s—0 E cosh(sL/c) E
The residue, R,, at s = s, is given by
) cFy [e®* sinh(sz/c)
R,=1 —Sn)— | 57—~
sigl,L(S sn) E [52 cosh(sL/c)
i cFy et sinh(sx/c)
= lim — - ,
s—sn FE s2(L/c)sinh(sL/c)
)ra/L
Sy
after simplification. Note the use of I’'Hopital’s rule in the determination of the
above residues.

Now let R — oo then, because the integral over the curved part of C tends to
zero by the Lemma, it follows that

1, .
B 62F0 e(n—§)rmct/L SiIl( _
T EL —(n — 7) (me/L)? sin

1
(n

(z, i V4 FyL eln= 3)miet /L sin(n — 3)mx/L
i E7T2 (2n —1)2 ’

In the summation consider addition of the terms n = m and n=-m+1 (m =
1,2,--+). We find that

8L e (2n — Drx (2n — V)mct
yla, ) = Tt Z (2n — 1 oL T op
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While we obviously have a great deal of satisfaction in achieving a result like
this we have to bear in mind that it is no easy task to sum the series obtained.

We now consider another example which requires a modification of the Bromwich
contour.

Example 2.4 Consider the solution of the partial differential equation

0 02

%:a—;;, x>0, t>0,
with

y=1, when =0, t > 0,

y =0, when x>0, t =0.

This type of equation arises when considering the flow of heat in a semi-infinite
solid. Taking the Laplace transform of the partial differential equation we obtain
d’y
@ — Sy = 07 x > 0,
with initial condition
g=1/s, when = = 0.

The solution of this ordinary differential equation which is finite as z — oo is

_ 1
g = exp(—avs)

and the inversion theorem gives

y = L B eot—av/ads (2.23)
27 Jy—ico s

The integrand in (2.23) has a branch point at the origin and it is thus necessary

to choose a contour which does not enclose the origin. We deform the Bromwich

contour so that the circular arc I'; is terminated just short of the horizontal axis

and the arc I's starts just below the horizontal axis. In between the contour

follows a path DF which is parallel to the axis, followed by a circular arc I

enclosing the origin and a return section F’D’ parallel to the axis meeting the

arc I's — see Figure 2.2.

As there are no poles inside this contour C we have

/estfz\/sﬁ —0.
c S

1
’ew\/s
S

Now on I'y and I'y

< 1/sl,
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Q
w

Iy

<

o
&
N

I

Figure 2.2: A modified Bromwich contour

so that the integrals over these arcs tend to zero as R — oco. Over the circular
arc I as its radius r — 0, we have

/ est—m\/s@ _>/ ﬂerew—m\/re“’/z zre“?d@ (r — 0)
/ s - rei ’ ’
—T

— / idf = —2mi.
™
Over the horizontal sections DF and F'D’ the integrals are

T R
imy iw/2 du —imy —im/2 du
/ eue’"t z/ue and / eue Tt z\/ue )
R T

u u

As r — 0 and R — oo their sum becomes
/ e—ut[_e—zr\/u + ezm\/u]7u7
0 u

i.e.

*° d
. — . U
2i e~ " sin x/u—,
0 u

oo
i a2 d’U
44 e Ut ginvr—.
0 v

Now from Gradshteyn and Ryzhik [102] we know that

[} z/2/t
a2 . dv .2
/ e Utsmvx—:\/w/ eV dv.
0 v 0

or
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Hence

i) P

ylerf<2x\/t>.

An alternative method to contour integration for finding inverse transforms has
been given by Goldenberg [100]. This depends on f(s) satisfying a differential
equation of the form

1 y+ioco d 92 z/2:/t
vy 0

yielding

d f ar1f df —
T ()8 L on) Y+ ao)f = 609),
where the «;(s) (i =0,1,---,n) are polynomials of degree at most ¢ in s and

the inverse transform of 3(s) is known.

Example 2.5 Determine f(¢) when

f(s) = étanfl(s +a), a> 0.

Writing the above as

sf(s) =tan"!(s + a),

differentiation produces

L S
ds C(s+a)2+1
Inversion yields
d
—td—J; = e *sint,

and hence . ,

e %sint
f =10 - [ =t
0

As f(s) satisfies the conditions of Theorem 2.5 we have

f(0) = lim sf(s) = lim tan~'(s +a) = 7/2.

§—00 §—00

Thus

t —at o:
t
== */ < lar,
0 t

Goldenberg shows that this result can be expressed in terms of the complex
exponential integral F1(z) and finds

1
£t {S tan™!(s + a)} = tan™"a — SF; (at + it).
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2.3 The Post-Widder Inversion Formula

The Bromwich inversion formula of the last section is not the only way to
represent the inverse transform as we also have the following result of Post [190]
and Widder [253]:-

Theorem 2.4 The Post- Widder Theorem.
If the integral

)= [ e flu)du, 2.24
7(s) / e fu)du (2.24)
converges for every s > vy, then
(=)™ ypntL S m
Fy=tim S (F) (). (2.25)

for every point t(> 0) of continuity of f(t).

The advantage of formula (2.25) lies in the fact that f is expressed in terms of
the value of f and its derivatives on the real axis. A big disadvantage however is
that convergence to f(t) is very slow. We shall assume that the integral (2.24)
converges absolutely but this restriction is only imposed in order to simplify the
proof.

Proof. Differentiating (2.24) with respect to s we obtain, after substituting

s=n/t,
fm) (%) = (71)”/0 u”™ exp (—%) fw)du.

The right hand side of (2.25) is thus

lim ' % /Ooo [E exp (1 - g)}n f(u)du.

n—oo emn! t t

By Stirling’s approximation for n! we know that

.o n"2mn
lim — =1,
n—oo  e"n!

and thus we have to prove that

ft) = nhHH;O \/217”5 /000 nt/? [% exp (1 - %)r f(uw)du. (2.26)

Let 0 be a fixed positive number such that § < ¢ and expand the integral in
(2.26) in the form

0o t—4§ t+48 oo
/ =/ +/ +/ LDt
0 0 t—o t+6

zexp(l — z), (2.27)

As the function
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increases monotonically from 0 to 1 in [0, 1] we have

t—6 t—6
1-—= ) =n<1,
m exp( f;) n

and hence s
nl< a2y [ il

which implies that I; — 0 as n — oo. Again, in [1,00), the function (2.27)
decreases monotonically from 1 to 0 and thus

t t

which implies that

I () Bl () e

so that

<tz [ [Fen (1= )] i

< nl2CM(e/g)™ /t: ()" exp (=™ | £(w)|du.

t

This last integral is convergent if ng/t > 7. Hence I3 — 0 as n — co. We have
still to consider I5. Let t be a point of continuity of f. Then, given any € > 0
we can choose § > 0 such that

f@)—e< flu)< ft)+e for t—d<u<t+d.

Then
(f(t) —e) < Iy < (f(t)+e)l, (2.28)

= [ e (=)

In the preceding argument we have not specified the function f(t) and the
results hold generally. In particular, when f(t) = 1, f(s) = 1/s, f(")(s) =
(—1)"n!/s"+1 giving

where

F(nft) = (=) nl(t/n)"*".

Substituting in (2.25) we find that (2.25) holds. Since (2.25) and (2.26) are
equivalent then (2.26) must also hold for f(¢) = 1. Thus

n_)oo\/*(—rl“f‘IQ'FIg) for f(t) =1.
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Now we have already proved that I; and I3 tend to 0 whatever the value of f(t)
and, when f(t) = 1,1, = I. Consequently we get

1= lim

N—00 /Zﬂ-t

By (2.28) we find that the lower and upper limits of the integral in (2.26) lie
between f(t) — e and f(t) + e. This implies that both limits equal f(t) as € is
arbitrarily small. Hence (2.26) and the equivalent formula (2.25) are proved. B

(2.29)

Example 2.6 Given f(s) = 1/(s + 1). Determine f(t).
We find by repeated differentiation that

F™(s)

I
—
\
—_
~—

3

Thus

(=" (Q)”“ ( (=1)"n!

S

—n —1
t t
= lim <1 + > - lim (1 + ) =e L.
n—oo n n—00 n

Jagerman [116] has established that the successive convergents

(=) fED(s)
(k- 1)!

fu(t) = s , t>0, (2.30)

s=k/t

can be generated via the formula

sQ=2)]=3 fa (7) , (2.31)

n>1

and this relationship will be the basis of alternative numerical methods for
obtaining the inverse Laplace transform.

2.4 Initial and Final Value Theorems

Sometimes we know a Laplace transform f(s) and we are mainly interested in
finding some properties of f(t), in particular its limits as ¢ — 0 and ¢t — oo
without the trouble of determining the complete theoretical solution. These are
quite important properties to know and will be used in the development of some
of the numerical methods which are discussed in later chapters.
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Theorem 2.5 _The Initial Value theorem.
If as s — oo, f(s) — 0, and, in addition,

f@t)— f(0) as t—0

and

e S f(t) -0 as t— oo,

then -

T s7(s) = lim £(2). (2.32)
Proof. We know that f(s) is defined by

fo)= [ et (2.33)

and we assume that the integral is absolutely convergent if s > ~. Write (2.33)
in the form

Ty T oo
Fls) = /0 =5t F(£)dt + / ¢St F()dE + / =5 £ (£)dt. (2.34)

T1 T2

Then, given an arbitrarily small positive number ¢, we can choose 77 so small

that
T
/ e St (t)dt
0

because of the absolute convergence of (2.33). For the same reason we can take
T5 so large that

T
< [Teirn < de szv
0

/m e—stf(t)dt’ < /m HUF(BdE < be, s>

T2 T2
Finally, we can choose s so large that

Ts
/ e St f(t)dt

Ty

T
<e_ST1/ |f(t)|dt < ke, s>~

T

It follows from (2.34) that

lim f(s) = 0. (2.35)
The theorem now follows on applying the above result to df /dt since, by(1.14),
L{df /dt} = sf(s) — f(0+). [ ]

Theorem 2.6 The Final Value theorem.
If f(v) emists, and s — v+ through real values, then

fls) = F(v). (2.36)
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Further,
tim f(s) = [ rieyar (2.37)
lim s (s) = lim f(1). (2.39)

provided that the quantities on the right-hand sides of (2.37) and (2.38) exist
and in addition, for (2.38), we require e 5t f(t) — 0 as t — oo and f(t) — f(0)
ast — 0.

Proof. We write

/OO e T f(t)dt — /Oo e—stf(t)dt’ <

0 0

T T
—t _ —st
/O e F ()t /0 = £ (t)dt

/TOO estf(t)dt’ .
(2.39)

_|_

/oo e”tf(t)dt‘ +

T

Given any arbitrarily small number e the last two terms in (2.39) can be made
less than €/3 by appropriate choice of T, by virtue of the fact that the infinite
integrals on the left hand side are known to be convergent. Also, by continuity,
we can find a positive number § such that the first term on the right hand side
of (2.39) is less than €/3 when 0 < s —~ < ¢. It follows that

[f(s) = F() <,

which proves (2.36). Condition (2.37) is just the case where v = 0. Application
of (2.37) to the function df/dt gives the result (2.38). Hence the theorem is
proved. ]

Note that the theorem requires the right hand sides of (2.37) and (2.38) to exist
for the left hand side to exist and be equal to it. The converse is not true as
can be seen by the example f(t) = sinwt. For this function

= ws

sf(s) = Pt llﬂ%sf(s) =0.

However, because of the oscillatory nature of f(t)

lim f(¢t) does not exist.

t—o0o

If stronger conditions are imposed on f(s) (or f(t)) then the converse may be
true.

Example 2.7 f(s) =1/s(s+a), a>0.
We can easily establish that

ft) = (1/a)[1 —e™].
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Thus
lim f(t) = 1/a.

t—o0

Application of the theorem gives
lin%)sf(s) = liH(l) 1/(s+a)=1/a,

which confirms the result obtained previously. Also, applying the initial value
theorem gives ~
lim sf(s) = lim 1/(s+a) =0= f(0),

which confirms the result that

lim f(t) = 0.

t—0

2.5 Series and Asymptotic Expansions

In the previous section we were interested in estimating the limiting value of
f(t), if it existed, as t — 0 and t — oco. In this section we give some results which
are required for the development of certain numerical methods. In particular,
we have

Theorem 2.7 If f(s) can be expanded as an absolutely convergent series of the
form

fs)=Y 2 Is| > R (2.40)

Shn

n=0

where the A, form an increasing sequence of numbers 0 < Ag < A1 < +-+ — 00
then

s An—1
t n
=34 T (2.41)
n=0 ( n)
The series (2.41) converges for all real and complex t. |

Another important result is:-

Theorem 2.8 If f(s) can be expanded in the neighbourhood of s = «y, in the
complex s-plane, in an absolutely convergent power series with arbitrary expo-
nents

f(s):an(s—ai)“", —N<pg<pp<--—00 (2.42)
n=0

then there exists a contribution to the asymptotic expansion of f(t) as t — oo
of the form

> b t_/‘/n -1
I Y —— 2.43
T;) F(_,un) ( )

where 1/T(—pn) = 0 if uy, is a positive integer or zero. |
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See Doetsch [70] for proofs.
We end this section with a statement of Watson’s lemma — see Olver [163] for
a proof of this result.

Lemma 2.3 Watson’s Lemma
Suppose that the function f(t) satisfies

oo
t) ~ Zaktak as t — 0+,
k=0

where —1 < Rag < Rag < -+, and limg_, o Ray, = co. Then, for any 6 > 0,

oo

= r 1

f(s) ~ E:% as s — 0o, |args| < 3m— 4.
k=0

2.6 Parseval’s Formulae

It is well-known that if a function f(z) possesses a Fourier series expansion, i.e.

f(z) = %ao—f—al cosr+by sinxz+---+a, cosnr+b, sinnr+--- , —nr<x<m
then
17 >
;/ F@)Pdr = Sad + 3 (a2 +02). (2.44)
i =1

The result (2.44) is called Parseval’s formula. A similar result holds for Fourier

transforms, namely
o0 o0
/ 1§ (w) P = / ()P, (2.45)

—0Q0 —00

where §(w) is the Fourier transform of f(t) defined by

Flw) = \/% /jo f(t)e™tat, —00 <t <00

We also mention the associated Fourier sine and cosine transforms defined by

W) = \/E /0 " F(t) sinwtdt,
() = \/f | rocosutat
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We also recall at this point the inversion formulae for these transforms, namely

==/ " Bw)e e,

f(t) = \/E/OOO Fs(w)sintw dw,
ft)= \/E/Ooo Fo(w) costw dw.

We now establish formally the equivalent Parseval result for Laplace trans-
forms

and

1 oo

5 | Ferinfar= /O e=2en [ £ (u)]2dt. (2.46)

We have

/Oo \f(c+z’t)|2dt:/oo fc+it)f(c—it)dt,

— 00 —

/ f(c+it) </ f(u)e= (e~ ”“du)dt,
= / ( / fle+it)e <C+”>“dt) e 2 dy,

/ f(u) -2 f(u) - e~ 2“du,
= on [T )P

0

which is equivalent to (2.46). This argument needs some justification and a
more rigorous proof is given in Watson [246]. A useful source of information for
proofs and additional theoretical results on Integral Transforms is Davies [59].



Chapter 3

The Method of Series
Expansion

3.1 Expansion as a Power Series

We have already seen that if n is an integer

n n!
L{t"} = sy

(1
E:‘C {Sn+1}, TLZO

Consequently, if we can express f(s) in the form

and thus

a1 az Qp

Flg) = —= 4 22 4 ...y .. 3.1
f(s) S+82+ +8”+ (3.1)
we have
t2 n—1
f(t):a1+a2t+a3§+---+anm+--- (32)

(see Theorem 2.7) and by computing this series we can, in theory, evaluate f(t)
for any t. We shall illustrate the method by examples.

Example 3.1 Given f(s) = 1/(1 + s). Determine f(t).

We write

- 1

S pry

1(s) s(l-l—%)
= 1(1 1+1 1+ )
s s s2 83

1 1 1 1

. 777+7 7+..
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k|t 5
15 | 20 | 2.0611536224827 x 1077
16 | 20 | 2.0611536224387 x 10~

Table 3.1: Tterated Aitken algorithm ¢ =20, f(s)=1/(s+1).

It follows that

t2 (_t)n
Fl) =1 =ty =t 2

o (3.3)

The series for f(t) converges for all ¢. However, for large ¢, there will be
severe cancellation in the computation of the series. Thus when ¢t = 20, for
example, the largest term in the series is O(107) whereas the value of f(t) is
O(107%) which indicates that 16 significant digits will be lost in the computa-
tion. Thus for this approach to be successful for large ¢ we will require the use of
multi-length arithmetic. Moreover, with 32 decimal digit arithmetic we would
need to compute about 90 terms of the series in order to determine f(t) correct
to approximately 12 significant digits. However, we can bring into play Extrap-
olation Techniques (see Appendix §11.4 ) to speed up convergence. The iterated
Aitken algorithm yields Table 3.1 . Since the exact solution is f(t) = e~* and
£(20) = 2.06115362243855 - - - x 10~? the above table indicates that we have been
able to achieve 20 decimal place accuracy with a knowledge of only 33 terms of
the series (3.3). It would be virtually impossible, using a Fortran program and
a computer with a word-length of 32 decimal digits, to evaluate f(¢) for ¢t = 50
by direct computation of the series (3.3) as over 40 significant digits are lost
in the computation. The extrapolation procedure is also quite likely to break
down. If extended precision arithmetic is available, as for example with Maple
or Mathematica, then it is possible to get very accurate results by computing
(3.3).

We now give some other examples of the above technique.

Example 3.2 f(s) = 1/(s? + 1). Determine f(t).
We now have

_ 1

&) = sara=y
S IR N IO IO
= Sl-Grg-gt)

11 1 1
2 st g6 8

and it follows that

f(t):t——.ﬁ———f.—k"- (= sint). (3.4)
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(3.4) is a series which converges for all ¢ and here again direct evaluation of the
series would present computational difficulties for large ¢ but not to quite the
same extent as in Example 3.1 as, for the most part, f(t) = O(1).

Example 3.3 f(s) = e~%/%/\/s. Determine f(t).
Expansion of the term e~%/* yields

- 1 a a? a®
= —(1-24 - _ - ),
1) \/s( s 2ls?2 3ls3 )
1 a a? a®

s1/2 §3/2 T 91s5/2  317/2

Now
L1 {1} _ i
Vs Vit
and .
N 4npltn=zs
“1f ~(mt+H _ T 2
Lo s @n)lyr
so that ) ) ( A )
—Adat)™
t) = —— 1—2at+a2t2+---+a+~-->. 3.5
£() Jm( : o (35)

As t — 0+ we have f(t) — oo but, for all ¢ > 0, the series in brackets in (3.5)
converges. Again in this example we face cancellation problems and thus the
range of ¢ for which we can obtain accurate answers will be restricted. The
exact value of f(t) in this case is (7)™ 2 cos 2V/at.

Example 3.4 f(s) =Ins/(1+ s).
This is quite different from the previous examples as we cannot expand In s in
terms of 1/s. However, we can expand f(s) in the form

- Ins 1 1 1
Bl I [ T R R
=214 ).

and from the table of transforms (Appendix §11.1) we find

o {lns} — _Int-C,

S

where C' = 0.5772156649 - - - is Euler’s constant. Also,

R L R I !

where ¢(n) is the Psi or Digamma function defined by

n—1
(1) =-C,  Yn)=-C+> k' (n>2).
k=1
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Applying these results we obtain, after rearrangement and simplification,

w n+1)

f(t)=— tlnt—i-z (3.6)

Example 3.5 f(s) = e %°g(s) where g(s) = L{g(t)}.

We know that f(t) = H(t — a)g(t — a) and for t > a we can proceed to get
g(t) as in previous examples and then replace ¢ by ¢ — a. Thus it follows from
Example 3.2 equation (3.4) that if f(s) = e~2*/(s? + 1) we have

f®) = 0, t<a,

_ )’ —a)p
P 3!) 4 ¢ 5!) e tza (3T

We conclude this section with an example which will be used in Chapter 9 to
test the efficacy of various numerical methods of inversion.

Example 3.6 Determine a series expansion for f(t) when

- 1
fls) = s1/2 4 g1/3°

We can write formally

1 1
sL/2 +s1/3 ~ §1/2(1 4 s-1/6)’
1 1 1 (=)™
_51/2[1_51/6—"_51/3_.“—’_57%/6 + .. ,
and, using the result from §11.1,
1 t¥
£t = R > -1
{+} ORI
we obtain
1 t1/6 t1/3 (_1)ntn/6
f(t):t_l/Q[ - + — e ] (3.8)
L(z) TG TE) L)

Thus when t = 1, for instance, we have
1 1 1
f(l) = |: ~ — 5 _|_ —_ .:| ,

L(z) TG T@E)
= 0.23568175397 - - - .
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3.1.1 An alternative treatment of series expansions

This approach was advocated by Chung and Sun [35] and others. It assumes
that the function f(t) can be written as

F£) =" igi(t), (3.9)
0

where ¢;(t) = exp(—it/k), k is a parameter and the «;, ¢ = 0,1, -+, n are
constants. This is equivalent to writing

ft)=ag+arz+ a2+ +a,2",

where z = ¢1(¢). Since
fo)= [ s ar
0
we have

G+ 1)/k) = / " F(t)e g (v,

we obtain a system of equations when we substitute f(t) from (3.9) for j =
0,1,---,n, namely,

} % % ’%Tl @ F(1/k)
i 3 1 =R B I I B AL R R T,
AL L S o F(n+1)/k)

The main snag with using this approach is that the matrix in equation (3.10)
is the well-known Hilbert matrix, which is known to be ill-conditioned. Thus,
apart from the case where f(t) exactly fits equation (3.9) for small n, we are
unlikely to get very reliable results for the «; and hence for f(t). See Lucas
[146] .

3.2 Expansion in terms of Orthogonal
Polynomials

In general, expansions in terms of orthogonal polynomials have superior conver-
gence properties to those of power series expansions. One has only to think of
the expansions for 1/(1 + z) in [0, 1]

1

1+x:1—x+m2—aﬁ3+-~-, (3.11)

and
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1% = ﬁ(%TS‘(@ + AT (2) + XT3 () + XT3 (@) + ), (3.12)

where A\ = —3 + 2v/2 and T} (z) denotes the shifted Chebyshev polynomial of
the first kind of degree n. Clearly (3.11) is not convergent in the ordinary sense
when 2 = 1 (although it is convergent in the Cesaro sense) while (3.12) converges
for all x in the range and also inside the ellipse with foci at x = 0 and =z = 1
and semi-major axis 3/2. It is thus quite natural to seek an approximation to
f(t) which has the form

F&) =" ard(t), (3.13)
k=0

where ¢y (t) is an appropriate orthogonal polynomial (or orthogonal function).
This approach has been adopted by a number of researchers including Lanczos
[124], Papoulis [164], Piessens [179], Bellman et al [16], etc.

3.2.1 Legendre Polynomials
Recall that

r=e " (3.14)

Now let s = (2r + 1)o. Then

fl@2r+1)o] = é/o " g(x)dx. (3.15)
If we define g(z) in [—1,0] by

then g(x) is an even function and can be expressed as a series of even Legendre
polynomials. That is

g(x) = arPu(x), (3.16)
k=0
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or, equivalently,
F#) =" arxPu(e™™). (3.17)
k=0

The problem facing us is “how do we determine the oy ?”. First we note that
since Pai(e™9t) is an even polynomial of degree 2k in e=°! and L{e 27!} =
1/(s + 2ro) for r =0,1,--- , k we have

A(s)
(s +20) - (s+2ko)’
where A(s) is a polynomial of degree < k. Further, because of the orthogonality
of the Legendre polynomials,

Gok(8) = L{Poy(e™ ")} = . (3.18)

1
/ 2" Py (x)dz = 0, for r < k. (3.19)
0

Hence, from (3.15) and (3.19), it follows that
Gar[(2r +1)o] =0, r=0,1,---, k-1
and thus the roots of A(s) are
(2r + 1)o, r=0,1,--- k-1
and hence
(s—0)(s—=30) - (s—(2k—1)o)

Dan(s) = s(s+20) (5 + 2ko)
where A is a constant. The initial value theorem gives

lim s¢op(s) = A = lim Por(e7™7%) = Pyr(1) = 1,

A

9

so that the Laplace transform of Py (™) is

(s—0o)(s—30)---[s—(2k —1)0]

& = 3.20
O2x(5) s(s+20) - (s + 2ko) (3:20)
The transform of equation (3.17) yields
- W = (s—0)--[s—(2k —1)0]
== . 3.21
1) s +I; s+ (s 4 2ko) k (3.21)
Substituting in turn s = o, 30,---, (2k — 1)o produces the triangular system
of equations
of(c) =
= (7)) 2&1
3 = —+—
o f(30) 3 T35
= (67} 2]'{}0[1
2k —1 = e
o/l o) %1 Rk—D@k+D)
2k —2)(2k —4) - - - 2004
@k =22k — 1) 2001y o)

2k —1)(2k + 1) (4k — 1)
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923
0.70710678
0.60394129
-0.56412890
0.45510745
-0.36389193
0.29225325
-0.23577693
0.19061806
-0.15396816
0.12382061
-0.09872863

© 00 3O Ui Wi~ O

—
o

Table 3.2: Coefficients in the Legendre expansion when f(s) = 1/v/s2 + 1.

which can be solved sequentially.

Example 3.7 f(s) =1/v/s2 + 1.

Take o = 1. Then, from (3.21), we have the system of equations

1
ﬁ = Oy,
1 _ a 2a
Jvio 3 3.5’
1 oy 4oy 4209

= =4 tc.
/26 5 757 5.7.9 e

which yields Table 3.2 .

It is clear from the table that the coefficients oy decrease very slowly. The

reason for this is that the function g(z) = f(—2|logz|) is defined and expanded
in a Legendre series on the interval [-1, 1], but has a singularity at z = 0 inside
the interval. This will be the case in general, even when f(¢) is well-behaved
in [0, 00). This causes the Legendre series of g(x) to converge slowly. Thus this
method of inverting the Laplace transform is not very effective.
Additionally, because the coefficients on the diagonal decrease fairly rapidly,
there is liable to be numerical instability in the determination of the «y as k
increases. To be more precise any error in ag could be magnified by a factor of
about 4* even if all other coefficients were computed exactly.

3.2.2 Chebyshev Polynomials

In the previous section we made the substitution z = ¢~°% which transformed

the interval (0, 00) into (0,1). Now we introduce the variable 6 defined by

cosf = e 7", (3.23)
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which transforms the infinite interval to (0,7/2) and f(¢) becomes

f(=XIncosd) = g(8), say.

The defining formula for the Laplace transform now takes the form
/2
of(s) = / (cos0)*/) =1 sin @ g(6) do, (3.24)
0

and by setting
s =(2k + 1)o, k=0,1,2,---

we have

/2
of[(2k + 1)o] = /0 (cos 0)%* sin 6 g(0) db. (3.25)

For the convenience of representation we assume that g(0) = 0. (If this should
not be the case we can arrange it by subtracting a suitable function from g(6) —
see Example 3.8). The function ¢g(#) can be expanded in (0, 7/2) as an odd-sine
series
g(0) = Z ay sin(2k + 1)6. (3.26)
k=0

This expansion is valid in the interval (—m/2,7/2). We now have to determine
the coefficients «y. Since

R e—i0>2k oif _ o—if

2%k g
(cosf)*"sinf = ( 5 YR

expansion of the right hand side and collection of appropriate terms gives

22%(cos0)* sinf = sin(2k+1)0+---+ Ki’“) - <7~2—k1>] sin[2(k —7) + 1]0

T—— [(2:) — (kQ_kl)] sin (3.27)

Substitution of (3.26) and (3.27) in (3.25) gives, because of the orthogonality of
the odd sines in (0,7/2) and

/2 -
/ [sin(2k + 1)0]* do = ~,
0 4

e = w0 ( )]
Y (2 ).

that
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Thus with £ =0,1,2,--- we get the triangular system of equations

%Uj?(a) = ap,

4
22%0]"(30) = o+,

22k%af[(2k+ 1)g] : {(2:’) - (,f_kl)] Qo+

ORE R

The «y are obtained from (3.28) by forward substitution and hence g(6) can be
obtained from (3.26). In practice one would only compute the first N 4 1 terms
of (3.26), that is, the finite series

(3.28)

N
gn(0) =) sin(2k + 1)6. (3.29)
k=0

As N — oo the function gy () tends to g(f) with exact arithmetic. From
a knowledge of g(f) we can determine f(t). Equation (3.26) can be written
directly in terms of functions of ¢ for if x = cos# and we define

sin k0

sinf ’

Uk_1 (Z‘) =
where Ug(z) is the Chebyshev polynomial of the second kind of degree k, then
sinf = (1 — e~ 20t)1/2

and

ft)=(1—e2t/2 Z Uz (e™7"). (3.30)
k=0

Example 3.8 f(s) =1/v/s2 + 1.

We shall take 0 = 1 as in Example 3.7. Before we can start to determine the
ay, we must check that g(0) = 0 or, equivalently, f(0) = 0. By the initial value
theorem

f(0) = lim sf(s) =1

§—00
so that a possible function we could employ to subtract from f(¢) would be the
function 1. A more plausible function would be one having the same character-
istics at co. By the final value theorem
lim f(t) = lirr(1) sf(s) =0.
s—

t—o0

A function which takes the value 1 at ¢ = 0 and tends to zero as t — oo is e~ ¢

and therefore we shall work with the function F(t) = f(t) — e~ as F(0) = 0
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Qg
0.26369654
0.07359870
-0.14824954
0.09850917
-0.07693976
0.05470060
-0.04226840
0.03102729
-0.02397057
0.01764179
-0.01340272

© 00 3O UL W~ O

—_
o

Table 3.3: Coefficients in the Chebyshev expansion when f(s) = 1/v/s2 + 1.

and the corresponding G(0) = 0. Since F(s) = f(s) — 1/(s + 1) the equations
for a4 are, from equation (3.28),

(

1
-3)
24< 1> = ag+aq
T \Vv10 4 ’
14 1>

= Oy,

2 <\/26 — = 20[0 + 30&1 + a2,
264 1 — = bap+9a1 + dbas + « etc
o \/50 8 - 0 1 2 35 .

Solution of these equations yields Table 3.3 . Now the coefficients along the
main diagonal are all 1, so we do not have the same problem as in the previous
section of diagonal elements decreasing rapidly, but decimal digits can be lost in
the computation because of cancellation brought about by the large coefficients.

Lanczos [124] has a slightly different approach using the shifted Chebyshev
polynomials U} (z).
3.2.3 Laguerre Polynomials

In this approach we attempt to approximate the function f(t) by an expansion
of the form

)= ardi(t), (3.31)
k=0

where

¢k(t) = 67th(t), (332)
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and Ly (t) is the Laguerre polynomial of degree k which is defined by

dF e ttk
ot
Li(t) = ' [ - ] (3.33)

Now we know that the Laplace transform of ¢ (t) is given by

_ sk

Pr(s) = GO

so that the Laplace transform of equation (3.31) is

f(s) = I;akm- (3.34)

For small s the binomial expansion for s*/(s 4+ 1)*+1 is
ok

o~ (Tt k ;o
('5+1)’““28krz_;< i )(—1)5. (3.35)

Expansion of f(s) about the origin gives
fls) =Y Brs". (3.36)
k=0

Thus, combining equations (3.34), (3.35) and (3.36) and equating powers of s,
we have

Bo = «ao,
B = a1 —ag,
(3.37)

B = op— (]I.)akl + o+ (=DFay.

For this triangular system of equations we can obtain an explicit formula for
each ay, namely

ay = Ok + (T)ﬁkl‘i‘""" (f)ﬁkr+~--+ﬁo. (3.38)

Clearly, if k£ has even moderate value, the coefficients in the above formula can
be quite substantial if all the §y are positive but, hopefully, since L (t) satisfies
the inequality

ILi(t)| <e'?, t>0,

this will not result in a divergent series.
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Qg
1.00000000
1.00000000
0.50000000

-0.50000000
-1.62500000
-2.12500000
-1.18750000
1.43750000
4.77343750
6.46093750
3.68359375

© 00 3O UL W~ O

—_
o

Table 3.4: Coefficients in the Laguerre expansion when f(s) =1/v/s2 + 1.

n |o=05|0c=1.0
15 | 0.2109 | 0.2155
20 | 0.2214 | 0.2185
25 | 0.2255 | 0.2339

Table 3.5: Estimation of Jy(2) using Legendre expansion.

Example 3.9 f(s) =1/v/s2 + 1.
The first task is to determine the $;. By expanding (s? + 1)~/ we have

1 3 5 —-1\" /2n
2 1/2 2 4 6 2n
41 124564 - 6 = 4.
(s ) 2 78" T 16” (4) (n)s

Thus, from (3.37),

oy = 1,
ay = la
ay = 1/2, ete.

we obtain Table 3.4 .

o7

In the above we have outlined the method for determining the coefficients in the
various expansions but have not commented on their effectiveness. In Table 3.5
we have used the truncated series (3.22) to estimate the value of Jy(2) = 0.22389
using two values of o and various values of n the number of terms of the series
employed. Clearly this is not very efficient and we are not doing as well here as
we did in §3.1. Similar results are obtained when we expand in terms of other
orthogonal polynomials. However, if we use orthonormal Laguerre functions,

which was the approach adopted by Weeks [247], we are more successful.
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3.2.4 The method of Weeks

This method incorporates the ideas of Papoulis and Lanczos. We attempt to
obtain a series expansion for f(t) in terms of the orthonormal Laguerre functions

Or(t) = e V2LL(t), k=0,1,2,--- (3.39)
where Ly (t) is the Laguerre polynomial of degree k. Thus
o _ 0 ifk#/¢
RGN (3.40)
P,(0) = 1. (3.41)

Any function f(t) satisfying the conditions (1.2) and §2.5 can be approxi-
mated by a function fy(t) such that

N
B = et S ady(L), (3.42)
where T' > 0 is a scale factor and
1>
0 = T/ e F ()P (L) dt. (3.43)
0

The function fy(t) approximates f(t) in the sense that, for any ¢ > 0, there
exists an integer Ny such that

/OOO e 2 f(t) — fa(t)Pdt < e (3.44)

whenever N > No.
Now suppose fn(s) is the Laplace transform of fy(t), i.e.,

fn(s) /O e~ fn(t)dt,
/ —(9 c)tzakq)k %

ay / 67(876)t67%t/TLk(%)dt,
0

(s—c—%)k

(s—c+ 2T)’“‘H

WEITE

ag (3.45)

b
i

0

On the line s = ¢ in the complex plane fn(c+ iw) converges in the mean to
f(c+iw) with increasing N. This result is a consequence of Parseval’s theorem
(Chapter 2) in the form

/OO 6726t|f(t) ‘ dt = — / c+iw) fTN (c+ iw)‘Zdw. (3.46)
0
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For, since f(t) — fn(t) satisfies the required condition of being O(e??) if ¢ > v

we have by comparison with (3.44) that given any ¢ > 0, 3IN such that
1o~ , o
o |[fle+iw) — fn(c+ iw)|“dw < e, (3.47)

whenever N > Ny and this establishes the result.

Whereas Papoulis determined the a; by a Taylor series expansion, Weeks finds a
trigonometric expansion of the Laplace transform. If s = c+iw then substitution
of (3.45) into (3.47) gives

! f( +iw) i ki 2l (3.48)
— c+iw) — ap———| dw <, .
27 = (iw+ D

whenever N > Ny. Next we make the change of variable

1
w= —cot = 9
2T
and note the identities
1cos %9 —sin %9 i

)

1cos %9 + sin %9

licos 16 + sin 260|* = 1,

to obtain

(L)

whenever N > Ny. The inequality (3.49) implies that

2
(55 + 5 cot 16) f(c + 5 cot %9)—2%62%0 df <e,

(3.49)

N
(3 + 77 cot 1) Fle+ g cot 40) ~ Y aye™™, (8:50)

in the sense that the right hand side of (3.50) converges in the mean to the left
hand side as N increases. If

f(s)=G+iH, (3.51)

where G and H are real and we take the real part of equation (3.50) we have

N
A(9) = G — H cot 30) Z ay, cos k. (3.52)

2T(
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The coefficients aj, can then be approximated by trigonometric interpolation

ap = Z (3.53)

=0

N
ap = Z Jcoskf;, k>0 (3.54)

7=0

where
2/ +1\ 7

ej_<N+1>2. (3.55)

We now consider some practicalities. From the analysis in Appendix 11.6, if =y,
is the largest zero of the equation L (x) = 0 then zj satisfies the inequality

xr < 4k — 6, k>4

(see Cohen [45]). Thus the function ®(t) oscillates in the interval 0 <t <
4k — 6 and approaches zero monotonically for ¢ > 4k — 6. Hence, intuitively,
one would only expect oscillatory functions to be representable by a linear com-
bination of the ®’s in the interval (0, tyax) where
bmax 4y g

T )
Weeks states, on the basis of empirical evidence, that a satisfactory choice of
the parameter T' is obtained by taking

tmax
T = Zmax (3.56)

With this choice of T, (3.42) gives a good approximation to f(¢) in (0,%max)
provided c is properly chosen and N is sufficiently large. If s = 79 marks the
position of the line through the right-most singularity then Weeks suggests a
suitable value of ¢ is

=" + 1/tmax-

Once 7y has been determined and a value of ¢, assigned then a value of N has
to be chosen. Weeks [247] took values between 20 and 50. T now follows from
(3.56) and the aj can be estimated from (3.53) - (3.55). fn(¢) is then readily
determined from (3.42) by noting that the ®(¢) satisfy the recurrence relations

(I)(](t) e
Dy (1) = (1 = )P0 (),
k(bk(t) (2]41 -1 t)q)k 1( ) (k‘ — 1)¢’k_2(t), k> 1.

Weeks, op cit., also makes additional points relating to the computation of the
terms cos0; and A(6;).
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Subsequently, Weeks’s method has been investigated by Lyness and Giunta
[150] and has been modified by using the Cauchy integral representation for the
derivative. Thus if we write

F#) =€ are "2 Ly(bt), (3.57)
k=0

then b corresponds to 1/T" in the Weeks method. If we define

e - f(lfz—g+c> (3.58)

then 1(z) is a regular function inside a circle |z| < R with R > 1. Moreover,
the coefficients ay in (3.57) are exactly the coefficients in the Taylor expansion
of ¥(z), viz.,

U(z) = apz". (3.59)
k=0

Hence

K 2mi Jo AT

where C could be any contour which includes the origin and does not contain
any singularity of ¥ (z) but which we shall take to be a circle of radius r centre
the origin (r < R). Thus

1 V), _ 1 [

2R+ ok f

O _ 1 (2) 4 (3.60)

ap =

ap = ——
211

Y(re?ye=™*0dp,  k>0. (3.61)

|z|=r
It is convenient to approximate the integral by means of an m-point trapezium
rule where m is even. That is, by

Zw(reQTrij/m)e—Qﬂ'ikj/m_ (362)

Jj=1

1

Now 1(z) is real when z is real and 1(Z) = ¥(z) so that the sum in (3.62)
requires only m/2 independent evaluations of (both the real and imaginary
parts of) 1(z). Thus we obtain the Lyness and Giunta modification to Weeks’s
method

m/2
08T 1) = S RO (reT5/™)) cos(2k /m)
j=1

m/2
+ % ; S(p(re?™3/™)) sin(2mkj /m), (3.63)

for values of k from 0 to m — 1. Here m — 1 corresponds to the N of Weeks and
the function fy(t) would be our approximation to f(t).



62 CHAPTER 3. THE METHOD OF SERIES EXPANSION

ASZ Sw y
7 Rw =c
) " b’
T1 "2 -
Rz O Rw_
“plane w-plane

Figure 3.1: The transformation (3.64), r > 1.

The method we have described depends crucially on the choice of the free
parameters b and c. The parameters have to a large extent been chosen by rule
of thumb. Giunta et al [97] look at the problem of finding the optimal b for
a given c for a restricted class of transforms A. However, they did not engage
in determining ¢ and relied on a priori knowledge of the singularities. A FOR-
TRAN program for Weeks’s method based on the paper by Garbow et al [91]
can be found at the website
www.cf.ac.uk/maths/cohen/programs/inverselaplacetransform/ .

Weideman [248] presents two methods for determining b and ¢. The first as-
sumes that the theory of Giunta et al is applicable while the second is more
general.

Weideman notes that the transformation

b 1
=c+——1 .64
w=ct 1 5b, (3.64)

which occurs in (3.59), maps circles of radius r centered at the origin of the
z-plane to circles with radius 2b'r/|r? — 1| and centre ¢ — &' (72 +1)/(r?> — 1) in
the w-plane, where b = b/2. In particular the interiors of concentric circles in
the z-plane with r > 1 are mapped into the exteriors of circles in the w-plane
and vice versa. If r < 1 then the image circles lie in the half-plane Rw > ¢
— see Figure 3.1. As Weideman points out the image circles corresponding to
radii  and 1/r are mirror images in the line ®w = ¢ and this line corresponds
to the image of the unit circle. This informs us that the radius of convergence
of the Maclaurin series (3.59) satisfies R > 1.
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Weideman applies the Cauchy estimate to the integral (3.60) to show that

r

lag| < r(k)’ k=0,1,2,--- (3.65)
where k(r) = max,|—, [1)(z)|, to infer that for the class of transforms in A
the coefficients a; decay exponentially. An example of a transform not in A is
f(s) = 1/4/s. Lyness and Giunta chose 7 < 1 in (3.61) but Weideman takes
r = 1 and instead of using the trapezium rule which would require § = 0 and
0 = 27, i.e. z =1 which corresponds to w = oo being involved in the summation,
he uses the equally accurate mid-point rule which avoids the singular point.
Thus ax, the approximation to ay is given by

—i N-1
e ikh/2

~ i0; —ik0 —
ap = 2N Z w(e J+1/2)e J, k_o,

N -1, (3.66)

)

j=—N

where 0; = jh, h = n/N. Weideman computed this as a FFT (fast Fourier
transform) of length 2N and notes that only the ax, 0<k < N —1, are used
in evaluating (3.57).

The actual expression employed in estimating f(t) is

N-1

F#)y =€ a1+ ex)e /2Ly (bt), (3.67)

k=0

where €, denotes the relative error in the floating point representation of the
computed coefficients , i.e., fl(ar) = (ax)(1+e€x). Subtracting (3.67) from (3.57),
assuming >, |ax| < 0o, we obtain

£(t) = F()] < (T + D+ C),
where
o) N—-1 N-—1
T = Z|ak|, D = Z|ak—dk|, C=€Z|@k|,
k=N k=0 k=0

are respectively the truncation, discretization and conditioning error bounds. €
is the machine round-off unit so that for each k, |ex| < e. Since it can be shown
that

oo

ar —ax = »_(~1aryzn, k=0,1,--- ,N—1
j=1
this yields
N—-1 oo
D= Z lax — arl < D> langain].
k=0 j=1

The dominant term on the right hand side is |asn| and thus D is negligible
compared with 7" which has leading term |ay|, because Weideman opts for
the FFT method for evaluating the summation. This is not the case in the
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Lyness-Giunta formulation where the truncation and discretization errors are
of comparable magnitude. Thus basically the error in f(¢) will be minimized if
we can determine the optimal ¢ and b (or ') to minimize

0o N—-1
E = et (Z lax| +€ > |ak|>. (3.68)

k=N k=0

Here the tilde has been dropped since the algorithms cannot distinguish between
true and computed coefficients.

For transforms in the class A we can employ the Cauchy estimate (3.65) to
bound the truncation and conditioning errors giving

\_/

N—
T= Z |ak] < ( ) Z lak| < e , (3.69)

k=0

which is valid for each r € (1, R). Inserting these two bounds into (3.68) we have
an error estimate in terms of » which we can try and minimize as a function of
cand b (or V).

Weideman remarks that while he has had some success with the above approach
for estimating the optimal parameters the Cauchy estimates are fine for a; when
k is large but not so effective for intermediate values. He adds that provided r
is selected judiciously the bound for T in (3.69) is tight but this might not be
the case for C', whatever the choice of r.

To obtain his first algorithm he assumes that the transform belongs to the class
A and has finitely many singularities at s1, s2, - , S, which may be either poles
or branch points and is assumed to be real or occur as complex conjugate pairs.
It follows from (3.69), or the work of Giunta et al, that T is minimized if R is
maximized. For given ¢ > 7 the optimal b is thus given by

R(b'opt) = max R(b). (3.70)

Giunta et al gave the following geometric description of bz)pt' For fixed ¢ > v

consider the family of circles, parameterized by o’ which contain all the singu-
larities of f(w) — see Figs. 3.1 and 3.2. If we imagine two tangent lines drawn
from the point w = ¢ to each circle and we select the circle in this family which
minimizes the angle between the two tangent lines then the optimal value of ¥’
is the length of the tangent segment from the point w = ¢ to the optimal circle.
Two cases have to be considered:-

Case A. The optimal circle is determined by a complex conjugate pair of sin-
gularities s; and 5; and only occurs if the tangents to the circle through w = ¢
pass through w = s; and w = 3;.

Case B. The optimal circle passes through two distinct pairs (s;, 5;) and (s, k)
which includes the case where s; and sj are real.

Weideman now determines the critical curve in the (¢,b’) plane on which the
optimal point is located.
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Case A Case B

Figure 3.2: Geometric significance of bgpy.
If Case A appertains he denotes the critical singularities which determine the
optimal circle by s = o + i3 and finds

s—c—10
s—c+b

(a—c—b’)2+ﬁ2 1/2
(a—c+ )2+ 32 '

To satisfy (3.70) we require OR/9b = 0 which yields the hyperbola
V? — (c—a)* = B2 (3.71)

Likewise for Case B if the two critical singularities are s; = a1 + if; and
S9 = ag + 12, where ay # «a, both singularities correspond to the same value
of R and thus

sp—c—b| |so—c—b
s1—c+b| |sg—c+b]|
This also yields a hyperbola
2 e |2 2 _ 2
pr_ 2y el ol el —ailselt (3.72)
ap — (1 Qg — (1

This provides the basis for the algorithms. Weideman replaces E in (3.68) by

B(e,b) = ¢t (Z |ak|+e2 |ak|> (3.73)

k=N

which can be computed by a FFT of length 4N. For the cases where the Weeks
method is suitable this truncation is fairly inconsequential because of the rapid
decay of the ap. We have



66 CHAPTER 3. THE METHOD OF SERIES EXPANSION

ALGORITHM 1(f € A) Given ¢, N and an interval [co, cmax] that is likely
to contain the optimal ¢ and b’ defined by (3.71) or (3.72) the algorithm
solves

c={c € [co,Cmax] | E(c,b") = a minimum}. (3.74)

When f ¢ A the above theory does not apply and the optimal curve for b’
has to be determined numerically. A good approximation to this curve is
determined by the value of b’ that minimizes the truncation error estimate
for any ¢ > cy. We now compute b’ from

b'(c)={b >0]|T(c,b') =a minimum}

where
2N—1

T(e )= 3 |axl.
k=N

ALGORITHM 2( f ¢ A) Given t, N and a rectangle [co, cmax] X [0, blpas]

that is likely to contain the optimal (¢,b’) the algorithm solves the nested
problem

c={c € [co,Cmax] | E(c,b") = a minimum}, (3.75)

where

b'(c)={V €[0,b,.,] | T(c,b') = a minimum}. (3.76)
Weideman found that Brent’s algorithm [23], which combines a golden section
search with successive parabolic interpolation, worked well as a minimization
technique for (3.74) - (3.76) but that the quantities minimized were In E and
In T because of the smallness of £ and T'. He points out that the two algorithms
assume a fixed value of ¢. If f(¢) is to be computed at many ¢ values, t € [0, tmax],
then if N is large the optimal values (c,b’) are virtually independent of ¢ and
the optimal point is determined by a balance between the quantities T' and C'
(both independent of ). For intermediate N one should take ¢ = t,,,x which
should correspond to the largest absolute error in the Weeks expansion. Details
of numerical tests are available in Weideman’s paper and a MATLAB file of his
paper is available via electronic mail from weideman@na-net.ornl.gov.

3.3 Multi-dimensional Laplace transform
inversion

A number of authors have attempted to invert multi-dimensional Laplace trans-
forms and, in particular, two dimensional Laplace transforms. Essentially, their
methods are a concatenation of 1-dimensional methods. Included among them
are the methods of Moorthy [157] and Abate et al [1] who have extended the
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Weeks method. The latter use an expansion in terms of Laguerre polynomials
Dy (t) which takes the form

f(t1,t2) = Z Zan P, (t2), t1, t2 >0, (3.77)

m=0n=0

where, as earlier,

Dp(t) = e M2Ly(t), t>0,

and

21,22 E E dm, nzl 22

m=0n=0 (378)

B 17 142z L+ 2
(=)= (s e )

is the Laguerre generating function and z; = (2s; —1)/(2s;+1), ¢ = 1,2 and the
Laplace transform exists for Rs;, Rso > 0. The functions ®,,(¢1) and D, (t2)
are computed from the one-dimensional recurrence relation

o) = (=) o - (S ) ma. )

where ®q(t) = e */? and ®;(t) = (1 — t)e~¥/2. The Laguerre functions ®y(t)
tend to zero slowly as £k — oo and hence, for an effective algorithm, we must
have g, decaying at an appreciable rate as either m or n gets large. If this
does not happen then Abate et al use scaling or summation acceleration.
From (3.78) the computation of ¢y, , requires the double inversion of the bivari-
ate generating function Q(z1,22) and this was achieved by applying a Fourier
series based inversion algorithm given in Choudhury et al [34]. By modifying
equation (3.5) in that paper Abate et al obtain the approximation

i % G = s (RIQUr, )] 4 (<1)RQ(=r1,m)])
(m1/2)—1 (3.80)

+ Z %[6(72wikm/m1)Q(r1627rik/m1,n)],

and
X 1 (m2/2)—1 - ‘
Q(Zl,n) — — Z e(*2mkn/m2)Q(zl,T262mk/m2). (3.81)
A —

The resulting aliasing error, F, is given by

_ = § § : jm km
E — Qm,n - Qm+jm1,n+km2 ITQ 2~

7=0 k=0
j+k>0
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If | gt jma ntkmy| < C for each j, k and 71,72 are chosen so that
rp =104y =107 A2/me

then it can be shown that

C(10=4 4+ 10742)

E| <
1Bl < (1—10-41)(1 — 10— 42)

~ C(1074 +10742),

The aliasing error can thus be controlled by choosing A; and A, large, provided
C is not large. Typical values chosen by Abate et al were A; = 11 and A; = 13.
In order to effect the inversion using the FFT, m; and mo were chosen so that

mi = 2£1M, mo = 2€2N

and, for example, M = 128, /1 = 1, N = 64, {5 = 2 giving m; = mg = 256.
Next (3.80) and (3.81) are rewritten as

1 m1—1

_ Z e 2mikm/my () (p e2mik/ma ) (3.82)
[LAS R i

mo—1
Z ef2m'kn/m2Q(Zl’T262ﬂ'ik/m2). (383)
k=0

(jm,n =

Q(zl’n) = !

mary

If we define the (m1 x mg) dimensional sequences {am,n} and {by, } over 0 <
m<mi;—1land 0 <n <my—1by

Umon = GmnTT Ty, (3.84)
bm,n _ Q(rleQﬂim/ml , 7,2627rin/m2)’ (385)
and note that a,, , and g, , are only defined in the range 0 <m < M —1, 0 <

n < N — 1 we can extend the definition over the full range by means of the
inverse discrete Fourier transform (IDFT) relation

1 estedt omijm  2mikn
A, = Z Z exp | — — bk, (3.86)

mim m m
1m2 =515 1 2

which follows from (3.82) and (3.83).

Equation (3.86) implies that {b,, »} is the two-dimensional DFT of {a, »} and
conversely {an, n} is the two-dimensional IDFT of {b,, ,}. First the {by .}
are computed from (3.85) and stored. Then the a,,,, are computed using any
standard two-dimensional FFT algorithm. Finally, the g, , are obtained from
(3.84). Fuller details of the procedure can be found in [1].

Moorthy’s approach is to extend the one dimensional methods of Weeks and
Piessens and Branders [182] but to use an expansion in terms of the generalised
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Laguerre polynomials L (t). He assumes that we can express f(t1,t2) in the
form

oo oo

fltr ta) = tytg2enrtiterts N "N g Lo (bty) L9? (bta), (3.87)

m=0n=0

where —1 < aj,as < 1 and b > 0. If f(sy,s2) is the Laplace transform of
f(t1,t2) where Rs; > ¢1 and Rsy > ¢y then it follows from (3.87) that

qu Fm+a +)(n+as+1)

Sl; 52 m'n'
m=0n=0 o (3.88)
(81 —C1 — b)m (82 — Cy — b)n
(51— c1)mHL (52 — )l
If we set
Zl:(Sl—Cl—b) 22:(82_62_b)
(s1—c1) (s2 —c2)

then we can establish an analogous generating function expansion to (3.78)

namely
b a1+1 b as+1
Q(Zl’zz)_<1—z1) (1—22)
x f b + b +
T c1, 11— C2 (3.89)
= Z Z Qm,n'z{nzga

m=0n=0

where

F'm+a;+1)I'(n+as+1)
m!n! '

Qmn = dmmn
Moorthy restricts @ to the boundary of the unit polydisc
D ={(z1,22); |2 <1, |22] <1},
by setting

2 = et —r <0 <,

Zo = ei02, —m <6y <.

On the assumption that f is real it follows that (3.89) can be written as

01, 92 Z Z Q z(m01+n02

m=0n=0
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from which we deduce that

Qoo = == [T, [7. RQ(01,6)db:1dbs,

(3.90)
va" = 271'2 f f §RQ 91792) COS(mt91 + n@z)d91d92
Defining @; and @2 by
Q1(01,02) = R[Q(61,02)] + R[Q(61, —02)]
Q2(01,62) = R[Q(61,02)] — R[Q(61, —02)]
and applying the midpoint quadrature rule we obtain
1 L
oo = QLQF(OQ + 1) Qo + 1 ]2 ;; Ql g Mk (391)
and
1
dm,n =

L’T(m+ a1 +1)I(n+az+1)

L L

% 373711 (g ) cos(m;) cos(npue) — Qa(Ag, i) sin(mid;) sin(ngsy ),
=1 k=1

’ (3.92)

where m,n =0,1,--- ;N —1; (m,n) # (0,0) and

(2j — D)m 2k — )

A ey

Full details about the choice of parameters, the method of summation of the
truncated series (3.92) and an error analysis can be found in Moorthy’s paper.
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Quadrature Methods

4.1 Interpolation and Gaussian type Formulae

It is not surprising that a number of methods to find the Inverse Laplace trans-
form have, as their basis, the approximation of the Bromwich inversion integral
as this provides an explicit solution for f(¢) if the integral can be evaluated
exactly. Salzer [201] in a series of papers proposed several such methods. He
assumes

n
f(s) = Z %, Br a constant (4.1)
r=1

— the absence of the constant term implying that f(s) — 0 as s — oo and,
effectively, that f(¢) is a polynomial of degree n in t. Salzer evaluates f(s) for
s=k, k=1,2,--- ,n and determines the Lagrange interpolation polynomial
pn(1/s) which approximates to f(s) at s =k, k=1,2,---,n and s = co. By
this means the 3, are determined which are linear combinations of the f(k).
Using the known relationship

1 [erices (17 1
— () das=—, (4.2)
20 Jo—ioo S \US rl
Salzer determines, for given n, the weights ay(t) such that

1 ct+io00

— et f(s)ds ~ Z ap(t)f(k). (4.3)
k=1

2mi c—100
Additionally, he indicates how one can estimate the error in
1 c+ioco 1 B
— ePt =) = f(s)]| ds.
2mi c—100 |:p’ﬂ (S) f< ):|

The interested reader is referred to Salzer for more details as well as tables of
the ay(t). Shirtliffe and Stephenson [209] give a computer adaptation of this
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method and report on their experiments to try and find the optimum value of
n.

The advantage of using the previous method is that it involves only real calcu-
lations. Now that computers are available to ease the burden of computation
it is very easy to perform arithmetic involving complex numbers. Salzer notes
that if we write st = u we have

— e f(s)ds

211 c—ioo

1 c+io00o 1 ¢ +ico

=5 et f (%) du, (4.4)

¢/ —ico

f(u/t) having the same polynomial form in 1/u as f(s) in 1/s, that is, not
having a constant term, but now involving the parameter t. e*/u is a weight
function for which we can determine orthogonal polynomials p,,(1/u) such that

dicc gu /1N 1
/ pn<>mdu20, m=0,1,--- ,n—1 (4.5)
¢ —ico U u/u
and hence obtain a Gauss-type quadrature formula which will be accurate for
all polynomials of degree < 2n in (1/u), whereas the previous method was
only accurate for polynomials of degree n. To see how (4.5) arises let ¢o,,(1/5)
be any arbitrary (2n)-th degree polynomial in the variable 1/s which vanishes
at 1/s = 0. Consider n distinct points 1/s;, ¢ = 1,2,---  n, other than
1/s = 0, and construct the (n + 1)-point Lagrange interpolation polynomial

approximation to ¢s,,(1/s) which is exact at the points 1/s;, i =1,--- ,n and
1/s = 0. Call this polynomial (which is of degree n) L("*1)(1/s). Then

1 n+1 ( ) 1 1

oty (2 E L2 g, (= 4.6

s g % s q2 s; ) ( )
where 1/s,4+1 =0 and

n+1 n+1
1 1 1 1 1
L(_n+1) — ) = [ [ e — 4.7
i S klzll . / klzll s 5 ) (4.7)

where the prime indicates the absence of k = i in the product. It follows that
¢on(1/s) — L") (1/5) vanishes at 1/s = 0 and 1/s;, i =1,2,---,n and thus

has the factor
1 1 T /1 1
$Pm (s> - EZ_I:II (s B s) '

@on(1/5) = LD (1/5) + (1/5)pn(1/5)rn1(1/5),
where 7,_1(1/s) is a polynomial of degree n — 1 in 1/s, we have

1 ¢ +ico 1 1 ' +ioco 1
-— GSQQn (> ds = P esL(n+1) (> ds
27 S 27 ) _ioo S

1 [etice q 1 1
s ol () . () ds. (4.8)
271 s S s

¢/ —ioc0

Writing
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Thus if the second term on the right of (4.8) always vanishes, which will be the
case when (4.5) holds, then (4.8) will represent an n-point quadrature formula
which is exact for any (2n)-th degree polynomial in 1/s and yielding the formula

) 1 = 1
€ qon <S> ds = ;AiQZn (&) ; (4.9)

where the Christoffel numbers are given by

1 ¢ +ioco

2mi

¢’ —ico

1 ' +ioco 7 (1) 1
A; = e’L — | ds. (4.10)

N
271 J oo S

In order for (4.10) to be computed we need to know the value of the s;. If we
write

n n—1 n—2
1 1 1 1 1
Pn (> = <) + b1 <) + b2 () + -4y () =+ bo,
s s s s s
and evaluate (4.5) using (4.2) we see that the b;, i =0,---,n — 1 satisfy the

system of linear equations

1 bp—1 bp—2 b1 bo

— e+ 2120
P ey TR P N TR R
1 bnfl bn72 bl bO o
R T TR o s TR IR T
1 bn—l bn_Q bl bO

C RN O R s T R o 3

We can thus determine the roots of the polynomial equation p,(1/s) = 0 by
using a polynomial solver (or alternatively find the eigenvalues of the companion
matrix - see Appendix 11.7). An alternative procedure is to use the fact that
orthogonal polynomials satisfy 3-term recurrence relationships and associate this
with a tridiagonal matrix (see Cohen [45]) whose eigenvalues can be determined
using a standard technique such as the QR method.

Salzer shows that if we write

Pi(z) =pi(z) (=x—1); Pyz)=62"—4z+1
P,(z) = (4n —2)(4n — 6) - - - 6py(z), n>2

then P, (x) satisfies the recurrence relation

on + 1
Pue)+ 2P (@), m>2 (411)

Ppia(z) = |(4n+2)z + o — 1

2n—1
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Clearly, the roots of P,(x) and p,(z) are identical and if they are =1, - ,x,
then s; = 1/x;, i=1,--- ,n.

Another way of looking at the problem of generating the abscissae and weights
in the Gaussian n-point quadrature formula

1 c+100 n

e f(s)ds ~ > ar(t)f(sk), (4.12)

218 Jo—ioo
k=1

has been provided by Zakian [262], [263]. He shows that the polynomial p,(z) is
the denominator in the [n — 1/n] Padé approximant (see §11.5) to the function
e!/*. Thus when n = 2, the polynomial Py(z) = 622 — 4x + 1, given previously,
is the [1/2] Padé approximant. The weights are related to the residues of the
[n — 1/n] Padé approximant.

Piessens [169], [172] extended this idea to the case where

n—1
s f(s) =) b v>0, (4.13)
0

s

and obtained Gaussian n-point formulae for f(s) having this behaviour. He
showed that the abscissae and weights of the Gauss quadrature formula, when
f(s) is defined by (4.13), are connected with the [n — 1/n] Padé approximants
of the power series

oo

1
> SRS (4.14)

i=k

Moreover, he showed that the real parts of the abscissae are all positive. For
a detailed summary of these developments see [216], pp 439 et seq. where an
additional quadrature method derived from the Sidi S-transformation applied
to the series (4.14) can be found.

It is important to know the exact value of v to obtain satisfactory results. For
example with

fls)=(s"+ 1),

v =1 and thus we have exactly the Salzer case. A 12-point formula in this case
gives results with almost 10 decimal place accuracy for 1 < ¢ < 8 but only 3
decimal place accuracy is achieved for ¢t = 16. For

fls) =572 exp(=s712),

we require v = 1/2 and results of almost 12 decimal place accuracy were ob-
tained for 1 < ¢ < 100. But the case f(s) = slns/(s?> + 1) does not fit into
the pattern (4.13) and Piessens had to give a special treatment for this type of
logarithmic behaviour.
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4.2 Evaluation of Trigonometric Integrals

Schmittroth [206] described a numerical method for inverting Laplace trans-
forms which is based on a procedure of Hurwitz and Zweifel [113] for evaluating
trigonometric integrals. Schmittroth assumes that all singularities of f(s) lie in
Qs < 0, and hence we can take ¢ = 0 in the inversion formula, i.e.

ft) = %/j@ fliw)e™tdw,  t>0. (4.15)

If we write ¢(w) = Rf(iw) and ¥(w) = —Sf(iw) then, as we can assume that
f(8) = f(s), where the bar denotes complex conjugation, it follows that ¢(w) is
an even function and ¢ (w) is an odd function. Moreover, we can deduce from
Chapter 2 that

fit)y= i/ooo ¢(w) cos twdw, (4.16)

or

fit) = i/ooo P(w) sin twdw. (4.17)

To evaluate the above integrals Hurwitz and Zweifel made the transformation
y = wt/m in (4.16) and u = (wt/7) — 3 in (4.17). For the derivation of the
method they extend the definition of the functions ¢ and 3 to negative values
of w by requiring ¢ to be even and v to be odd. (This is unnecessary in our case
because of the way the functions have been derived). If we just concentrate on
the sine integral (4.17) we see that it can be written as

1 vz
fit) = n /1/2 cosmu g(u, t)du, (4.18)
where -
gut) = 3 (1" (Flu+n+4]). (4.19)

The function g(u,t) has the following properties

(a) g(u,t) = g(_uvt)a

(b) 9(5.t) = g(=5.t) =0,

(c) glu+mn,t) = (-1)"g(u,?),

(d) g is regular, —3 < u < 3 if ¢(w) is regular for —00 < w < occ.

Because of these properties g can be expanded as a Fourier series of the form

g(u,t) = Z an(t) cos(2n + 1)y, (4.20)

n=0
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and, since cosn# is a polynomial of degree n in cos 6, we have

g(u,t) = coswuz a (t) cos®™ (4.21)

If we treat the cosine integral (4.16) similarly we arrive at a function h(y,t)
which has a similar expansion to the function g in (4.21).
Substitution of (4.21) in (4.18) gives

1/2 00

ft)=- / cos® Tu Z an(t) cos®™ mu, (4.22)

The function w(u) = cos? mu occurring in the integrand is clearly a positive

weight function and Hurwitz and Zweifel establish a Gaussian quadrature for-
mula by first determining the set of polynomials p,, (cos mu) Which are orthogonal
with respect to the weight function w(u) over the interval [—2 It turns out
that

330
pr(cosmu) = Ty, y1(cosTu)/ cos mu,
= cos(2n + 1)mu/ cos wu, (4.23)

where the polynomial T;,(z) is the Chebyshev polynomial of the first kind of
degree n. The 2N-point Gaussian quadrature formula is

1/2 N 2w(N)
/ cos mug(u,t)du = Z ﬁg(uy\]), t), (4.24)
~1/2 i51 cos T

(N)

where the u; "’ are the zeros of py(cosmu) =0, i.e.,

(N) _ 27 —-1

S = = =1,2,--- N 4.25
’U,J 2(2N+1)’ J 9 4y 9 9 ( )

and the W; are the Christoffel numbers . These may be determined from equa-
tion (11.25) in Appendix 11.3 or by solution of the N simultaneous equations

2j —)m (N) 1 T(k+3)
o o W =g k=12, N (426

ZCOS < 2N+1)) 2/n T(k+1)’ 2N {426)
Then f(t) can be computed from

ctoo

Z L(t), (4.27)

n=0

where

L(t) = (-1)" / "y (Flu+n+3]). (4.28)
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I,(t) is computed using the N-point formula of Hurwitz and Zweifel. If S
denotes Y. I,, then Schmittroth used Hutton’s averaging procedure (§11.4)

S® = (s-1 L g®Dyp g —12.. (4.29)

to speed up convergence. While this procedure has some merit a better approach
would be to use some other extrapolation technique after ensuring that N is
chosen sufficiently large to obtain accurate results. It is worth noting that the
method becomes increasingly accurate for fixed N as t increases and thus is
more reliable for ¢ > t,;,, for some value t,;, dependent on N, while other
methods such as FFT are more reliable for ¢ < tax.

4.3 Extrapolation Methods

If we make the substitution s = ¢ + iz in the Bromwich integral we have

£(t) e / e e 4 in)da, (4.30)

:% .

One approach to evaluating infinite integrals of this kind is by convergence
acceleration . Methods which have enjoyed some success are the confluent
e-algorithm of Wynn [257] and the G-transformation of Gray, Atchison and
McWilliams [105]. In their original form there were some computational dif-
ficulties associated with these methods as the former requires computation of
high order derivatives and the latter computation of high order determinants.
However, it has now been shown that the G-transformation can be implemented
efficiently (without computing high order determinants) by the rs-algorithm of
Pye and Atchison [191] or through the FS/qd-algorithm of Sidi [216], the latter
being the more efficient of the two. Despite this improvement in computing
the G-transformation it is more (computationally) expensive than the Levin
P-transformation and the Sidi mW-transformation.

4.3.1 The P-transformation of Levin

The Levin P-transformation [127] has a similar derivation to the Levin ¢-transfor-
mation for series. (4.30) can be written in the form

ft) = ;—; [/_OOOJF/OOO] et fc+ ix)dz, (4.31)

which leads to consideration of a Fourier integral of the form fooo g(z)erdx. 1f

w”g(m)zz%, v >0,
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then Levin showed that one can obtain an asymptotic expansion for f uoo g(z)e™*dx

of the form -
/ g(x)e™*dx ~ b(u Z lk
u O

On the above assumption if we call A = [[* g(z)e™*dz and let A(u) =
fo et dy be its finite part then truncation of the asymptotic expansion
at the term u™F gives

oS k—
A—Au) = / g(x)e™dx ~ b(u Z Z— (4.32)

Levin demanded that the approximation P to A obeyed the relationship (4.32)
exactly for k + 1 equidistant values of u, i.e.,

>
|
—

P — A(u+nAu) = b(u+ nAu)ew(qu"A“) m n=01---k

.
I
=

(4.33)
This gives k + 1 linear equations in the k£ + 1 unknowns P, o, Y1, ,Vk—1
which are similar to the equations defining the ¢-transformation (see Appendix
11.4). If we relate this to the Bromwich integral (4.31) Levin obtained the
approximation Py to f(t) given by

E iy 1)kt [ R e
ect Zj:O( 1) (j)(]+1) |:f(c+l(j+1)):|

P, =—N
m k

S (=13 (%) + 1)

i (430

[f(c +i(j+1))
where I;11(t) = A(j+ 1) = fojﬂ et f(c 4 ixz)dz. In practice these quantities
I;11(t) must be evaluated by some quadrature formula and Levin used a Gauss-

Legendre quadrature formula which was of sufficiently high order to ensure 14
correct significant digits for the integral.

4.3.2 The Sidi mW-Transformation for the Bromwich
integral
The Sidi mW-transformation described in [216], Chapter 11 can be summarized

as follows:
Sidi writes the Bromwich integral in the form

f0 =5 | [ et rionor [T e iva] @
= itm(t) +u_(t)], (4.36)

2
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where

ug(t) = /000 et e+ iw)dw, (4.37)

and approximates the integrals u (¢) by the mW-transformation. When the
Laplace transform of f(t) can be expressed in the form

f(s) = exp(—sto)g(s),

where g(s) has an asymptotic expansion of the form

Sidi then takes the following steps:-

1. Set
we=L+D7m/(t—1ty), £=0,1,---. (4.38)

2. Compute the integrals

wetl
zpi(w):/ eF @l fe+iw)dw, €=0,1,---, (4.39)
we
and
wy ) B —1
vi(wz):/ e (et iw)dw = 3 talwy), £=0,1,--. (4.40)
0 k=0

3. Solve the linear system of equations

n—1

Vilor) = WS 4 palwon) 3 26 =g+ 1o b, (44D)
=0

in order to determine W}f’j ) as Wy(li’j )~ u4 (t) — the unknowns 3;, i=
0,1,--- ,n — 1 are not of interest.

The solution for W,gi’j ) can be achieved in an efficient manner via the W-
algorithm of Sidi which follows. For convenience of notation the symbol + has
been suppressed.

1 For j =0,1,--- set

(4.42)
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2" For j =0,1,--- and n=1,2,--- compute

(j+1) J) (3+1) ()
p) = Mna m Moy ygy N T Ny (4.43)
w;+n wj_ wjjrn — wj_

3’ For all j and n set

(4.44)

The quantities W7 converge to u4(t) very quickly as n — oo with j fixed
(j =0, for example). In fact,
W ED) —uy(t) =0 ") asn — oo, for any pu > 0. (4.45)

Thus, it is sufficient to take W,(li’o), n=1,2,--- as the approximation to u4 (t).

In the case where f(t) is a real function we have u_(t) = uy(t) hence

ect

f®) = ?% [/000 et fle+iw)dwl| , (4.46)

and we need only compute one of uy ().
The key to the success of the mW-transformation is the correct choice of the
wy. These are chosen so that sign[¢(we)d(wer1)] = —1 for all large ¢, where
d(w) = et f(c + iw). Surprisingly, the method we have described above may
still work even when the function f(s) is not precisely as described above, but
sign[p(we)d(wes1)] = —1 for all large £. For example, very good approximations
are obtained for the test function fs35 in Section 9.4.
In some cases, where f(s) does not behave the way we described above, it may
still be possible to choose the wy to guarantee that sign|[¢(we)d(wer1)] = —1
for all large ¢, and this is the most general case described in Sidi [214]. Let
us consider the test function fi5(¢) in Section 9.4, for example. We have, since
fis(s) = e,

¢(W) = eiwt@—4(c+iéd)1/2’

_ ei[wt+4i(c+iw)1/2] — ¢inw)
Expansion of n(w) gives

n(w) = wt + 4ie’™ W2 4 O(w™?)  as w — occ.
This implies

Ri(w) = wt — 22012 + O(w™1?)  as w — .
Thus the appropriate choice for the wy are the positive zeros of

sin(wt — 23/2w12%) = 0,
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that is

wy

2
V/ 1
_ | V2H 2j(€+ L IR (4.47)

It is important to make sure that the integrals ¢(wy) in (4.39) are computed
accurately. The computation may be expensive when the singularities of f(s)
are close to the interval Iy = [¢ + ixy, ¢ + ixp11] in the sense that the ratio

distance of a point of singularity of f(s) to I

, Ip=wpi1 —w
length of interval I, (Ze e ‘)
is small. This is the case when ¢ is small so that in this case ¢ could be increased
somewhat. This is a very effective method for evaluating the inverse transform.
Because of the equivalence of (4.46) with A and B where

2 ct 0
A== / R[f (¢ + iw)] cos wtdw (4.48)
™ Jo
and
2et [ o
B=- / S[f (¢ + iw)] sin wtdw (4.49)
™ Jo

this author has computed A and B in preference to (4.46) as the agreement in
decimal places gives a practical indication of the likely accuracy of the result.
A program is provided at the website
www.cf.ac.uk/maths/cohen/programs/inverselaplacetransform/ .

This approach seems to work well when f(s) belongs to the class of functions out-
lined above and will give good results for the functions fi(t), f3(t), fas5(t), fs0(t)
— see the survey in Chapter 9. Prior numerical experience shows that it will
also work for f11(¢) and f35(¢). In the case of f15(t) the choice of wy = (¢+1)7/t
gives poor results and we would need to choose wy satisfying (4.47) to get good
approximations to f15(¢).

4.4 Methods using the Fast Fourier Transform
(FFT)

The methods of the previous two sections involved the evaluation of a Fourier
integral. Dubner and Abate [71] developed a method for inverting the Laplace
transform by relating the Fourier integral to a finite Fourier cosine transform.
Given a real function h(t) for which h(t) = 0 for ¢t < 0 they constructed a set of
even periodic functions g, (t) of period 27" such that for n =0,1,2,--- we have

(4.50)

gn(t)Z{ h(t), nTﬁtS(n—;lasz

h(2nT —t), (n—1)T <t<nT
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h(t) h(t) = e~ f(t)

%

Figure 4.1: Function representation by even Fourier series

This is equivalent to defining g, (¢) in (-T,T) by

[ h(nT +1), 0<t<T,
gn(t) = { h(nT —t), ~T<t<0, (4.51)
forn=20,2,4,--- and
_ [ Mn+1)T —1), 0<t<T,
9n(8) = { h((n+ 1T +1), ~T<t<0. (4.52)
forn=1,3,5,--- (see fig. 4.1).
The Fourier cosine representation of each g, (t) is given for all n by
1 = kmt
nlt) = gAna+ 3 Aneos (1), (45)
k=1

where the coefficients, which are finite cosine transforms, can be expressed as

(n+1)T
Apg = % /n  h(tyeos <kT”> dt. (4.54)

If we sum (4.53) over n we get

, (4.55)

5 A(wo) + i Alwr) cos (kTWt>
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where N
o t
Alwy) = / h(#) cos (”) dt. (4.56)
0 T
Dubner and Abate note that A(wy) is a Fourier cosine transform and by letting

h(t) = e~ £(2), (4.57)

it is seen to be the Laplace transform of a real function f(¢) with the transform
variable being given by s = ¢+ i(kw/T'). That is, A(w,) = Rf(s). Thus (4.55)

becomes
+Z§?{ <c+>}coskTﬂ] . (4.58)

ct

Z ectgn

The left hand side of (4.58) is almost the inverse Laplace transform of f(s) in
the interval (0,T), but it contains an error. From (4.51) and (4.52) we have

S etga(t) =Y eth@nT + 1)+ Y eh(2nT —t).
n=0

n=0 n=0

l\)\»—t

The first term on the right hand side is f(¢) and thus

> egn(t) = f(t) + En, (4.59)

where the error F; is given by

= i exp(—2¢Tn)[f(2nT + t) + exp(2ct) f(2nT — t)]. (4.60)

n=1

Dubner and Abate show that E; can only be made small for t < T/2 and they
conclude that for the interval (0,7/2) the inverse Laplace transform can be
found to any desired accuracy by the formula

a7t 3w {7 e+ 420 e

where on the right hand side we are evaluating the Laplace transform. Dubner
and Abate show that Fast Fourier Transform (FFT) methods can be employed
to reduce computation in (4.61) if f(¢) is required for a significant number
of ¢ values. If f(t) is required at the equidistant points ¢ = jAt where j =
0,1,2,--- ,%N, ie. tmax = iNAt then we can compute f(¢) in the following
way:- We compute

ft) ~

, (4.61)

l\J\)—A

1 o}

A(k) = A7 > %{f(c+2]$i(k+nN))}, k=0,1,---,N—1 (4.62)

n=—oo
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BN MO = 50

k(1)

:

Figure 4.2: Function representation by odd Fourier series

then use the FFT routine to determine f(jAt)/b(j) from

N-1

AL _ exo [ 27
) - I;J A(k) exp ( N ]k) 7 (4.63)

where b(j) = 2exp(ajAt). The value of f(jAt) is accepted as a representation
of the function f for j < %N.

Durbin [73] showed that an alternative procedure to that of Dubner and Abate
could be obtained if we constructed a set of odd periodic functions k,(t), say,
with the property that, for each n > 0

_ h(t) nT <t<(n+1)T
Fin(t) = { h@nT —t)  (n-DT <t<nT (4.64)
(see fig. 4.2).
Proceeding as before we have the Fourier representation for each k&, (t) is
e}
kmt
kn(t) = Z B, j sin <17:> , (4.65)

k=0
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where

(n+1)T et
By = / e~ f(t) sin <7T> dt. (4.66)
nT T

This leads to

ie“kn(t) = —2;Ct {% {f <c+ ”;”) } sin <k;tﬂ .

n=0

But we also have

S e hat) = £(1) + 3 P [FQRT + 1) — ¢ (AT — 1),
n=0

k=1
and hence
2e [ [ - ikm . [ knt
ft)+ E2=— T [\s{f (c+ T)}bln (T)}’ (4.67)
where Fs is given by
Ey =Y e *F[f(2kT + t) — > f(2KT — t)]. (4.68)
k=1

Durbin points out that this approach yields essentially the same result as the
method of Dubner and Abate but now the error term has the opposite sign.
Consequently the error bound can be reduced considerably by averaging (4.58)
and (4.67). We have now

0+ 1= 5 [gntsen + 3 (o2 s (2
o0 B k:;]m Lt (4.69)
_;%{f <c+ T)}sin ()] ’
where Es = i e 2R f(O)T 4 ). (4.70)
k=1

Since f(s) may be assumed to have no singularities for s > 0 it follows that f(¢)
is bounded at infinity by some function of the form «t™ where « is a constant
and m is a non-negative integer. If |f(¢)| < % then

= _ K
|E3| < Z KRe ZkeT — m (471)
k=1
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In the more general case we have

|Es| <> e kTt + 2kT)™
k=1

FL(QT)m Z 672ch(k + 1)m

k=1

H(QT)m/ e 2T (p + 1) dx
1

The integral may be computed by integration by parts and we obtain

m—+1
Es| < K(2T)™e 2T - 4.72
Bal < K@)™Y i (4.72)
where K, aq, -+, ay,41 are constants. Clearly the error term decreases rapidly

with ¢T" but it also depends on T'. Durbin notes that the approximation given
by (4.69) is equivalent to applying a trapezoidal rule with step «/T but his
strategy has resulted in an error bound proportional to exp(—2¢T') whereas, in
general, the error bound is O(1/7%?). Finally, he uses the Fast Fourier Transform
to implement the inversion.

Despite the apparent smallness of the error bound in Fourier series methods
we note that, following Sidi [215], because the Fourier series is multiplied by
a factor e, this could result in the theoretical error being dominated by the
computational error. More precisely, denoting the term in square brackets in
(4.69) by S(t), we have

’f(t) - B;S(t)‘ =|E3| < C(T)e *T, te(0,27),

where C(T) is a constant which depends on T. If we make an error € in com-
puting S(t) , that is, we compute S (t) where S1(t) = S(t) + € then the error in
computing f(¢) is given by
ect ect
E— — S S({)| + =|S(t) — Si(t
10 - S510)] < |0 - S50 + 150 - siol,
< C(T)e* 2D )T 4 e T.

It follows that if € is too large the computational error may dominate the theo-
retical error. This is particularly the case for ¢ large and close to 27

Crump [53] uses the formula (4.69) in a different way. By assuming that
|f(t)] < Me he finds that

Es < M /(2Te=) —1), 0<t<2T. (4.73)

Thus by choosing ¢ sufficiently larger than v we can make E'3 as small as desired.
For convergence to at least 2 significant figures, say, this means that we require
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the relative error Er = E3/Me? < 0.005, so that for all practical purposes
(4.73) can be replaced by

B3 < Mevte 2T 0 <t < 2T. (4.74)

Crump points out that the case ¢ = 0 has to be analysed separately since
there will usually be a discontinuity at ¢ = 0 in the Fourier series represen-
tation for f(t)e=“, call it g*(¢), in 0 < t < 27. In fact g*(0) = [f(0) +
e 2T f(2T)]/2. Thus at ¢t = 0 the method approximates 3 f(0) with error
Es + f(2T) exp(—2cT)/2 =~ %E3 which is approximately 50 percent greater
than the error bound for ¢ > 0.

The error bound (4.74) provides a simple algorithm for computing f(t) to pre-
scribed accuracy. If we require the numerical value of f(¢) over a range of ¢ for
which the largest is t,.x and the relative error is to be smaller than E’ then we
choose T' such that 2T > t,,,x and use (4.74) to compute ¢, i.e. we choose

c=~v—(InE")/2T. (4.75)

7 can be computed from the transform f(s) by determining the pole which has
largest real part. The series on the right hand side in (4.69) is then summed
until it has converged to the desired number of significant figures. However
convergence may be slow and Crump uses the epsilon algorithm (see §11.4)
to speed the convergence. The reader can download a sample program using
NAG Library Routine CO6LAF which is based on Crump’s method at the URL
www.cf.ac.uk/maths/cohen/programs/inverselaplacetransform/ . The idea of
speeding up convergence had previously been considered by Simon, Stroot and
Weiss [219] who had used Euler’s method of summation (see§11.4). This ap-
proach was effective but superior results were achieved by Crump’s method.
Veillon [243] also applies the epsilon algorithm but uses it with the Dubner and
Abate summation (4.61). A novel feature of her method is the use of splines to
estimate the “best” value of c.

De Hoog et al [64] point out that the coefficients in the Fourier series are derived
from an infinite sum and the formal manipulation used to derive them is only
valid if we have uniform convergence. This would not be the case for example
if f(s) = 1/s and we are using the Durbin/Crump approach. They also find
some drawbacks in using the epsilon algorithm as round-off error can make the
process numerically unstable if a large number of diagonals are employed. De
Hoog et al opt to retain the original complex form to determine the inverse
Laplace transform. That is they aim to compute

g:f(wr) (ka) Zakz (4.76)

with ag = 3f(7), ax = f(y + ikn/T), k = 1,2,--- and z = exp(int/T).
Instead of applying the epsilon algorithm to the partial sums of (4.76), which
involves calculating the epsilon table for each particular value of z, they use the
quotient-difference algorithm which makes the rational approximation available

/\
N\H
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in the form of a continued fraction (see §11.5). This enables the series (4.76) to
be evaluated at any time value by recursion. Given the power series (4.76) we
want to calculate the continued fraction

_do diz oz

U(Z) - 9
1+ 1+ 1+ ..

which has the same power series development. In practice this means determin-
ing vapr(z) where

oM
d diz doprz
UQM(Z):Zaka7 vapr (2) U 2M
k=0

b

1+ 1+ 1

and

ugnr (2) — vapr(2) = O(22MH)

9

i.e. wvop(z) is the same diagonal Padé approximant as 55(3\)4. The coefficients

dj; can be calculated using the quotient-difference algorithm as follows. We set
egz) =0for¢i=0,---,2M and qu) = a;41/a; for i =0,--- ,2M — 1. Successive
columns of the array are then determined from

egi) — q7§1+1) _ q7(j) 4D

r—1 >

g = TP ) =2 o M, i=0,--,2M —2r—1. (4.78)

We form the array

(0)
(1) ' (0)
€0 ) €1 0
& o
o2 egl) o0
o
eE)?)) egQ)
o
K

The continued fraction coefficients dy, are given by dy = ap and
d2k—1 = 7q1(€0), ko = 7620)7 k= 1, Ce ’M.

The gd-algorithm involves approximately the same amount of computational
effort as the epsilon algorithm but does not need to be redone for each value of z.
The successive convergents can be evaluated from (11.70) and (11.70a) by taking
po =0, p1 =do and g9 = 1, ¢1 = 1 and letting px = dpy12, g =1, kK > 2
which de Hoog et al give in the equivalent form

A,1 =0, B_ | = 1, Ao = d(), By=1
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An
B,

n=1,--,2M

Anfl + anAn72
Bn—l + anBn—Q

giving finally
von (2) = Aanr/Bam-
The estimate for f(t) is then
~ vt A
ft) = €T§R{ 2M } . (4.79)

Bay

In addition to applying an acceleration procedure to the power series (4.76) they
also apply an acceleration procedure to the continued fraction. This is achieved
by writing

o do d12 an

)= — — o,

where r,,11(z) is the remainder. Usually, when evaluating the nth convergent
A, /By, we take 1,11 zero but we can evaluate v(z) more accurately if we can
get a better estimate for the remainder. The simplest assumption that we can
make is that d,, ., = d,11 for all m <1 which gives

Tn4+1l = dn—i—lz/(l + Tn+1)-

As many continued fractions exhibit the pattern that coefficients repeat them-
selves in pairs, i.e.

dntom = dn, dnt2m+1 = dpi1, m 20,
this leads to a remainder estimate r,, ; satisfying
Prr = A1 2/ (L4 dnz/ (14 77,44)),

or
7A;L2+1 + 1+ (dn — dn“l’l)Z]T;L—‘,-l —dp412=0.

For convergence we need to determine the root of smaller magnitude which is
na1(2) = —hna[l = (L4 dogaz/hp 1)) (4.80)
Tnt1\Z n+1 n+12/ My 11 s .

where hy,11 = 3[1 + (d, — dny1)2] and the complex square root has argument
< 7/2. The further improvement in convergence acceleration is obtained by
computing Ay, By as before for k =1,--- ,2M — 1 and then computing

/ ! ! !
Aoy = Aopr—1 + 1o Aanr—2, By = Bonr—1 + ryp Ban—o.

The computed estimate for f(t) is then

f(&) = i%{AéM}. (4.81)

!
B2M
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Honig and Hirdes [112] highlight a deficiency in all the above methods,
namely, the dependence of the discretization and truncation errors on the free
parameters. Suitable choice of these parameters can make the discretization
error small but increase the truncation error and vice versa. They draw on the
‘Korrektur’ method of Albrecht and Honig [8] to reduce the discretization error
without increasing the truncation error. Honig and Hirdes note that because
the series (4.61) can only be summed to a finite number of terms (N) there also
occurs a truncation error given by

ct >
Er(N) = % l > {%f <c+ik;r) cosk%rt—%f <c+ik;r) sink;jt}

k=N+1

)

giving the approximate value of f(t) as

ct

N
e 1o 7 . km km
In(t) == [=iRF(0)+> {mf <c+ ZT> cos 5t
k=0 (4.82)
-3f c—i—ik—ﬂ- sink—ﬂt
T T '
Equation (4.58) can now be written
f(t) = foolt) — Es. (4.83)
The ‘Korrektur’ method uses the approximation
f(t) = foo(t) — 7T foo (2T + t) — Eu. (4.84)

The approximate value of f(t) is thus

{Iv®} = In(t) — e T, (2T + ). (4.85)

The truncation error of the ‘Korrektur’ term e~2¢T f, (2T +t) is much smaller
than Ep(N) if N = Ny which indicates that Ny can be chosen less than N
implying that just a few additional evaluations of f(s) will achieve a considerable
reduction in the discretization error. Honig and Hirdes assert that the analysis
in Albrecht and Honig enables one to show that

2K

(a) B4l < 2T (2T _ 1)

if m=0, (4.86)

m—+1
By < 3me—2cT ) (o) e—2cT Q; . 4.
0) Bl <3 { E S S

if m >0 and (m!)/2™ —1 < 2¢T.
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Honig and Hirdes outline the three acceleration methods used in the Fortran
subroutine LAPIN which is given as an Appendix to their paper. These are the
e-algorithm (see§11.4) and the minimum-maximum method which are applied
when the function fx(¢) is non-monotonic and the curve fitting method when
fn () is monotonic, which is to be understood in the sense that

Ifn(t) = foo(B)] = [far(t) — foo(2)], t fixed

for all N, M with N < M. The minimum-maximum method consists of finding
three neighbouring stationary values of fy(t) as a function of N, say a maximum
at N = N1 and N = N3 and a minimum at N = N2. Linear interpolation is
then used to find the value of f;,; at N = N2 given the data pairs (N1, fy1(t))
and (N3, fns(t)) and the mean value (fine + fn2(t))/2 is computed. This yields
a new approximation for fu(t).

The curve fitting method consists in fitting the parameters of any function
that has a horizontal asymptote y = ¢ by demanding that this function is an
interpolating function for the points (N, fx(t)), 0 < Ny < N < N;. The
function value of the asymptote ¢ is the desired approximation for f(t). The
use of the simple rational function

() = oy + 4G, (1.89)
is reported as giving high accuracy for small N;.
Honig and Hirdes give two methods for choosing optimal parameters N and ¢T'
and the reader should consult this paper as poor choice of the parameters will
not improve the results. They also give a specification of the variables which
are required to operate their subroutine LAPIN — the program and a digest of
the specification can be downloaded from
www.cf.ac.uk/maths/cohen/programs/inverselaplacetransform/ .

4.5 Hartley Transforms

Hwang, Lu and Shieh [114], following the approach in the previous section,
approximate the integral in

ft) = ;::/oo Fle+iw)e™ dw,

by applying the trapezium rule for integration with w = kn/mT and Aw =
7w /mT where m is a positive integer (m = 1 previously). They thus obtain

ct o B k k
F(t) ~ 2;T N7 (chim7;> exp (zn;t> . (4.89)
k=—oc0
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This last result can be written as

ct

f(t) ~ T, Z f(c—l—ZkT)exp (szt>+e°tE (4.90)

where F is the truncation error and M is a positive integer which is chosen so
that e“’E is negligible compared with f(t).
If we let t = ¢AT, AT =2T/N, M = mnN/2 + [(m — 1)/2] with N a positive
power of 2, then (4.90) can be rewritten as

et WN/2 / -~ ; k
_ qr/m q
faaT) = 5 (W)™ S w kzo Fr ()W (4.91)
r=—m1 =
echT m2 /
—(_ qr/m ak
(D)™ 5 >oow Z W - (4.92)
r=—m1
where Z denotes the complex conjugate of z, [z] the integer part of z and
-1
my = [m} , (4.93)
2
_ mi for m odd
me = { mi+1 for m even (4.94)
2
W = exp (z]\?;> (4.95)

Mk):if‘(cﬂ; <k+;+];[(2p—n)>>7 k=0,1,--- ,N -1
(4.96)

(4.97)

_ n  k=0andr#m/2
M=y -1 otherwise

From (4.92) the value of f(qAt), ¢ =0,1,---, N —1 can be obtained by m sets
of N-point FFT computations. After selecting appropriate values of ¢, T, m,n
and N we can compute f,(k) from f(s) using (4.96). Let

Zf Kw-*  g=0,1,--- ,N—1 (4.98)

Then -
{Fk)Y 5 (£ (o),

and the inverse function f(t) at t = ¢AT is determined from

cqgAT M2 o
S wrim(g),  ¢=0,1,--- ,N—-1 (499

r=—my

e
2mT

FaAT) = (-1
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On account of the method of construction of (4.90) a relationship exists be-
tween f,.(k) and f_,(k) and one does not have to perform m sets of N-point

o —

FFT computations. First note that_f(c +iw) = f(c —iw). Then, from (4.96)
we have the following properties of f,.(k) :-

_ real k=0,N/2

f"(’“):{ OV k) k=1,2,N/2-1

.fT( ):.f I ) r:172a"'7m1

fr(k)=f, (N—k—-1) k=0,1,--- ,N/2—1, r=m/2, m even

(4.100)
Applying these results in conjunction with (4.98) shows that the transformed
sequence {f-(¢)} has the following properties:-

fo(g) =real g=0,1,--- ,N—1
fr(@) = f-(a) ¢=0,1,---,N—-1 (4.101)

\y{f (W2} =0 ¢g=1,---,N—1, r=m/2, m even

Thus in order to obtain f(t) at t = ¢AT, ¢=0,1,--- ;N — 1 only ms + 1 sets
of N-point FFT computations are required. Suppose the computed sequences
are {fr(¢)} for r=0,1,--- ,my. Then

cqAT

) (4.102)

2mT

fgAT) = (-1)*"

where

Folq) + 2™ [R{f(q)} cos (2245) — S{f,(q)} sin (224)] m = odd

HD=4 folq) + 250, [RU (@)} cos (22) - S{f, (@) sin (22)]

+R{ fin,(q)} cos(mq/N) m = even
(4.103)
We now illustrate how the above FFT inversion formula (4.92) can be evaluated
by using multiple sets of N-point FHT computations (see Appendix 11.2). First
let

N-1
he(q) = Y Hr(q)cas(2kg/N), (4.104)

k=0

and denote the above transform by
(H, ()} 225 {h(q)). (4.105)

If {H(k)} and {h(q)} are discrete Hartley transform pairs and {f(k)} and {f(q)}
are discrete Fourier transform pairs and, in addition, H (k) and f(k) are related
by

H(k) =R{f(k)} = S{f(k)}, k=01 N-1 (4.106)
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then

hg) =R{f(@} +S{f(N-¢q)}, k=01, ,N-1 (4.107)
Hwang et al define H,.(k) by

r=20

8?{fo(k)}_%{JFO(]C)} k:O’,l,-” ,N/2 -1
RGN =0} + SV =B} 2% vt Nt
R ()} — S{A ()} Loy
H,(k)= i ) P12 —my
§R{ffr(]\/v_k)}—’—%{ffr(]\r_k)} kJZO,l’,"",N’—l ’
RUT () ~ ST () oy
RV = k= D} + SV —k-D) (TR
(4.108)

From (4.100) it follows that H,. (k) and f,.(k) satisfy the relation (4.106) and
thus h.(q) and f,.(q) are related by

for ¢q=0,1,--- ,N —1

heg) =R (@} + WV =9} T "y (4109
Since j@ = f_-(q), we have
h(](Q) :fO(q) for q:0711 7N_]- (4110)
hor(q) = R{f-r()} + S{f-r(N = @)}
=R{fr- (@)} +S{fr (N —0q)} forr=1,2,---,m (4.111)
It follows that
R{fr(0)} = [he(g) + hr(9)] (4.112)
and
S{fr(@)} = 3[he(N = q) = h_(N — q)] (4.113)

forgq=0,1,--- ,N—1and r=0,1,--- ,my. Finally, we have the FHT expres-
sions for f(t) at t = ¢AT,

FaAT) = (105 ( Z( (@) cos 0

— (1o (Y = @) — b (N — g))sin 220 )) m odd

(4.114)
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echT

T (ho(Q) - ; ([hr(Q) +h_r(q)] cos Zr;]\;

27rqr> (4.115)

f(gAT) = (=1)™

— [N = q) = B (N = )] sin =&

+ him2(q) cos l]\(f] — hypj2(N — q) sin %) m even

Hwang, Wu and Lu [115] note that £={f(")(s)} = (=1)"t" f(t) and find that
with their test examples they get superior results by using the FHT method

applied to f”(s).

4.6 Dahlquist’s “Multigrid” extension of FFT

Dahlquist [55] noted that the Discrete Fourier Transform (DFT) is often an
efficient device for the numerical computation of Fourier integrals, particularly
with a Fast Fourier Transform (FFT) implementation. However, if §(w) is
singular or nearly singular at w = 0 as well as slowly decreasing as w — o0,
the number of function values required can become prohibitively large. Thus it
would be advantageous to have some scheme with a variable step size.

Suppose that [—t',t'], [-w’,w’] are the shortest intervals on the ¢ and w axes
respectively that have to be covered in order to meet accuracy requirements and
N is the number of sub-intervals on a grid on each of these intervals. The highest
frequency that can be resolved by the grid on the t-axis is then w’ = /At =
7N/2t'. Hence 1N > #'w’/m. However, Dahlquist finds it more convenient to

2
choose equality so that, if N/ = %N ,

TN =t'w. (4.116)
Dahlquist observes that if we want to compute f(¢) to d decimal places when
F(w) = (0 +iw) o), (4.117)

and ¢(w) is a slowly varying function such that ¢(w) = 1 for large and small
values of w, then N/ = maxw/Aw, for a straightforward application of the DFT.
A reasonable choice is Aw =~ 0.10. The choice of maxw if we desire that the
error in f(t) on the whole real axis should be less than 10~¢ is, applying criteria
formulated by Dahlquist, given by maxw!=*/(k — 1) = 10~%. If this accuracy
is required only for |¢| > § then we have instead

(2/m)6 2k maxw 1% = 1077

The implications of the above are that with ¢ = 0.01, £ = 1.5, and d = 5 we
have Aw = 0.001 and about 4-10" function values are needed for a DFT in the
first case. With § = 10~ about 2 - 108 values are needed in the second case.

Clearly the difficulty in the above example is the vast number of function evalua-
tions to be performed. However, for functions like §(w) defined by (4.117), where
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t-axis 10 w-axis
!/ !/
G(t) e G(wy)
!/ /
G(t1) e G(w)
! !/
G(t2) } 1 1 1 % 1 1 1 { G(WO)
Gt } | | S | % I | | { Gw
On w-axis: — maxw 0 maxw = w)
On t-axis:  —maxt 0 maxt =1t 4

Figure 4.3: The structure of the grids used in the algorithm

it is reasonable to interpolate on some equidistant logarithmic grid, Dahlquist
presents an algorithm which has some of the advantages of FFT and which can
be implemented to invert the Laplace transform. The number of function values
now required is of the order of 1000 which is much more manageable.

The algorithm works with the same N on m grids on the w-axis, and m corre-
sponding grids on the t-axis. On the w-axis Dahlquist chooses

! / / ! ! ! !
W =wh, Wl Wy where wj=maxw, w;=w; 1/2.  (4.118)

Similarly, on the t-axis we choose,

t'=tg,th, - by, t;=7N'/w), Thence t; =2t . (4.119)

G(t') denotes the grid with N + 1 equidistant points on the interval [—t',¢'] and
G(w') has a similar connotation. We set

m—1 m—1
G,=|JGWw), G =L]a). (4.120)
j=0 j=0

Thus in figure 4.3 we have illustrated the case m = 3, N = 8 although more
typical values would be m = 20, N = 128. Dahlquist notes that the sets G,
and G are similar in structure to the set of floating point numbers. Locally
they are equidistant while globally they are more like being equidistant on a
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logarithmic scale. We can be more precise about the number of function values
required which is N’(m + 1)/2, which is less than N'log,(maxw/ min Aw).
Having dispensed with the preliminaries relating to the grid we now give the
basis of Dahlquist’s algorithm which is a generalization of Poisson’s summation
formula and is stated in Theorem 4.1

Theorem 4.1 Assume that F(w) is continuous and absolutely integrable over
(—00,0) and F'(w) is continuous, except for a finite number of jump disconti-
nuities. Let f(t) be the inverse Fourier transform of §(w). Let t',w’ be positive
constants and define the periodic functions

F(w,w') = i F(w+2rd), f(t,t) = i f(t+2mt"). (4.121)

r=—00 m=—0oo

The construction implies that §(w,w’) is determined everywhere by its values for
lw] < W' and similarly f(t,t') is determined by its values for |t| < t'. Assume
that the expansion defining §(w,w’) is absolutely and uniformly convergent for
every w' > 0, and the same holds for §F'(w,w’) if some neighbourhoods of the
discontinuities have been excluded.
Let N be a natural number and set

=N/2, Aw=uW'/N', tWw =xaN', At=t/N' (4.122)
These equations also imply
Aw=mn/t', At=7/u', AwAt=n/N'. (4.122")

Then the expansion for f(t,t") is absolutely convergent for allt, and the discrete
Fourier transform gives

N-—-1
Fraw,w’) = At Y f(kALE)e > RN p =01, N =1 (4.123)
k=0

|
The inverse DFT yields,

N—
1 .
f(kAL ')A NZ FrAw,w )2 RN =01, N —1.
r=0
This can also be written as
Aw 27Tzrk/N
F(kAt, ) ZSrAww) k=0,1,--- ,N—1, (4.124)

by virtue of (4.122) and (4.122"). Note that because of the periodicity of f(¢,t')
we can consider the first argument to be reduced modulo 2¢’ so that it lies in
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the interval [—¢',¢’). Similarly for F(w,w’).
An important property of f(¢,t) is that

= Y fE+4t)+ Y ft -2t +45t),

j=—o00 j=—o0
or
f(tt) = f(t,2t") + f(t—2t',2t"). (4.125)
Likewise,
F(w,w') = F(w,2w") + F(w — 2w, 20"). (4.125")

Thus if the 4w’-periodic function F(-,2w") is known on G(2w’) then F(w,w’) is
directly determined for w € G(2w'), but for w € G(w')\G(2w’) some interpola-
tion is necessary. This can be achieved by subtracting F(w) from both sides of
(4.125") to get

F(w, ') —F(w) = F(w,2w") + F(w — 20", 20"). (4.126)

/

If now |w| < w’ then, by the definition of the 2w’-periodic function F(-,w
follows that the left hand side of (4.126) depends only on values of F(w) with
|w| > w’. This is also the case for the right hand side.

Dahlquist now assumes that § can be approximated with sufficient accuracy by
a piecewise cubic spline & with the following properties:-

A. 8(w) =0 for |w| > w{ (The largest w’ in the sequence).

B.Forj=1,2,--- ,m—1, &(w)is, forw; <w < 2w}, a cubic spline deter-
mined by interpolation of §F(w) at w = w} + 2kw}/N’, k=0,1,--- ,N'/2,
with “not a knot conditions” at k = 1 and k = N’/2 — 1, (DeBoor [63]).
Similarly for —2w; < w < —w} — the accuracy of this interpolation is
O(N—%).

We now have the algorithm (where § has to be understood as ).

ALGORITHM I: Construction of §(w,w’), w' = wf, wi, - ,wh,_1,
computation of f(¢,t') by the FFT.

Compute §(w,w)) = F(w), w € G(wy).

Set tg = 7N’ /wy}.

Compute f(¢,t,) by the FFT from (4.124), ¢t € G(to).

For ' = wi,wh, -+ ,wl,_4, do:

Compute §(w,w’) — F(w), from (4.126), w € G(2w').
Interpolate the result from G(2w’) to G(w')\G(2w').
Compute §(w,w’) = Fw) + (Flw, ') — F(w)), w € Gw').
Set t = 7N’ /w.

Compute f(¢,t') by the FFT, from(4.126), t € G(t'), where

and

© X NSO W=

Gt')y={t=kt'/N', k=0,£1,42,--- ,£N'}.
End.
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In order to complete the process and reconstruct f(t) from the 2t'-periodic

function f(¢,t'), ' =1, _1,t,,_o, -+ , 1, we need the analogue of (4.126), namely
f(t, t/) = ft) = (f(, 2t,) —f®)+ f(t - 2tlv 2t/)7 (4.126")

and the assumption that f(¢) can be replaced by a function g(t) with the prop-
erties:
A*. g(t) =0 for [t| >t

m—13
B*. For j =0,1,---,m —2, g(t) is, for t; <t < 2t’ a cubic spline determined
by the interpolation at ¢t = ¢’ + 2kt /N’,, k=0,1,---, N'/2, with “not a knot

conditions” at k =1 and k = N'/2 — 1. Similarly for -2t <t < —t/.
This leads to the following algorithm (where again f is used instead of g).

ALGORITHM II: Reconstruction of f(t) from f(¢,t'), t =1/, _1,t0_9, " , 10

1. Compute f(t) = f(t,t), 1), t € G(t),_1)-

2. Fort' =t ot o - t, do:

3. Compute f(t,t') — f(¢) from (4.126"), t € G(2t').

4. Interpolate the result from G(2t') to G(t")\G(2t').

5. Compute f(t) = f(t,t') — (f(t.¥') — f(t), te€GE)N\G(2t).
End.

Dahlquist gives details of the practicalities involved in implementing the
algorithms, which we shall omit here, before proceeding to the application of
finding the inverse Laplace transform. He writes

g(s) = / e *tg(t)dt, s =0 +iw, (4.127)
0
where g(t) is a real function. Thus
Rg(s) = / cos(wt)e 7 g(t)dt. (4.127")
0

Now assume that Rg(s) satisfies sufficient conditions for the validity of the
inverse cosine transform formula. Then

e g(t) = g/ cos(wt)Rg(s)dw, > 0. (4.128)
T Jo
If we set
Jw) =2Rg(s),  f(t) =e"Mg(|t]) (4.129)
then we can rewrite (4.128) in the form
f(t) = L / ' ¥ (w)dw, (4.128")
2 J_ o

which is valid for all real t. This last integral has to be interpreted as a Cauchy

principal value, i.e.,
e} T
= lim
— 00 T—o0 -7

The above re-formulation has transformed the problem to one in which the
Algorithms I and II are applicable — see Dahlquist for further particulars.
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4.7 Inversion of two-dimensional transforms

We have seen earlier in this Chapter that Fourier series approximation provides
an efficient technique for evaluating the inverse transform in one dimension.
Moorthy [158] has extended this technique to two dimensions — the extension
to higher dimensions also being possible.
If | f(t1, t2)| < Me 117212 and we define

lf_(517$2) = / / 6751t1752t2f(t1,tQ)dtldtg Rsy > Y1, Rso > Y2 (4130)
0 0

then the inverse transform can be expressed as

c1+1t00 ca+1i00 B
f(t1,t2) = / / esthitsatz f(g) so)ds dsa, (4.131)
c c

1—100 o — 100

where ¢; > 71 and ¢a > 2. Equation (4.131) can be rewritten as

C1t1+02t2
flti,te) = {/ / fler +iwr, co + iws) cos(wity + wats)

f\yf(cl + iw1, co + fws) sin(wyt1 + wth)]dwldwg}
(4.132)

This can be rewritten as

661t1+c2t2 o0 _
f(tl, tg) = 72 {/ / [%f(61 + tw1, co + iwg) cos(w1t1 + w2t2)

S Cl + Z(.dl, Cco + ZWQ) sm(wltl + wgtg)]dwldWQ
00

+ [%f(ﬁ + iwy, g — iwsy) cos(wity — wats)

\

fler +iwr, co — iws) sin(wyty — wgtg)]dwldwg}
(4.133)

Moorthy defines a function g7*(¢;,t,) with the property that
GF(ty,to) = e~ (atiteate) g4 1) in (24T,2(5 4+ 1)T) x (2kT, 2(k +1)T),

and elsewhere it is periodic with period 27 in t; and t5. Thus gjk has Fourier
series representation given by

(o)
g (ty,t2) = iaég +1 Z (alf, cosmy + bF, sinmy)
o0
+%Z( a?¥ cosna + % sinnx)

o0 o0
+% E E ajk cosnx cosmy + b 1, COS T sin my
=1

—i—cjk sin nx cos my + d 1, SIN N sin my)
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where = 7ty /T, y = wto /T, and, typically,

_ 2+1)T  p2(k+1)T
alk = / (u,v) cos(nmu/T) cos(mmv/T)e™1*~"dudv,
25T 2k

ik ¢k d@i% . Substituting for the a,b,c,d in
¢’ (t1,t2) and summing over j,k Moorthy obtained, after interchanging the
order of summation

o0 o0
ZZQM t1,t2)

=0 k=0

with similar expressions for b7

= - nm mm nwty = mnt
+ZZ %‘f (01+T,C2:tT) COS (11_‘2>

aF mi imm\ . nnty £ mnty
Sf <01+ T 7cgzlz—T >sm<T .

(4.134)

If the sum on the right hand side of (4.134) is denoted by g(t1,t2) then the
approximate value of f on (0,27T) x (0,2T) is given by

Ftr, ta) = et g(t 1),

Moorthy shows that the error in the approximation f can be reduced by taking
c1 > 7 and ¢ > 2. A suitable choice for T" was found by experimentation to
be such that ¢, < 2T and 0.5t max < T < 0.8tax. A further error is incurred
in evaluating (4.134) as the best we can achieve is the evaluation of gy (t1,%2)
and hence fy(t1,ts) where the summations in (4.134) have been limited to N
terms. Control of the truncation error is obtained by choosing N such that the
difference between fN+1(t1,t2) and fN+N/4(t1,t2) is negligible.



Chapter 5

Rational Approximation
Methods

5.1 The Laplace Transform is Rational

If a given Laplace transform f(s) can be represented in the form P(s)/Q(s)
where P(s) and Q(s) are polynomials of degree p and ¢ respectively with p < g,
say,

P(s)=s" +a1sP 1+ +ap,

Q(s) =sq+blsq_1+---+bq,

then the expansion theorem (1.23) or the theory of partial fractions informs us
that if the roots of Q(s) = 0 are distinct

= P(S) A1 A2 A
= =A - 2 5.1
f(s) 06 Mt Timm +s—a; (5.1)
where aq, g, - -+, aq are the roots of the equation Q(s) = 0 and Ag, A1, -, A4

are constants. It is now very easy to determine f(¢) from the knowledge of the
expansion (5.1) as

F(t) = Agd(t) + Are®t' 4 Age®! .- + Agea’, (5.2)

If any of the roots of Q(s) = 0 are repeated then we have to modify (5.1) and
(5.2).

Example 5.1 A Batch Service Queue Problem.

One approach to determining an approximation to the estimation of the mean
number of customers in Application 1, §10.1, is by iterating rational approxi-
mations. Our initial approximation is
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which yields
My(t) =3 —3e !,

After one iteration we have the approximation
- 3(s+4)?
M ~
2(s) s(s3+9s2+24s+7)’
48/7 a  B(s—=b)+c
s (s—a) (s—0b)2+c2’

where @ = —6.635827218, § = —0.2213156422, v = —0.10313013323, a¢ =
—0.3313149094, b = —4.334342545 and ¢ = 1.53016668458. It follows that

Ms(t) = 28 + ae™ + e (Bcosct + ysinet).

After two iterations we have

where

p(s) = 3(s +4)% (s> + 125 + 485 + 55) (s> + 125% + 485 + 37)
q(s) = s(s” + 335 + 480s" + 3987s° + 205325° + 666245
+ 1321175% 4 14621152 + 710765 + 4606).

We can show that the roots of the denominator are s = 0 and

—5.5040122292 + 2.7546334460¢ =ay by
—5.0969767814 + 1.6328516314¢ = ag £ iby
—4.1895509142 £ 1.3080555188:¢ = a3 £ ibs
—1.6721845193 £+ 0.3992751935¢ =ay by
—0.0745511119 + 0.00000000007 =as

which enables us to determine the partial fraction representation of Mj(s),

namely,
4

— Z a7 +51 i + 48840
(s —a;)2+0? 2303s

where

o = —0.0247620331 81 = —0.013920958
ay = 0.0022108833 B2 = 0.047603163
—0.1670066287 B3 = —0.154532492
ay = —0.5637150577 B4 = —0.324196946
as = —20.45384832

a3
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It is now easy to determine the function corresponding to each Laplace trans-
form. We have

4
M;3(t) = aze®’ + Z e®!(a; cos bit + B;sin b;t) + 21.20712115 .
i=1

We can, of course, get the next approximation My(t) in the same way but the
expressions become horrendously complicated.

Longman and Sharir [145] have shown that partial fraction decomposition can
be avoided. Consider first the special case where

- 1
f(s) = ;
¥ =0m
then
q
1 1
f(S) - ; Ql(ar) s — OZT,
where a1, - -, a4 are the roots of Q(s) = 0 which we assume to be distinct. It
follows that
q
1
ft — 6(1/71‘
0 rz:; Q'(ar)

Expanding exp(a,t) as a Taylor series we have

1 Skt &t (K ok
=2 Gt 2 :ZM@Q«%))'

k=0 k=0

Now, from the theory of residues, we know that if R is sufficiently large so that
the circle C:|z| = R includes all poles of the integrand z*/Q(2)

~_ o ! =y
= ; Q'ar)  2mi jl{zl—R ="

Further, letting R — oo and applying the result

/c f(z)dz

where L is the length of C and M = maxc |f(z)| we find

< LM,

ug = 0, k=0,1,---,q—2. (5.3)

For k = ¢—1 we make the substitution z = Re and we find, by letting R — oo,
that
Ug—1 = 1. (5.4)
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For larger values of k& we can obtain uj by recursion. This follows from using
the fact that if «, is a root of Q(s) =0

up = Zq: a = —Z bioy ' +bpaf ™% + - 4 by
— Q'(ar) — Q' (ar) ’
or
q
up=—-> bugi, k>q (5.5)
=1

Thus we have an expression for f(t),

&)= > ugg (5.6)

k=q—1

for which we do not need to find the roots of Q(s) = 0. Even when the roots
ai, -+, a4 are not all distinct as long as the u are defined by (5.3), (5.4) and
(5.5) the result (5.6) still holds true. We now consider the general case where
the numerator P(s) # 1. We now have

or

> Vit
ft) = T (5.7)
k=0
where
; i akP(a,) i okt 4okt 4 g0k
k= —_— = bl
2 Qo) 2 Qo)
giving
Vg = Ukgp + Q1 Ukgp—1 + - - + QpUy. (5.8)

Equation (5.7) is an expression for f(¢) which does not require computation of
the roots of Q(s) = 0 as the coeflicients are obtained recursively from (5.8) and
a knowledge of the up. Again, this procedure can also be shown to be valid
when the roots of Q(s) = 0 are repeated. Although, technically, our result is
still a sum of exponentials it is effectively a Taylor series expansion and can be
evaluated by the methods of Chapter 3.

5.2 The least squares approach to rational
Approximation

This approach to determining the Inverse Laplace Transform was advocated by
Longman [137] and assumes that we can approximate the function f(¢) by g(¢),
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where .
g(t) =Y Aie . (5.9)
1

Longman seeks to determine the {A;} and {a;}, i = 1,2,--- ,n so that the
function S defined by

o0
s= [ eir - goPa (5.10)
0
is minimized. w(> 0) is a constant and the weight function e~"* is required to
ensure convergence of the integral in (5.10). Necessary conditions for S to be a
minimum are that

0S/0A; =0, 0S/0a; = 0. (5.11)
Since

o0

dS e = (oo .
A, :72/0 e~ (vt 1)tf(t)dt+2ZAj/0 e~ (whaitat gy i=1,---,n

j=1

the first equation of (5.11) yields

" A, - .

S — = fw+a) =l (5.12)
Similarly, 9S/0a; = 0 yields

(w4 o + )2 = flwta), i=1en (5.13)

n
A; .
J:

1

In [137] Longman restricts himself to the case where the 4; and «; are real. He
subsequently considered the case where the A; and «; occur in complex conju-
gate pairs (see [142]). To solve the non-linear equations (5.12), (5.13) Longman
uses the method of Fletcher-Powell-Davidon [85]. We have found it more con-
venient to use the method of Gill and Murray [96] as this is available as a NAG
Library Routine EO4FDF but, whichever method might be used, we have to

minimize some real objective function ¢(x1,x2, -+ ,x2,) in 2n real variables
T1,%2, - ,Ton. 1IN our case we write
A =21 +ixe Q1 = Tp41 + 1Tp42
Ag = X1 — 7;1‘2 Qg = Tp41 — ’L'.’En+2
Ag =3+ ’i(E4 a3 = Tp43 + il’n+4 (514)
A4 = X3 — iI4 4 = Tp43 — il‘n+4

if n is even we terminate with

Anfl =T, 1 +iT, Qp_1 = Top_1 +1iT2,

A, =Tp_1— 1T, Ay = Top_1 — 1Tay, (5.14a)
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while if n is odd we end with

A, =z, Ay = Top. (5.14b)

The function ¢ we can take as

2

<lj):i:zl ‘;era;Jraj_f(w-l-ai)
5.15
2 (5.15)

+‘ ——— 4 fllw+a
j;(w+ai+%‘)2 7 )

and we consider the equations (5.12), (5.13) to be solved if, given some small
prescribed €, we can find x1,xs2, - - , x2, such that

o < €.

Note that the minimization procedure might give us a local minimum of ¢ (or
S) so that it will be necessary to compare the results associated with several
trial values for the vector x = (x1,--- ,z2,) before we arrive at an absolute
minimum.

Because of the geometry of the objective function local minima abound and
one has to be very shrewd in ones acceptance of results. While one would
expect more accurate approximation by exponential sums as n increases, and
Sidi [211] has established this property, the proliferation of local minima makes
it a difficult task to realise.

5.2.1 Sidi’s Window Function

Sidi [212] extended the approach of Longman by replacing the weight function
e~ by a ‘window’ function W(¢). Sidi’s rationale in introducing this func-
tion was that for small values of ¢ the function ¢(t) would approximate f(t)
closely but because of the strong damping effect of exp(—wt) there could be a
substantial deviation between ¢(t) and f(t) for larger t. However,

U(t) = tNe v, (5.16)

where N is a positive integer and w > 0 has the property of having a maximum,
call it Wy, at ¢ = N/w and being greater than ¥y in an interval of 2/N/w on
either side of the maximum before tailing off to zero at ¢ = 0 on the left and
some multiple of N on the right. The net effect of the weight function ¥(¢) is to
ensure a good approximation to f(¢) in the window [N — /N/w, N + /N/w].
Note that the choice of ¥(t) is restricted by the requirement that

/ T fwyr,
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needs to be expressed as a simple function of f(s).
With g(t) defined as before in (5.9) and defining S” by

5= [T e - o (5.17)
0

we have
s = [ werso =23 4, | wwe s

+ i i AlAJ /Ooo \I/(t)eiaiteiajtdt,

i=1 j=1

which reduces to

S:/‘W@WMHPQEPMAWﬂM@+w)

0 i=1

n n (5.18)
+ Z Z 14114]]V'/(0¢Z + Qa + w)NH.

i=1 j=1
The best approximation in the least squares sense is the one which satisfies
8S'/0A; =0, 5" /oa; = 0, (5.19)
that is

Q(N)(Oéi+w):]?(N)(ai+w)7 i=1,---,n, (5.20)
EJ(N“)(OQ +w) = f(N“)(m +w), i=1,---,n. (5.21)

The techniques for solving non-linear equations mentioned previously can now
be brought into play to determine the A; and «;.

5.2.2 The Cohen-Levin Window Function

Ideally, a pulse function such as H(t —a) — H(t —b), a < b would be the pre-
ferred choice for W(¢) as only behaviour in the interval (a, b) would be minimised
and anything extraneous would be ignored. This has to be ruled out as it does
not enable us to express the integral in (5.17) in terms of a simple function of
f(s). Since = e~ ™* only varies between 0 and 1 for t € [0,00),w > 0, the
question that can be asked is:- Can we find a polynomial p(x) which is large in
the window region [d, 1 — d] but which is small outside or, more precisely, which

satisfies

Ip(z)| <m(<1) x€0,d],[1—d1]
lp(z)| >m d<x<1-d,
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and

p(3)| =17

The answer is in the affirmative. It is well-known that the Chebyshev polyno-
mial T, (x) is equi-oscillatory in [-1, 1] and increases unboundedly outside that
interval. Thus we can construct p(z) by choosing it to be symmetric about
z = £ and to have equi-oscillatory behaviour in [0, d]. The required polynomial

is L
(2z—1)2—5(1+D)
n ()

5(17D)

plz) = . <§<1+D>>

3(1-D)

where D = (1 — 2d)?. Since the window function has to be positive p(z) cannot
fulfil this role but [p(z)]? can and thus we choose

T(t) = [p(z))?, r=e " (5.22)
The simplest case is when n = 2. If we take d = 0.25, for example, then

p(z) o [Ta(5{(2z — 1)* = D)%,
x 322" — 642° 4 382% — 67 + &,

yielding

[p(z)]? = 102428 — 409627 + 65282° — 524825 + 2221

3 11,.2 11 81

There is still a drawback about having (5.22) as a window function namely the
presence of the constant term in [p(x)]? as convergence of the integral (5.17)
cannot now be guaranteed. This can be resolved to some extent by taking

U(t) = z[p(2)]?, w=e " (5.23)
We mention that for general d, 0 < d < 0.5 and n = 2 we have
p(z) = 322" — 642° + (40 — 8D)z® — 8(1 — D)z + +(1 — D).

U(t) can be evaluated from (5.22). We can similarly establish window functions
corresponding to n = 3,4, etc.

A further improvement to the above method can be made by multiplying W(¢)
by the Sidi window function. If we arrange for the maximum of the Sidi window
function to coincide with the maximum of ¥(¢) then the product of the two
functions will reinforce the contribution to the least squares integral in the
window interval and decrease the contribution outside.!

IThe author wishes to thank the Royal Society for supporting the above research by con-
tributing to a travel grant.
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5.3 Padé, Padé-type and Continued Fraction
Approximations

One approach to obtaining rational approximations to a given Laplace transform
is to determine a continued fraction approximation to the transform. Thus, for
example, if f(s) = e"'/*g(s), where g(s) is a rational function of s, we could
determine a continued fraction approximation for e~/* by the method of Thiele
(§11.5), curtail it at some appropriate convergent, and then multiply it by g(s)
and apply the results of §5.1 . This is illustrated by the following example:

Example 5.2 Determine a continued fraction expansion for f(z) = e~*. Hence
find a rational approximation for e~ /¢ /s.

We have, following §11.5, p_o(z) = p_1(x) =0, ¢o(x) =e™ 7.

From (11.78)

and from (11.79)

Similarly we find

p1(x) = —€”, pa(z) = =277,
p2(x) = —e™*,  d3(x) = 3e”,

and, in general, we obtain by induction that

Gar(w) = (=1)"2¢™7,  Gorpa(z) = (=1)77H(2r + 1)e”,
par(z) = (=1)"e™",  parpa(w) = (1) (r + De.

Thus the continued fraction expansion about x = 0 is

_ xT xT T xT xT xT
e=14 - — = —
1+ —2+ 3+ 24+ 5+ 2+

Curtailing this at the term z/3 we find

2 1

1

1 —
+3x

e~

It follows that 1
671/3 ~ 82 — §8+ 6

= T
2 -

s2(s + 3)

Since the Laplace transform of the right hand side is

0 s 1 T
— 7ti7
2¢ T3l

S
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we have an approximation to the inverse transform. When ¢ = 1 the approxima-
tion gives f(t) ~ 0.22439 . The exact inverse transform is, from §11.1, Jo(2+/t)
and, when ¢ = 1 this has the value 0.22389. We would expect to get better re-
sults by taking more terms in the continued fraction expansion. Note, however,
that with the above approximation we cannot expect good results for large ¢ as
f(t) ~ t/2 whereas

Jo(2y/t) =0 as t— oo.

Luke [148], [147] and [149] has suggested that when f(s) is a complicated func-
tion of s then f(s) should be approximated by a sequence of rational functions
fn(s) the inverses of which, hopefully, will rapidly converge to f(t) as t — oo in
some interval 0 < t < T or, alternatively, for ¢ > T where T is specified.
Longman [137] has used the method of Padé approximants to find rational ap-
proximations for the inverse Laplace transform and illustrates the method with
the example

f(s) = (1/s)exp{—s/(1 + os)/?}, >0 (5.24)

First he finds the Maclaurin expansion of sf(s) which is

sf(s) = Zaksk, (5.25)
k=0
where
ap =1, a; = —1, ay = (14 0)/2,
and
1 a/2
=D+ 5
S k—r+2)(k—r+4) - (k+r—2) so\T (5.26)
+X_;( ((krl))!r! (5) , k>2

In the special case where o = 0 we have f(s) = e™%/s giving f(t) = H(t — 1).
Also if s is sufficiently large f(s) ~ g(s) = (1/s) exp{—(s/0)'/?} so that for very
small ¢ we can expect f(t) ~ g(t) = erfe[2(ot)~1/2).

We now have to find the Padé approximants. Longman [136] has given sim-
ple recursion formulae for computing the coefficients in the Padé table, which
is assumed normal, and avoids the evaluation of determinants of high order.
Suppose

Epq = P(s)/Q(s), (5.27)

is the [p/q] Padé approximant (see Appendix 11.5 for notation adopted) of sf(s)
where we fix ¢ to be 1. Then the [p — 1,¢| and [p, ¢ — 1] approximants satisfy

(ao +ars+ ) (o + 18+ - +7487) = fo + frs + - + Fpo1s”

+ 08P + - 4+ 0sPTIL 4 O(sPT),
(5.28)



5.3. PADE, PADE-TYPE AND CONTINUED FRACTION 113

and

(ao +ais+ )W + Y18+ Fvg_q8T) = By frs 4o+ B8
4+ 0sPT 4. Pt —|—O(sp+q)‘
(5.29)

Subtracting (5.29) from (5.28) we have on noting that 79 = v, = 1 and Gy =
B4 = ap and simplifying

(a0 +ars+ - )(m =) + (2 = 72)s + -+ (Yg-1 = Yg—1)s" > + 757
= (Bu=B1) + (B2 = B)s+ -+ (Bpo1 = By_y)s" > = Bs" 7"
4 08P 4 08P 4 ... 4 0sPT972 - O(sPT27Y),

(5.30)

If 44 — 1 = 1 the above equation would represent the [p—1, ¢ — 1] approximant.
However, this is not generally the case and we have to divide both sides of (5.30)
by v1 —+1 (which cannot vanish in a normal table) to determine the [p—1,¢—1]

approximant. Calling the coefficients in the numerator B;, i =0,--- ,p—1 and
those in the denominator I';, i = 0,--- ,q — 1 we see that
o — A
I‘Z.:M7 i=1,-,q—2
1N
Vg
Ty1=——, (5.31)
! Mn-N
and
—
Bi—lzﬂz ﬂfa Z:]va*l
11— N
/6/
By1=——2"—. (5.32)
? ="

Clearly By = ag and T'g is by construction equal to 1. The relations (5.32) can
also be written as

Bi — B;

i—1 = ag
’ By — By
/

B, 1 =-a P__. 5.33

p—1 Oﬂl o /6)1 ( )

The recurrence relations (5.31) and (5.33) can be used to build up the Padé
table starting from the first row and column in the following way. We have

B()Za()7 B i=27"',p—1

Y0 =1
I . 5.34
’y;:ryl_ﬁ Z:1727"'aq_1} ( )
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and
Bo = ao / (5.35)
Now E,q is just
ap +ars+ -+ cpst,

and thus given the first n+ 1 coefficients ag, a1, - - ,a, of sf(s) we can compute
the coefficients E;;, ¢ + j < n in the triangle

Eop FEo1 FEo2 FEos -+ Eon
E10 E11 E12 El,n—l
Es E21 -+ Ean o
Esqg - (5.36)
EnO
from a knowledge of Eyg, Fo1,- - , Fon, which can be computed from

Y =1

M = —ay/ag

72 = —(a2 + a1m)/ao (5.37)

Yo =—(an + an_1y1 + -+ a17m-1)/a0
and
50 = ag.

For the function defined by (5.24) we have used the program LONGPAD, which
can be downloaded from the URL
www.cf.ac.uk/maths/cohen/programs/inverselaplacetransform/ ,
to determine the diagonal elements in the Padé Table for sf(s) and we obtained
the results in Table 5.1 when o = 1.

The approximations to f(s) are then f,(s) = E,,/s giving a corresponding
approximation f,(t) to f(¢). Thus we have, for example,

fa(t) =1 — e 2T3764(0.45627 cos bt + 6.16775sinbt), b= 1.27702;

fa(t) = 1+ €1%(3.262493 cos byt — 60.32278 sin by t)
+ €%2"(—4.143798 cos byt + 14.536713 sin bat),
where

a1 = —4.624887 b1 = 0.950494
az = —4.633295 by = 3.322285 .

These approximations give exactly the same results as those found by Longman
[137]. See, however, Longman [140] where an alternative approach is adopted.
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k By

9 1—0.4540.0595833s°
140.65+0.109583352

3 1-0.355+0.055244352 —0.004068s>
140.655+0.155244352+0.0140927s3

4 1—0.35+0.0439073s% —0.00377135>+0.0001638s*
140.75+0.193907352+0.025552753+0.00138005%

5 1-0.255+0.03189165% —0.00262045>+0.0001401s* —0.00000395 s°
140.755+0.231891652+0.0371879053+0.00312095%+0.0001 11155

Table 5.1: Padé table for sf(s), f(s) defined by (5.24).

Van Iseghem [242] developed an interesting method for inverting Laplace trans-
forms using Padé-type approximants. She assumes that the function f(t) can
be expressed in the form

F#) =e MY anLa(2M), (5.38)

n>0

where L,, denotes the Laguerre polynomial of degree n. It follows that
_ 1 -2\"
fls) = an (s > . (5.39)
n>0

If fm(s) denotes the m-th partial sum of (5.39) it can be considered as a (m/m+
1) Padé-type approximant of f with denominator (s + A)™*! and, at the point
s = A, f has a Taylor series expansion

f(s) = Z cn(s—A)™, such that f(s) — fu(s) =0 ((s— X)) . (5.40)

n>0

Van Iseghem shows that the coefficients a,, can be determined from the equation

n

an =3 <7;) i (20)1, (5.41)

=0

which enables the terms in (5.38) to be computed. Various theoretical conver-
gence properties are established but crucial to the whole method is the choice
of X\ as there could be severe cancellation arising in the computation of (5.41)
because of the binomial coeflicients coupled with the fact that A can be greater
than 1. She makes improvements to the method, firstly by a choice of A which
leads to the best rate of convergence of the series (5.39), secondly by a mod-
ification that leads to convergence of the series in the least square sense by
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using as a weight function the Sidi window function. Full details of the method
can be found in van Iseghem’s paper [242]. Expansions in terms of Laguerre
polynomials have been determined by other methods in Chapter 3.

5.3.1 Prony’s method and z-transforms

If a function f(t) is given by
F6) =" Ajet, (5.42)
j=1

and f(t) is known at the 2n ordinates kT, k = 0,1,--- ,2n — 1 then the 2n
parameters A;, b;, j =1,2,--- ,n can be determined by a method due originally
to Prony [65]. Weiss and McDonough [249] determine the unknown parameters
in the following way. Since f(kT) = fi is known for kK = 0,1,---,2n — 1 its
z-transform has the form

F(z2)=fo+ fiz 7"+ fanaz” @D o (5.43)

Now
z z

Z1ebiTl = =
{7} z—ebiT 2 -z’

where z; = exp(b;T") and thus
n A]Z

Z—Zj

n
Z{Z AjebjT} =
j=1 j=1
B anz’rl + an,1Z"_1 + -4 a1z (5 44)
ot ap_2v 4 oz 4 o '

where the denominator is IT}_; (2 — 2;).
Equating (5.43) and (5.44) and rearranging we see that we have the classical
Padé formulation

2" F ap_ 12" Pt arz ="+ an 12" gz + ag)-
(fo + fiz7l 4+ f2n_1z—(2”—1) ).
Equating like powers of z yields

fO = Ap,
foan—1+ f1 = Qp-1
, (5.45)
foor + frag + -+ fooap_1 + funo1 = 0
and
fooo + frar + -+ faorap—1 + fn =0
fiag + focr + -+ fpap—1 + fop = 0
. (5.46)

fo—100+ fnar + -+ fop—oap_1+ fon-1 = 0
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Solution of the linear equations (5.46) enables the «; to be determined and, by
finding the eigenvalues of the companion matrix (§11.7) we can determine the
z; which are the roots of the polynomial equation

V4 ap12" o+ agz + ag = 0.

The parameters b; are then immediately determined from the equation

1
b = T In z;. (5.47)

Finally, the {a;} can be computed from (5.45) and this enables us to compute
the {A;} as they are the numerators in the partial fraction expansion

1 = A4
SF(2) = ; . (5.48)

We give an example to illustrate the method.

Example 5.3 If it is known that
f(t) = AjePt 4+ Ageb2t + Agebst,

determine Ay, Ao, A3 and by, by, b3 given the data
fo=2.5, f1 = 0.58731, fo = 0.22460, f3 = 0.08865, f4 = 0.03416, f5 = 0.01292,
where f, = f(nT) and T = 1. Solution of the equations (5.46) yields

ag = —0.6424221998, «; = 0.1122057146, ap = —0.004104604860.
Substitution in (5.45) gives

as = 2.5, ay = —1.0187454995, a; = 0.12781330433.
The quantities z; are the roots of the cubic equation
2% —0.64242219982> + 0.11220571462 — 0.004104604860 = 0,
and are found to be
z1 = 0.3674771169, zo = 0.0.2253873364, z3 = 0.04955774567.
Since T =1 it follows from (5.47) that
by = —1.0010942292, by = —1.4899348617, b3 = —3.0046167110.

Finally we have

1 2.52% — 1.01874549952 + 0.12781330433
—F(z) =
z (z —21)(z — 22) (2 — 23)

_2.015496762 _ 1.008646087 " 1.493149325

z— 21 Z— Zo z— 23

)
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The data was generated by rounding the values of f(t) = 2e~! —e~1:5 4 1.5e73¢
at t =0,1,--- 5 to 5 decimal places. Clearly, the error in the data caused by
rounding has led to a perturbation in the coefficients of the polynomial in z
which has affected the roots and the subsequent determination of the A;. The
reader should repeat the analysis with data rounded to 3 decimal places.

5.3.2 The Method of Grundy

The methods of earlier sections and Padé approximants effectively enable us
to compute the function f(¢) in a region around ¢t = 0 for positive values of
t. These approximations are usually poor for large values of ¢t. Grundy [108]
tackles this problem by constructing two point rational approximants in the
form of continued fractions.

Suppose that a function g(z) can be expanded about z = 0 in the series

g(z) = Z 2" (5.49)

n=0

and about z = oo in the form
g(z) = Z bpz™" (5.50)
n=1

(5.49) and (5.50) may be either convergent or asymptotic. The leading coeffi-
cients cg and b; must be non-zero but other coefficients may be zero. The object
of the Grundy method is to construct a continued fraction, called a M- fraction,
which has the form

o Co Nnoz Nnm~z
Cl4diz 4 14doz 4oy 1+ dp2]

M, (2) (5.51)
which has the property that it agrees with m terms of (5.49) and m terms of
(5.50).

In some applications the above might not be possible and the best that can
be achieved is the construction of a continued fraction M, ,(z) which fits p + ¢
terms of (5.49) and p — ¢ terms of (5.50). In the case where p =m+r and ¢ =1r
we have

Co noz Nm~z
M, z) =
77l+7"77"( ) 1+d12 + 1+d22 + 4 1+dmz+
Nm+4+12  NMm4-22 Nm42r2

5.52
1 + 1 +.4 1 ( )
Since we know from Chapter 2, (2.40)-(2.43), that under certain conditions the
Laplace transform f(s) can be expanded as either a convergent series in 1/s
for |s|] > R or as a power series we can, in these cases, write down directly
expansions for f(t). Grundy gives the example

= 1

f(s) = s+ a) (5.53)
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t M3 M5 M7 Exact
1.0 | 0.426858 | 0.427578 | 0.427584 | 0.427584
2.0 | 0.335538 | 0.336198 | 0.336204 | 0.336204
3.0 | 0.286774 | 0.287337 | 0.287341 | 0.287341
4.0 | 0.254913 | 0.255390 | 0.255396 | 0.255396
5.0 | 0.231913 | 0.232321 | 0.232326 | 0.232326

Table 5.2: Convergents to f(¢) in Grundy’s method when f(s) = 1/y/s(y/s + 1).
(Reproduced from [108] with permission)

where
£ 1 — n a 2
f(S) 5 T;)(_l) (ﬁ) s |S| >a”, (5.54)
and consequently
0 n ntn/2
Z : (5.55)
n=0 F
Again we can show that
_ 1 Vs )
o= nZ()( p (L) < (5.56)

which yields the asymptotic expansion for f(t) as t — oo

X 1\ns—(n+1)/2
HORDY (aﬁl;(l_) (5.57)

n=0

If we put t = 22 in (5.55) and (5.57) then we have series of the form (5.49) and
(5.50) respectively and the M-fractions can be computed by a method due to
McCabe and Murphy [152]. With a = 1 Grundy constructed Table 5.2. Note
that the exact answer is

f®) = eazterfc(a\/t). (5.58)

5.4 Multidimensional Laplace Transforms

Singhal et al [221] have given a method for the numerical inversion of two
dimensional Laplace transforms which can be extended to higher dimensions.
The method is based on the method of Padé approximation. From the inversion
formula we have

c1+1i00 02+zoo _
f(tl,tg (27”>/ 81782 ‘Sltl 52t2d81d82 (559)
c

1—1%00 Ca—100
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By making the substitution
Sktk:Zk, k:1,2

(5.59) becomes

('+zoo ('2+1oo (21 2 s )
f(ti,t2) = (2m> < )e e?dzidzs.  (5.59")

I —ico Jeh—ico t2
Now

Z (Mk-l-Nk —q)! (Nk)zk
~ |Ni/Mg|(zx) =
[ k/ k]( k) Zf\i%( ) (Mk + N, _Z) (Mk)zk

where Nj, < My. We can write the right hand side in the form

M, Re,
[Ni/Mp)(2x) = Z m
i=1 v

where zy; are the poles of the approximation (assumed distinct) and Ry; are the
corresponding residues. Substituting [Ny /My](z) for e** in (5.59") we obtain

1 cl+zoo c2+7,oo
Flty ) = < > / / <Z1 Z2>
tltg 211 Cl i0o czfzoo t2

My Mo

Ry, Ry,
. E ! E ! ledZQ
21 — Zil i—1 22 — 22

i=1

where f is an approximation to f. If summation and integration are inter-
changed in the above we find

c “+i00 c2+zoo Zl/tl,ZQ/tQ)
le ng
cj—ioco ch—ioco Zl - Zl])(ZQ - ZQk)
On the assumption that f has no poles within an appropriate contour applica-
tion of the calculus of residues yields

My Ms L
k
Flnt) = 1 3% gt (32,524, (5.60)
2 j=1k=1 b
Singhal et al note that functions of the form
- 1
f(s1,82) = ST

are inverted exactly if m; < M7 + Ny + 1 and mo < Ms + Ny + 1. and conse-
quently their method will work well for functions which are well-approximated
by truncated Taylor series.



Chapter 6

The Method of Talbot

6.1 Early Formulation
This method is based on the evaluation of the inversion integral

1 ct+i00 B
f@) = —/ et f(s)ds, t>0. (6.1)
2mi c—100
where ¢ is real and ¢ > ~y, which ensures that all singularities are to the left
of the line Rs = ¢. Direct numerical evaluation of the right hand side of (6.1)
has to take account of the oscillations of et as &s — 4oo. Talbot’s method
overcomes this difficulty by avoiding it. The line 9B : (¢ —i00, c+1i00) is replaced
by an equivalent contour B’ starting and ending in the left half-plane so that
Rs — —oo at each end. This replacement is permissible if

(i) B’ encloses all singularities of f(s);
and
(ii) |£(s)| — O uniformly in Rs < v as |s| — oo.

Condition (ii) holds for almost all functions likely to be encountered except
for those with an infinity of singularities on the imaginary axis. Condition (i)
may not be satisfied by a given f(s) with a particular B’, but can generally
be made to hold for the modified function f(As + o) by suitable choice of the
scaling parameter \ and the shift parameter o. Thus, if f(s) has a singularity

50, f(As+ o) has a corresponding singularity s§ given by
55 = (s0— @)/, (6.2)
and (6.1) can be replaced by

)\eot

f) = —/ , M F(\s + 0)ds, t>0 (6.3)

211



122 CHAPTER 6. THE METHOD OF TALBOT

In the first version of the method (Talbot [226]), based on a thesis by Green
[106], the contour B’ was taken to be a steepest descent contour through a
saddle-point of the integral few(s)ds7 i.e. a zero of dw/ds,w = u + iv. This
would be quite impractical to work out for each function f(s) to be inverted
but Talbot reasoned that the steepest descent contour for any f(s) is likely to
produce good results for all f(s) and therefore took the steepest descent contour
for f(s) = 1/s. This choice of f(s) gives

w(s) =s—lns,

and the saddle point is § = 1,9 = 0. The steepest descent contour is, taking
0 = arg s as a parameter,

B s =a+ib, a = 0cotb, —T <0 <. (6.4)
(6.3) becomes in terms of 6
et \st 7 ds
7l =5 / s +0) . (6.5)

As 6 varies between —m and m we can apply the trapezium rule for integration
to approximate f(t). Call the approximation f(¢). Then

n

ft) = A;m : % > [e*“aw@k)fu(ak +i0) + a)] (cot @ — O csc® 0+ i)g—g, ,
(6.6)
where 6, = kn/n, k=0,£1,--- ,+n, ie.,
ft) = )\;—n Z erowt (—icot Oy + 0y, csc® Oy + 1) eMO f(Asp +0).  (6.7)
Writing -
f(Asg +0) = Gy + iHy, (6.8)

where G, and Hj, are real, and noting that oy is unchanged if £ is replaced by
—k and f(t) must be real, it follows that (6.7) takes the real form

_ )\egt n

ft) = - Z " AN (Gy, — BrHy) cos MOy, — (Hy + B,Gr) sin My}, (6.9)
k=0

where the prime indicates that the term & = 0 in the summation has to be
multiplied by the factor % and

Bk = 0k + ag(ay — 1)/9k- (6.10)

Note that because of the requirement (ii) the value of f will be zero when
k = n and thus the summation in (6.9) is effectively from 0 to n — 1. This
is the basis of the method and, by carrying out an error analysis on the lines
of Green, Talbot was able to choose the parameters n, A and ¢ and get very
accurate results for f(t) for a wide variety of f(s).
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6.2 A more general formulation

The subsequent paper by Talbot, although it was still modelled closely on that of
Green, outlined a more general approach apart from the rotation of an auxiliary
complex plane through a right angle for greater convenience. Let z = x + iy be
a complex variable and denote by M the interval from z = —2mi to z = 2mi.
Further, let s = S(z) be a real uniform analytic function of z which

(a) has simple poles at +27i, and residues there with imaginary parts respec-
tively positive and negative;

(b) has no singularities in the strip |y| < 2m;

(¢c) maps M 1 -1 onto a contour B’ traversed upwards in the s -plane, which
encloses all singularities of f(As + o) for some A and o;

(d) maps the half-strip H : > 0, |y| < 27 into the exterior of 8.

Then (6.3) holds and can be written as

1 1 2 .
1) = 5 | Q= =5 [ Qlinay, (611)
where
Q(2) = AePMSTFNS + 0)S(2). (6.12)

As z — £27i on M we have Rs — —oo by virtue of (a) and (c) and, invoking
(ii), we have Q(42mi) = 0. We note further that condition (c) depends on f(s)
as well as S and cannot be satisfied if f(s) has an infinite number of singularities
with imaginary parts extending to infinity. We can proceed as in the previous
section to get a trapezoidal approximation f(t) to f(¢) from (6.11) which is

n—1
fly = %Z "RQ(21), 2k = 2kmi/n (6.13)
k=0

which is the general inversion formula considered by Talbot.

One particularly attractive feature of Talbot’s method is the fact that we
can estimate the error in f(t) For, consider M; and Ms to be any other two
paths in the half-strip H the former to the right of M and the latter to the left
of M but close enough to M to exclude any singularities of f(AS(z) + o) and

hence of Q(z). Then
ft) = o / L)z (6.14)

27T'L My —M, 1 — e Nz
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since the residue at z = z, = 2kwi/n, k=0,+1,---,£(n—1)is

i T aR)QR) Q)
2=z, 1 —e " n

Note that the integrand is regular at 2.

Now, by the assumptions (c¢) and (d), M in (6.11) may be replaced by the

equivalent path My . If we then combine (6.11) and (6.14) we obtain

E(t) = By (t) + Eo(t) (6.15)

where E(t) is the theoretical error (which depends on S, \, o and n as well as t)
given by

E(t) = f(t) - f(t), (6.16)
d
Ey(t) = % . egfl (6.17)
and
1 Qdz
By(t) = 5 /M2 L (6.18)

Since 8z > 0 on M; it is reasonable to assume that £ — 0 as n — oo. In
fact, Talbot establishes in his paper that if n is large enough we have

|E1(t)] = O(n? exp(ht — by/Tn + ot)), (6.19)

where h and b are constants and 7 = A¢, in a region U which consists of the
conjugate triangles ABC and ABD where C is the point z = 273 and D is the
point z = —2mi. If M; is taken to lie inside U (see figure 6.1) then E;(t) — 0 as
n — oo. Similarly, by taking M5 to lie in a region U which is to the right of all
singularities of f(AS + o) we can establish that Eo(t) — 0 as n — oo. This may
have the effect of increasing h and decreasing b in (6.19) and hence increasing
Es if f(As + o) has singularities near to B’.

Thus for fixed ¢, A and o,

E—0 as n— oo. (6.20)

Clearly from (6.19) the rate of convergence and the magnitude of E will
depend greatly on 7.

In addition to the theoretical error we also have to ascertain the extent of the
computational round-off error. From (6.12) and (6.13) it is clear that because
of the exponential factor in @, the first term in (6.13), namely

T, = %exp(()\S(O) + D FOS(0) + 0)S'(0), (6.21)
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M,y

Figure 6.1: The region U

is normally the largest or near-largest. Talbot found that because of heavy
cancellation in the summation that |f| < |Tp|. Thus if the computer evaluates
Ty and its neighbouring values correct to ¢ significant figures the rounding error
FE,. in f is roughly given by

E, = 0(10~°Ty), (6.22)

all other round-off errors in the evaluation being negligible by comparison. Thus
the actual error in f is
E=FE+FE,+ E,, (6.23)

and from (6.20) it follows that E = O(10~¢Tp) for sufficiently large n. This
gives an asymptotic order of magnitude for the error which cannot be improved
upon given a particular choice of A and o and contour 9B’.

6.3 Choice of Parameters

We shall include under this heading the choice of mapping function S(z) and
the parameters n, A and o. All that is required for the mapping function is that
it should satisfy the conditions (a) - (d). A possibility which Talbot did not
explore fully is

b
S(Z) = az — m-‘-c
He chose to consider the family of mappings
—S()—f( th5+)— + (6.24)
s =5,(2) = 5 (cothg +v) = -—— +az, .

where v is an arbitrary positive parameter and a = (v — 1)/2.
The singularities of S, (z) are simple poles at (2,4, 6, - - - )«i, and those at +27i
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Figure 6.2: The contours B’ and B/,

have residues £27i. S, (z) maps the interval M (—2mi, 27i) onto a contour
B s =s5,(0) =a+wvib, —T<0<m, (6.25)

where z = 2i0 on M, and
a = a(f) = fcotb. (6.26)

The case v = 1(a = 0) corresponds to the curve B’ of the previous section.
When v # 1, B!, consists of B’ expanded vertically by a factor v (see Figure
6.2) and there are advantages in taking v > 1.

With the choice of S, (z) given by (6.24) equation (6.9) now takes the form

~ A ot n—1
f(t) ‘ Z " e {(vGy — BHy) cos vOpT — (VH), + BGy) sinvy7},
k=0

n

(6.27)
where G, H and § are defined in (6.8) and (6.10).
We now give a strategy for the choice of the “geometrical” parameters A, o, v for
given f(s),t, and computer precision ¢ (as defined by (6.22)) and the selection
of n for prescribed accuracy. First, we note that

1. If f(s) has no singularities in the half-plane Rs > 0, then the inverse f(t)
may be expected to be O(1), since B may be taken as the imaginary axis,
possibly indented, and condition (ii) implies that |f(s)| — 0 at both ends
of %B.
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2. If f(s) has singularities in the half-plane Rs > 0 and p is their maximum
real part, then f(t) = eP* L1 f(s+p), where f(s+p) is of the type referred
to in statement 1 (above), so that f(t) is of order O(e??), p > 0.

Now suppose that the singularities of f(s) are at s; = p; + ig; and, as above,
let

p = maxp;. (6.28)
J
Next, write
oo = max(0, p), (6.29)
and apply an initial shift oo to f(s). Then the the resulting function
fo(s) = f(s+09), (6.30)

is always of type 1. Talbot’s strategy was to produce an absolute error in fo(t)
of order 10~ where D is specified, which produces a like error in f(t) if f(s) is
of type 1 and D correct significant digits if f(s) is of type 2. By the application
of the shift o the singularities of fy(s) will be at

8; = s; — 09 = P +1q;, Py =pj — 00 <0. (6.31)

The strategy as applied to fo(s) will involve a further shift, call it ¢’ (which
may be zero) making a total shift o such that

o =0d + op. (6.32)

After applying the initial shift oy the next step is to find the “dominant” sin-
gularity of f(s), assuming that there are some complex singularities. If s; is
one of these, with g; > 0, then the radius from the origin to the corresponding
s meets B’ at a point where the ordinate is 0; = args}. Thus s} is situated
(g;/6;) times as far out as that point, and we define the dominant singularity

sq to be the one for which this ratio is greatest, i.e. sq = pq + iqq satisfies

dd _ 4

o 5%, (6:33)
where

0; = args’. (6.34)

If, however, all the singularities are real then they do not affect the choice of
A,0,v and there is no need to find a dominant singularity for this purpose
although it is convenient to write ¢4 = 0 and 64 = 7 in this case.
It follows from (6.22), because of the factor Tp, that the round-off error is linked
to

w= A+, (6.35)

where o has been replaced by ¢/, as explained. Talbot asserts that experiments
have shown that a correct choice of w is vital for an efficient strategy and also
that the optimum strategy depends on the value of v, where

v = gqt. (6.36)
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There are two distinct cases to consider.

Case 1. v < why/1.8. (6.37)

In this situation we use only the initial shift oy and a scaling factor A but do
not expand B’; we take

A= w/t (T=w)
o= oo (o/=0), (6.38)
v= 1 (a=0),

and note that with this choice (6.35) is satisfied. Case 1 always occurs when
the singularities of f(s) are all real.

Case 2. v > why/1.8. (6.39)

In this case we use the expanded contour %/, as shown in Fig. 6.2. With ¢ as
defined in the figure,

pg— 0 = q;d cot ¢. (6.40)
If A\, is the value of A\ which would bring sq — o just onto %/, then
Av = qd/vo. (6.41)

If we define x to be the ratio A/A,, which quantifies how far s} is inside 9B,
then
Kk = VAP/qa. (6.42)

Finally, if we regard w, ¢, k as three new parameters we can solve (6.35), (6.40)
and (6.42) for )\, o, v and obtain

Y w
Vst wem B, v (5d) (2

Talbot remarks that better results are obtained if we replace pg by p (thus
ensuring ¢’ > 0) in which case our formulae in Case 2 become

A= Ku/o,
o= p— pcota, (6.43)
v= qa/

where

p= (°;+aoﬁ>/<gcot¢). (6.44)
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Satisfactory values of k, ¢ and w were found to be

K= 1.6 +12/(v + 25),
¢ = 1.05+ 1050/ max(553,800 — v), (6.45)
w= min(0.4(c+1)+v/2,2(c+1)/3).

Finally, Talbot presents empirical criteria for choosing n to achieve D significant
figure accuracy (if p > 0) or error in the Dth decimal place (if p < 0). We refer
the reader to Talbot [227] for details. Suffice it to say that if all the singularities
are real then only moderate values of n are needed to determine f(¢). In other
cases the value of n will increase as ¢ increases and it is probably easier to use
an adaptive procedure for determining n.

6.4 Additional Practicalities

We list a number of points which were not discussed in previous sections.

1. Formula (6.27) requires the evaluation of cosvf,7 and sin 67 and this
can give rise to an appreciable error as the argument can be of order 10
We write (6.27) as

Fty = 27 RS et (6.46)
= n . aie s .
where
ap = [e* (v +iB) f(\s, + 0)]o=6, Y = Tvm/n. (6.47)

As the factors e in (6.46) satisfy the same recurrence relation as the
Chebyshev polynomials Ty (cos v), namely

e+ 1)iy + =iy _ 2cos 1 - ekiw7 (6.48)

it follows that the sum in(6.46) can be evaluated by an algorithm like that
of Clenshaw for Chebyshev sums, viz.,

bn+1 = b, :07
b = ag +ubgt1 —brio (u=2cosv), k=n-1,---,1, (6.49)

1
Z = §(a0 + ubl) — by 4 1by sin .
In adopting the above algorithm we observe that the only trigonometrical
evaluations required are those for cosy and siny and thus, as well as
increasing accuracy, this device saves time.

2. If f(s) = e~ %/%/\/s, for example, we have a function with an essential
singularity at s = 0. Thus Case 1 applies with A =w/t,7 =w,0 =0,v =1
and w = 0.4(c+1) so that A will be small when ¢ is large. Analysis indicates
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that T} is not now the largest term and the largest term increases rapidly
(almost exponentially) thus thwarting the general strategy regarding F,..
We can remedy the matter quite simply by setting a lower bound for A,
say, w = 0.4(c+ 1) — 1+ at/30. This would also be the case for any other
transforms having e~%/* as a factor.
The problem does not arise if a < 0.

3. When there are complex singularities then the dominant singularity played
an essential role in the Talbot strategy. For given ¢, the larger the imag-
inary part ¢4 the larger v = ¢4t becomes and this, in turn, means that n
will have to be larger to obtain D digit accuracy. If however the position
of s4 is known exactly and ¢q/6; > like terms then n can be reduced sig-
nificantly by applying the subdominant singularity ss to determine the
parameters A\, o, and n and taking account of s; by adding the residue
term

e*! f(sq) (6.50)

to f (t). We have to ensure, however, that with the chosen parameters, s}
lies outside B,.

6.5 Subsequent development of Talbot’s method

Talbot’s method has been used by many authors to evaluate Laplace Transforms
which have occurred in their work. Comparison of Talbot’s method have also
been made with other available techniques. There have also been modifications
proposed which relate to the optimum choice of parameters which also includes
choice of contour.

6.5.1 Piessens’ method

Instead of Talbot’s contour B/, Piessens takes a contour C which consists of
the straight lines s = z — i, —-oco <z < a;s=a+1iy, —-0<y</p
s=x+1i8, —oo<x<a where«a and 3 are chosen so that C includes all
singularities of the function f(s) as in Figure 6.3 . We now have

ft) = = [ et f(s)ds,

211 I

o o 8 o
/ et @) f(z —if)dx + / M) o+ iy )idy (6.51)
-0 -B

+ / et(x“ﬂ)f(a: +i0)dx.

The first and third integrals combine to give (apart from a constant factor)

I =— /a e" [G(z +iB) sin(Bt) + H(z + iB) cos(Bt)]dz, (6.52)

— 00
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Figure 6.3: The Piessens contour

where

G(s) =R[f(s),  H(s)=Sf(s). (6.53)

Likewise, the middle integral can be split into two parts I and I3 where, sup-
pressing the factor e®! |

B
L, = /OG(a—l—iy)cos(ty)dy, (6.54)

B
L o= - /0 H(a + iy) sin(ty)dy. (6.55)

Piessens makes the substitution u = xt in the integrand I; to get

I =—t"! /_a e"[G(u/t +1iB)sin(6t) + H(u/t + if3) cos(ft)]du, (6.56)
so that finally
f(t) = [e*(Iz + I3) + ] /7. (6.57)

For these integrals we cannot now use the trapezium rule, as Talbot had done,
but have to resort to quadrature rules which are specifically designed for oscil-
latory integrals - Piessens uses the Fortran Routine DQAWO to evaluate I; and
DQAGI to evaluate I and I5 (see Piessens et al [185]). He also mentions that
it is better to keep the values of a and 3 small, especially for large ¢ but at the
same time one has to ensure that singularities are not too close to the contour
C. He suggests taking

a=a+c/t, B=b+cy/t, (6.58)

where ¢ ar_ld co are constants such that 1 < ¢; = ¢ < 5, a is the smallest vzilue
for which f(s) is analytic in |Rs| < a and b is the smallest value for which f(s)
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is analytic in |3s| > b. When f(s) has branch points Piessens stresses the need
to choose the branch for which G and H are continuous along the contour as is
the case when

fls)=(+1)77, () = Jo(t), (6.59)

6.5.2 The Modification of Murli and Rizzardi
Murli and Rizzardi [159], instead of using the algorithm (6.49) to sum the series

n—1

n—1
Z ag sinky and Z ay, cos ki,
k=1 k=0

employ the Goertzel-Reinsch algorithm which is based on the following result:-

Given ¢(# rm), r =0,4+1,+2,--- and

n—1
1 . . )
Uj:Sinw;akSIH(k7]+l)7/}a ]:0717"’77171
=j
Un: n+1 =0
then
Uj = aj +2(cos)Uj41 = Ujpa, j=n—1n=2,---,0
and

n—1
S = Zak sin ki = Uy siny
k=1

n—1

C = Zakcosk‘w:ao—&—Ulcosw—Ug.
k=0

The GR algorithm is:-
Define

Aij = Uj+1 — W * Uj,
where

w = sgn(cos),
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and

—4sin?(y/2) ifw >0

A= dcos?(¥/2) ifw<0

Set
Un+1 = AwUn = O

do j=(n-1),0,—1
Ujt1 = AuUjp1 + wUjpo
Aij = )\Uj+1 +wAij+1 + a;
enddo
yielding
S = Uy siny
C=A,Uy— (\/2)U;
They also have some other modifications which are included in their published
routine Algorithm 682 in the ACM Transactions (TOMS). A condensed version

of their routine is provided at the URL
www.cf.ac.uk/maths/cohen/programs/inverselaplacetransform/ .

6.5.3 Modifications of Evans et al

Since it is possible to obtain good results for the evaluation of oscillatory inte-
grals over a finite range Evans [80] had the idea of choosing a contour which is
defined in terms of J piece-wise contours so that now

J
B =%, (6.60)
1
where
B s =a;(T) +1i6;(7), (6.61)

and o;(7) may be any continuous function but [3;(7) is restricted to a linear
form 3;(7) = m;7 + ¢;. Thus, on a sub-contour B;, we will need to evaluate

% / fa+i3)et @) (da +idp).

Writing f(s) = G(s) + iH(s), as before, this reduces to

€ {/em[G sint3 + H costf3]da + /et"‘[Gcos th — Hsintﬂ]dﬂ} .

21
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Now, substitution of the linear form for g gives

1
5= e“[(GB + Hd') coste + (Ga/ — HPB') sin tc| cos miTdr
1o (6.62)
to- e'[(Ga’ — HB') coste — (GB' + Ha') sintc] sin mtrdr,
s B

and thus the integral over the sub-contour involves two standard oscillatory
integrals. Evans points out an advantage of taking the contour to be piece-wise
linear as the same G and H values can be used in the two integrals in (6.62)
and, if the contour is symmetrical about the z-axis the first and last sections of
the contour will run parallel to the real axis and will not be oscillatory. Hence
for these sections a general purpose quadrature rule, such as that of Clenshaw-
Curtis [40] will be viable. The term e’® — 0 as @« — —oo and this ensures
that the integration need only be performed over a limited section of these
parallel contours. In fact if we curtail the integration when o = —32/t we are
guaranteed 14 figure accuracy. Evans proposes four contours which can be used
for comparison purposes. The first consists of the sub-contours

Bi:s=x—1iby, —-oco<zx<ay,
Bo:s=x+ibi(x —ap)/(ap —a1), a1 <z <ayg,
Bz :s=x+ibi(x —ap)/(a1 —ag), aog >z > ay,
By:s=x+1iby, a3 >x> —00.

The second contour is the contour 2B/, used by Talbot, the third is given by

v -9
4(n2 — 72)’ B ar

(which was suggested as a possibility by Talbot but not used) and, finally,
a=c—at", 8 = br,

where the constants are chosen to correspond with ag, a; and b; for the piece-
wise straight line contour. Thought has to be given to the choice of these
quantities as one needs the contour to be sensibly positioned in relation to the
dominant singularity.

Evans points out that there is a significant advantage in choosing a piece-wise
linear contour as it makes it easy to automate the process. This can be done in
three steps:-

(i) Order the poles into ascending argument (after first arranging for all the
poles to lie just above or on the real axis).

(ii) Compute the gradients of the lines joining successive points in the ordered
list from step (i).
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* Position of poles
__ Final contour

Figure 6.4: The Evans contour

(iii) Scan through the list of gradients starting from the positive real axis. If a
gradient is greater than its predecessor then move on to the next gradient,
otherwise, reject the pole at the lower end of the line as, for example, A
in Fig. 6.4 . The process is repeated until there are no rejections.

We have effectively found an “envelope” for the poles and we complete the
process by adding a small distance € to the real and imaginary parts of the
accepted points so that the final contour consists of line segments which are
just to the right of the “envelope” and thus the contour will contain all the
poles. The contour is started by a leg running parallel to the real axis from —oo
to the pole with least imaginary part and ends with a leg from the pole with
maximum imaginary part to —oo which is also parallel to the axis. If the poles
are all real then a contour similar to that of the Piessens contour C is used.
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In a subsequent development Evans and Chung [82] employ ‘optimal contours’
C to deform the Bromwich contour. One choice of C, which may not be optimal,
possesses the following properties:-

(i) C consists of two branches C; and Co where C; lies in the upper half-plane
and Cq in the lower half-plane and the two branches meet at only one
point on the real axis (Rs = a). The contour C is to be traversed in an
anticlockwise manner.

(ii) Both C; and Cy extend to infinity in the half-plane s < a.

(iii) There may be poles of f(s) to the right of C but all essential singularities
and branch points of f(s) lie to the left of C with no poles on C.

Evans and Chung note that if f(s) is real when s is real and C satisfies the
conditions (i) and (iii) and is symmetrical about the real axis then

1 - 1 -
o /C ¢ f(s)ds = 3 /C s,

where C; is the upper branch of C. They then set about finding an optimal
contour for

/C et F(s)ds

by assuming that the oscillation in the integrand comes mainly from the factor
et* where t is fixed and positive. With s = a4+ i3 we have

ts _ et(a+zﬂ) — etozeztﬁ’

e
and by setting

t(3 = constant,

we can eliminate the oscillation. The steepest curves are thus the horizontal
lines = constant. As the contour C; must start on the axis the horizontal
line cannot be used on its own without the addition of a curve of finite length
running from the axis and joining it at some point. The authors took the quarter
circle s = a joining on to the line §s = a to constitute the optimal contour (see
Figure 6.5). Thus in polar coordinates we have

| a, a<0<m7/2
Cl'r_{ a/sinf, w/2<6<m. (6.63)

An appropriate choice for a is
a=m/2t (6.64)

since, as we move on the circular arc the oscillatory factor e*? changes only
through a quarter of a cycle and is effectively non-oscillatory over this arc.
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Figure 6.5: The (optimal) contour C;

To avoid the contour passing through some singularities Evans and Chung
introduce a real shift parameter ¢ defined by

o = max Rsy + ¢

where the maximum is taken over all singularities s;, of f(s) and & = 1/t if there
is a singularity lying exactly on C and € = 0 otherwise. We can now employ the
result (2.22) of Chapter 2 to obtain

to
=g / F(s+0)etds + 3 By (6.65)
m C -
where Ry denotes the residue at the pole sy of the function e f(s).

6.5.4 The Parallel Talbot Algorithm

The previous implementations of Talbot’s method have been designed for se-
quential computers. de Rosa et al [66] state that these have been efficient for
moderate ¢t as few (Laplace transform) function evaluations are needed. For
large t thousands of function evaluations may be required to ensure high accu-
racy of the result. They produce a parallel version of Talbot’s method to achieve
a faster inversion process.

A core feature of their approach is the incorporation of the Goertzel-Reinsch
algorithm used by Murli and Rizzardi [159]. de Rosa et al assume that p parallel
computers are available, where for simplicity n is a multiple of p, and they divide
S and C into p independent subsequences. These are computed independently
by each processor and a single global sum is all that is needed to accumulate
the p local partial results. Thus if

np =n/p
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and we set
rj+1—1
ot = Y apsinky (6.66)
k=r;
rj+1—1
Lot = Z ay, cos ki (6.67)
k=r;
(6.68)
where r; =jn, for j=0,1,--- ,p—1
then
p—1
S=> o+ (6.69)
j=0
p—1
C=> Tyn (6.70)
j=0

The task of processor ‘j’ is then to compute the sums in (6.66) and (6.67). de
Rosa et al note that if the sums to be computed are

n—1
o7 = Z ay, sin ki
k=3

n
F}L:Zakcoskz/}7 ji=0,1,--- n—1
k=j

and we set

Z kSln
k=j
B} = Z ay, cos(k — j)

then
= A% cos jip + B} sin j1p
IV = B} cosjip — A sinjy, j=0,1,--- ,n—1
6.6 Multi-precision Computation

We have already remarked that inversion of the Laplace transform is an ill-
conditioned problem. This certainly manifests itself in numerical methods
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with loss of numerical digits brought about by cancellation. As with other
ill-conditioned problems, such as the solution of the simultaneous linear equa-
tions Hx = b where H is the Hilbert matrix with elements h;; = 1/(i +j — 1),
accurate answers are obtainable for x if we use extended precision arithmetic.

Abate and Valké have adopted this brute force computational approach to
obtain what they term the fixed-Talbot method. Clearly, as they do not have
to concern themselves with having to achieve the maximum computational effi-
ciency by, for example, using the Goertzel-Reinsch algorithm, they were able to
use a shorter program. In fact, their Mathematica program consisted of just 10
lines. The basis of their formulation is, like Talbot, that the inverse transform
is given by

1 c+io0o

ft) = / e f(s)ds. (6.71)

2718 Jo—ioo

The contour is deformed by means of the path
5(0) = rf(cot  + 1), —-T<0<m, (6.72)

where r is a parameter. This path only involves one parameter whereas Talbot’s
consisted of two. Integration over the deformed path yields

ft) = 217”/7; e f(s(6))s'(0)do. (6.73)
Differentiating (6.72) we have s'(8) = ir(1 + io(6)), where
o(0) = 0+ (O cot 6 — 1) cot 6. (6.74)
We find
F(t) = ;/Oﬂ R [et5<9>f(s(9))(1 + ia(ﬁ))} do (6.75)

Approximation of the integral in (6.75) by the trapezoidal rule with step size
w/M and 0, = kw/M yields

M—-1

Fit.M) = 57 {éfme” £ 30 RSO Fls(6,) 1 +w<ek>>]}. (6.76)
k=1

Based on numerical experiments Abate and Valké chose 7 to be
r=2M/(5t), (6.77)

which results in the approximation f(¢, M) being dependent on only one free
parameter, M. Finally to control round-off error they took the number of
precision decimal digits to be M. An example of their Mathematica program is
provided at the URL
www.cf.ac.uk/maths/cohen/programs/inverselaplacetransform/ .

Valké and Abate [238] have used the above algorithm as the inner loop of a
program which inverts two-dimensional transforms — see Chapter 7.



Chapter 7

Methods based on the
Post-Widder Inversion
Formula

7.1 Introduction

In Chapter 2 we established the Post-Widder formula for the inversion of Laplace
Transforms. One of the difficulties of using this particular approach is the need
to differentiate f(s) a large number of times especially when it is a complicated
function. However, with the general availability of Maple and Mathematica
this isn’t quite the headache it used to be. The other major problem with this
approach to inversion lies with the slow convergence to the limit. To illustrate
this point we have tabulated in Table 7.1

fulty = S0 (2)" oo (2, (1)

n! t t

where f(s) = 1/(s + 1) for various n,t. Clearly when n = 50 the approxima-
tion for f(1) is in error by about 1% while for f(5) the error is about 15%.
Because of the slow convergence of the sequence f,(t) it is natural to seek
extrapolation methods to speed up convergence. As we point out in the sec-
tion on Extrapolation in Chapter 11 there is no magic prescription which will
enable one to sum all convergent sequences. Perhaps the most robust tech-
nique for achieving this is the d("™ -transformation as one can vary m, if need
be, to obtain a more appropriate extrapolation technique. For the above ex-
ample m = 1 was found to be sufficient to produce satisfactory results when
using the Ford-Sidi W™ algorithm with np=3 (a program can be downloaded
from www.cf.ac.uk/maths/cohen/programs/inverselaplacetransform/). The p-
algorithm was also very successful and produced results for f(1) and f(5) which
were correct to 18 and 12 decimal places respectively using only 13 function
values. With 19 function values we also obtained similar accuracy for f(5).
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n D) a5)
1 0.25000000 0.027777 - - -
2 0.296296--- | 0.023323---
5 0.334897--- | 0.015625000
10 0.350493--- | 0.011561 - --
20 0.358942--- | 0.009223 - - -
50 0.364243--- | 0.007744 - - -
Exact f(t) | 0.367879--- | 0.006737---

Table 7.1: Crude approximations for f(t) when f(s) =1/(s +1).

fn(2)
0.0894427191
0.0883883476
0.0920292315
0.1001758454
0.1096308396
0.1188238282
0.1271993514
0.1346391708
0.1411901193
0.1469511888
0.1520292063

— =
FEE oo ok w3

Table 7.2: Crude approximations for f(t) when f(s) = 1/v/s2 + 1.

Moreover, we could compute f(40) by this method correct to 24 decimal places.
Of course, all calculations needed were performed using quadruple length arith-
metic (approximately 32-digit decimal arithmetic) in order to achieve the re-
quired accuracy. For general f(t) we might not have so many terms of the
sequence available because of the difficulty in differentiating f(s).

Example 7.1 Given f(s) = 1/(s? 4+ 1)'/2 estimate f(t) for t = 2.
We have
Flls) = —=s/(s* + 12,

and thus
(s> + 1)f'(s) + sf(s) = 0.

This last equation can be differentiated n times by Leibnitz’s theorem to get
(s* + DF"(s) + 2n+ 1)sf7(s) +n? F 7D (s) = 0.

If we now substitute s = n/t we can, for each n, compute the terms f, (¢) given
by (7.1). These are given in Table 7.2 .
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It is difficult to decide whether this data is converging but if, as before, we
apply the p-algorithm we obtain the estimate 0.22389079 for f(2). The exact
answer is Jo(2) = 0.2238907791 - - -.

On a parallel computer it would of course be possible to obtain estimates for
several values of ¢ simultaneously the only limitation being numerical instability
caused by loss of significant digits. A different approach to applying the Post-
Widder formula has been given by Jagerman [116], [117].

7.2 Methods akin to Post-Widder

Davies and Martin [60] give an account of the methods they tested in their
survey and comparison of methods for Laplace Transform inversion. Their con-
clusions were that the Post-Widder method seldom gave high accuracy — as
we confirmed with the examples in the previous section — but, apart from the
€ -algorithm which they mention, there were very few extrapolation techniques
which were well-known at that time. The power of extrapolation techniques is
demonstrated convincingly by the examples we give in this and other chapters.
Davies and Martin in their listing of methods which compute a sample give the
formula

In(t) = /0 6t u) f(w)du, (7.2)

where the functions §,,(¢,u) form a delta convergent sequence, and thus I, (t)
tends to f(¢) with increasing n. The Post-Widder formula may be thought of
as being obtained from the function

On(t,u) = (nu/t)" exp(—nu/t)/(n — 1)!.

Using a similar approach ter Haar [228] proposed the formula

f) =t f(t7), (7.3)
and another variant due to Schapery [205] is
Ft) = 27 f(2n™. (7.4)

As these last two formulae are essentially just the first terms in a slowly conver-
gent sequence we cannot really expect them to provide accurate results. Gaver
[93] has suggested the use of the functions

(2n)!

O (t,u) = m@(l

_ e—au)ne—nau’ (75)
where a = In2/t, which yields a similar result to (7.1) but involves the nth finite
difference A" f(na), namely,

ft) = lim I,(t) = lim (2n)!

aA™ f(na). (7.6)
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I’IL
0.237827565897
0.288305006172
0.310487554891
0.322983551879
0.331006106802
0.336594259156
0.340710666619
0.343869331482
0.346369783782
0.348398408180
0.350077271302

DB ©ouo ok w3

Table 7.3: Successive Gaver iterates for f(t) when f(s) =1/(s +1).

As with the Post-Widder formula the convergence of I,,(t) to f(t) is slow. How-
ever, we can try and speed things up by application of extrapolation techniques.
Gaver has shown that (I,,(¢t) — f(¢)) can be expanded as an asymptotic expan-
sion in powers of 1/n which gives justification for using this approach. Stehfest
[224], [225] gives the algorithm

N
f)ma) K,f(na), a=In2/t, (7.7)
n=1
where N is even and
min(n,N/2)
K = (_1)n+N/2 Z kN/Q(zk)'

— VKN E —1)! — k) — 1’
bl 1) /2] (N/2 = k)ElN(k — 1)I(n — E)I(2k — n)!
and this formula has been used by Barbuto [12] using a Turbo Pascal 5.0 pro-
gram to determine the numerical value of the inverse Laplace transform of a
Laplace-field function. Davies and Martin [60] report that this method gives
good accuracy on a wide range of functions. We have used the Gaver formula
(7.6) to estimate f(¢) given that f(s) = 1/(s + 1) and we obtained the approx-
imations (Table 7.3) for I,,(t) when ¢t = 1. We remark that the term I,(¢) in
(7.6) can be obtained by means of the recursive algorithm

G(()") =naf(na), n>1

(n) _ n) () ne(ntl)
Gl =0+ G", -G, k=1, n>k (7.8)
L(t) = G

— see Gaver [93] and also Valké and Abate [237]. As before, we have used
quadruple length arithmetic to compute the data in the above table (which gives
the rounded values correct to 12 decimal places). Again, it is difficult to decide
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what the sequence is converging to (if it is converging at all). Application of the
p-algorithm to the data in the above table yielded the value 0.3678794411708 - - -
which is the correct value of e~! to 11 significant figures. When ¢ is increased we
have to increase n in order to achieve the same sort of accuracy but this leads to
loss of digits in I,, due to cancellation so that we cannot get even 6 significant
digit accuracy for ¢ > 15. Of course, we might be less successful with the
extrapolation if we are given some other function f(s) but could try some other
extrapolation technique such as the Ford- Sidi W™ algorithm. Nevertheless,
where it is difficult to compute the derivatives of f(s), and this is frequently the
case, the Gaver method is an attractive alternative to Post-Widder.

Another approach which does not seem to have been implemented is to use the
inversion formula of Boas and Widder [21]

1) = Jim fi(t),

where

k—1 o gk
) = gy [ gl e e (7.9

If parallel computation facilities are available fi(¢) can be computed simultane-
ously for each k = 1,2, -+, the integral being determined using methods given
in Chapter 11, and then we can extrapolate the sequence to get f(t). Of course,
we can still compute the terms of the sequence sequentially but this will be a
more long-winded process. A problem which is certain to manifest itself is that
of loss of significant digits as the k-th derivative of s2*~le™** is composed of
terms with large coefficients which are alternatively positive and negative.

Zakian [259] takes 0, (f,u) to be an approximation to the scaled delta func-
tion §((A\/t) — 1) which is defined by

T /A
/ 5<t1)d>\t, 0<t<T, (7.10)
0

o (;\ —1> =0, t# A (7.11)
If f(t) is a continuous function it satisfies
1T A
fO) =< [ fOI(T-1)dr,  0<t<T (7.12)
0

Zakian asserts that d((A\/t) — 1) can be expanded into the series

)\ o0
Z.1)= E Ko @M/t 1
) (t > 2 e , (7.13)

and his d,, (¢, u) corresponds to the first n terms of the series in (7.13). The reader
can consult subsequent papers [260] and [265] to find out how the quantities K;
and a; were computed.
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7.3 Inversion of Two-dimensional Transforms

Valké and Abate [238] have extended their approach to multi-precision inversion
of Laplace transforms in one variable — see Abate and Valké [2] — to obtain
two methods for the inversion of 2-dimensional Laplace transforms. Both these
methods can be considered as the concatenation of two one-dimensional meth-
ods.

The Gaver-Rho fixed Talbot method

Suppose that we are given a two- dimensional transform f(s;,s2) and we want
to determine the original function f at (t1,t2). Then, as our first step, we invert
the “sy” variable to get

f(sl,tg) = ,C_l{f(Sth)}. (714)

)

Our next step is to invert the “s;” variable to obtain

flta,t2) = L7 f(s1,t2)}. (7.15)

Valké and Abate accomplish the inversion of (7.15) by using the Gaver algo-
rithm accelerated by the p-algorithm for given t;, ¢ and a sequence of s; values.
Note that, for each s; value to be computed, we require the numerical inversion
of the sy variable which is defined by (7.14) and this is achieved by means of the
fixed Talbot algorithm (see Chapter 6). Valké and Abate give a Mathematica
program in their paper (called LZLDGWRFT).

The Gaver-Rho? method

The construction of this method is the same as the Gaver-Rho fixed Talbot
method except that the inner loop is also evaluated by the Gaver-Rho algorithm.
A Mathematica program, called L2DGWRGWR, is also given by Valké and
Abate.



Chapter 8

The Method of
Regularization

8.1 Introduction

The equation
fo)= [ e s (8.1)
0

is an example of a Fredholm integral equation of the first kind and another way
of looking at the problem of finding £~'{f(s)} is to use a technique for solving
this type of integral equation. The problems associated with solving equations
of this type can be seen from the following example considered by Fox and
Goodwin [87], namely,

/0 (z + y)d(y)dy = 9(z). (8.2)

For a solution to be possible the right hand side must be of the form g(z) =
a + bx. Suppose

g(x) = .
Fox and Goodwin note that a solution of the integral equation is

¢1(x) = 4 — 6,

and, by substitution, this is clearly seen to satisfy (8.2). Unfortunately, this
solution is not unique as
¢2($) =3- 61‘2,

also satisfies (8.2) and so does every linear combination of the form

adr(x) + (1 — a)pa(z).
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Additionally, if ¥ (x) is any other function of  which is linearly independent of
¢1(z) and ¢2(x) and which satisfies

/O (2 + 9 (y)dy = 0,

then
ag1(z) + (1 — a)g(x) + B (),

is also a solution of the integral equation (8.2). Note that there are an infinity of
such functions 9 (x) as all we require is that ¢ (z) is orthogonal to the functions
1 and « over [0, 1].

The situation is a little different with Laplace transform inversion as we have
already shown that if f(¢) is a continuous function then its transform is unique.
We recall here that there could be instability, as mentioned in Chapter 2, if
f(t) is not a smooth function. However, there is no reason why the methods
applicable for this type of integral equation should not carry over to the case
of Laplace inversion and we proceed here to give the method of regularization
after giving some basic theory relating to Fredholm equations of the first kind.

8.2 Fredholm equations of the first
kind — theoretical considerations

The linear Fredholm equation of the first kind is defined by

b
/ K(z,y)¢(y)dy = g(z), c<az<d, (8.3)

or in operator form
Ké=g, (8.4)

where K(x,y) is the kernel of the integral equation, ¢(x) is the function we
would like to determine and g(x) is a given function in a range (¢, d), which is
not necessarily identical with the range of integration (a,b). As noted in the
previous section g(x) must be compatible with the kernel K (z,y). Also, if there
are an infinity of solutions of K® = 0, there cannot be a unique solution of (8.3).
From a numerical standpoint the worrying feature is that a small perturbation
in g can result in an arbitrarily large perturbation in ¢ even if a unique solution
of the integral equation exists. For if

b
hw(x):/ K(z,y) coswy dy, c<zx<d,

it follows from the Riemann-Lebesgue lemma that, as w — oo, we have
hey(x) — 0. Thus for w sufficiently large hy(z) will be arbitrarily small and
if added to g will cause a change of coswy in ¢, i.e., a change which can be of
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magnitude 1.
Given an integral equation of the form

a

K(z,y)o(y)dy = g(x), (8.5)
where the kernel K is symmetric, i.e. K(z,y) = K(y, ) then from the Hilbert-
Schmidt theory of integral equations there exists eigenfunctions ¢, (y) which
satisfy the equation

a

—a

and form a complete orthonormal basis over [—a, a] and the eigenvalues \,, are
real. Thus we can expand g(x) in the form

g(x) = Bt (), (8.7)
n=0

where

By = /a 9(x) ey (x)dx. (8.8)

—a

Since, also, we may expand ¢(y) in the form

¢>(y) = Z and)n(y)v (89)
n=0

where "
an= [ ¢(y)Pn(y)dy. (8.10)

—a

Substitution into (8.5) gives
ﬂn = )\nany all n, (811)

and thus we have

dy) = %ﬂbn(w (8.12)

The big difficulty relating to the above theory is how to compute the eigenfunc-
tions and eigenvalues. It is apposite here to consider an example of McWhirter
and Pike [154] which was concerned with the passage of light from a one-
dimensional space-limited object described by the object function O(y), |y| <
Y/2, through a lens of finite aperture to form a band-limited image I(x) which
is given by the equation

Q ‘ Y/2
I(x) 1/ dwe_“”/ e*“YO(y)dy, (8.13)

-Q )
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i.e.

_ Y sin[Q(y — )]
I(z) = /_Y/2 771_@ ) O(y)dy, (8.14)

where  is the highest spatial frequency transmitted by the lens. Given I(x)
it should in theory be possible to determine the object function O(y) from
which it was obtained. Practically this is not possible because a lens with finite
spatial frequency €2 has an associated resolution limit 7/ which means that
an object of spatial extent Y can contain only a finite number S = YQ /7 of
independent components or degrees of freedom — S is known as the Shannon
number in information theory. Relating this to the eigenfunction expansion
(8.12) it means that the terms for which n > YQ/7 must be divided by an
extremely small number and so error in the value of a,, will cause these terms
to diverge. Therefore these later terms must be omitted in order to get physically
meaningful results.

8.3 The method of Regularization

In this method it is assumed that a solution exists to the ill-posed problem (in
operator form)

K® =g, (8.15)

where now
K<I>£/ e St f(t)dt,
0

and g = f(s), Rs > 7. The method of determining f(¢) is to minimize the
quadratic functional

IK® — g + oL, (8.16)

where ||L®|| is some linear operator and || - - - || denotes some appropriate norm.
This minimization problem is well-posed and has a unique solution for a value
of @ which must be determined. Lewis [129] found that best numerical results
for solving the equation (8.3) were obtained using the zero-order regularization
method of Bakushinskii [11]. In relation to (8.3) the method consists of solving
the more stable Fredholm equation of the second kind

ag(z) + / K (2, 1)é(y)dy = g(x). (8.17)

when K is symmetric, i.e. K(z,y) = K(y,z). In the event that K(z,y) is not
symmetric we form the symmetric kernel K*(z,y) where

d
K*(z,y) = / K(0,2)K (0, )d0 (8.18)
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and solve instead the integral equation

d
+ / K*(z,9)8(y)dy = G(x), (.19)

d
) = / K (6, 2)£(0)d0.

We illustrate the method by applying it to the solution of the integral equation
(8.2). We form

where

ao@)+ [ @ poldy e, D<o, (5.20)

for various values of & — see Churchhouse [37]. The integral in (8.7) can be
approximated by the trapezium rule so that for given x and « and step-length
h, where nh = 1, we have

z)+ih Z{(w +ih)p(ih) + (x + [i + 1]h)é([i + 1]h)} = .

i=0
Setting * = 0, h,---, nh, in turn, we obtain a system of n + 1 simultaneous
linear equations in the n + 1 unknowns ¢(0), ¢(h), -, ¢(nh), namely
n—1
ag(rh) + 502> _{(r+i)¢(ih) + (r+i+ Dg([i + 1Jh)} =rh, r=0,1,---,n
i=0

The solution of these equations is given in Table 8.1 for various a and h = 0.1.

It can be seen that the results tend to ¢(x) = 4 — 6x as a decreases and,
for a range of values of « are fairly consistent. When « is decreased further the
estimated values of ¢(z) diverge from 4 — 6z. This is a characteristic feature of
the method.

8.4 Application to Laplace Transforms

Suppose that in equation (8.1) we make the substitution
u=-e "',
then we will have transformed the integral into one over a finite range, namely

1
F(s) = / 51 f(— Inw)du (3.21)

or, writing g(u) = f(—Inu), we have

f_(s):/o u* " g(u)du. (8.21")
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o ¢(0) o(3) o(1)
—4718.01681 | 2.89076 | -12.23529
5| 6.34789 | 1.31458 | -3.71873
6 | 4.84588 | 1.11654 | -2.61280
=7 | 4.34352 | 1.05144 | -2.24064
8
9

4.13180 | 1.02428 | -2.08324
4.03405 | 1.01181 | -2.01044
2710 1 3.98703 | 1.00582 | -1.97538

2-19 1 394126 | 1.00001 | -1.94124
220 | 394122 | 1.00001 | -1.94121
2721 | 3.94120 | 1.00000 | -1.94119
2722 | 3.94119 | 1.00000 | -1.94118
2723 | 3.94118 | 1.00000 | -1.94118

Table 8.1: Solution of fol(x + y)é(x) = z by regularization.

If we employ a Gauss-Legendre quadrature formula with N points to evaluate
this integral we obtain

N
f(s) = Z aiui g (ug), (8.22)
i=1

— this equation would be exact if the integrand could be expressed as a polyno-
mial in u of degree 2N — 1 or less. If we substitute s =1, 2, ---, N we obtain
a system of N linear equations in the N unknowns a;g(u;)

N
Zaiufg(ui) = f(k+1), k=0,1,--- ,N—1. (8.23)
i=1

These equations have a unique solution as the determinant of the coefficients is
the Vandermonde determinant which is non-zero as the u; are distinct. Further,
as we can determine the Christoffel numbers «; from (11.25) — or alternatively
by consulting the appropriate table in Abramowitz and Stegun [5] — we can
compute the quantity g(u;) and hence f(t) for ¢t = —Inwu;. Because of the
structure of the coefficient matrix an efficient way of computing the solution of
the equations is via polynomial interpolation — see Golub and van Loan [101].
As mentioned in an earlier chapter the inversion of the Laplace transform is
an ill-conditioned problem. This manifests itself in the solution of the matrix
equation (8.23) which we shall write as Ax = b where A is the N x N matrix with
aij = a;ul . Tikhonov [229], [230] tackles the solution of the ill-conditioned
equations by attempting another problem, the minimization of

R(x) = (Ax — b, Ax — b) + h(x), (8.24)
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where (-, ) denotes vector inner product and h(x) is a function which is chosen
to ensure the stability of the equation when minimizing over x. Typically,
h(x) = M||Bx||?, where A > 0 is the regularization parameter and B is the
regularization operator. Note that if we were to take h(x) = 0 we would be
minimizing a quadratic form and would find the solution to be

AT Ax = AThb.

The matrix of coefficients is now symmetric but may be even more ill-conditioned
than the original A. If we have a priori knowledge of a vector ¢ which is a first
approximation to x then we can take

h(x) = AMx —¢,x — ¢), (8.25)
where A > 0. The minimum value of x is given by
x(\) = (ATA+A)"H(ATb + Ac). (8.26)

If \ is small then we are close to the value of A='b but ATA + I is still
ill-conditioned. Increasing A alleviates the ill-conditioning but decreases the
accuracy of the solution. The choice of A is very much hit-and-miss but the
validity of the answers can be obtained by checking the goodness of fit

|l Ax —b | .

A more scientific approach is to choose a first approximation ¢ by initially using
a b-point Gaussian quadrature formula and then determining the fourth degree
polynomial which passes through the points (u;, g(u;)). This polynomial can be
used to get starting values of g at the abscissae of a 7-point quadrature formula.
This will give c. We can then use the iterative scheme

Xp = C,
Xpi1 = (ATA+ A1 (ATD + Xx,,), (8.27)

to determine x, which will give estimates for g(u;) and, equivalently, f(—Inw;).
One snag about this approach is that because of the distribution of the zeros
u; the arguments of the function f will be bunched about ¢ = 0. One way of
avoiding this is to employ the result (1.5) so that in place of f(1), f(2), --- we
use the values f(1/a), f(2/a), ---, a > 0 and solve the approximation formula

f(k/a), k=1,2,---,N. (8.28)

Q| =

N
Z auf 7 f(—alnw;) =

i=1

The arguments of the function f are now more scattered if a > 1 but the
coefficient matrix and its inverse are the same as before and can be solved in
the same way.

In the above regularization approach the integration has been carried out by
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transforming the infinite integral to a finite integral and applying a Gauss-
Legendre quadrature formula to estimate the finite integral. As we mentioned
in Chapter 3 a more natural method of attacking the problem, especially in view
of the exponential weight function, is via Laguerre polynomials and this is the
approach adopted by Cunha and Viloche [54]. In the notation of their paper

let X = L2 (R*) be the weighted Lebesgue space associated with w(t) = e™?,

Y = L*([e,d]), d >c¢>0and A: X — Y the Laplace transform operator

(4x)(s) = / ettt = 3(s). (8.29)

Their problem was to determine ATy where A% is the generalized inverse of A
and they were particularly interested in the case where ¥ is not known explicitly
and we only have available perturbed data ys satisfying

1y — sl <. (8.30)

Cunha and Viloche employ the implicit successive approximation method of
King and Chillingworth [121]

B = A+ A*A) T OxPD + A%y;),  A>0, (8.31)
where A* is the adjoint operator of A which is defined in this case by

d
(A*v)(t) = et/ e u(s)ds,

— the above numbered equation should be compared to (8.27). If L;(t) denotes
the Laguerre polynomial of degree ¢ which satisfies

/OO 67tLi(t)Lj(t)dt = (’L' j')(sw,
0

where 0;; =0, ¢ # j and d;; = 1, and we define the approximation

N
XN = Z a; L;(t)
i=1
with the property that

(A + A A XE™ Ly = 0k + A%gs, L), j=0,--- N, A>0,

where (-, ) denotes inner product in X. Using the fact that

Lis)=" (1 - i)

we can construct the matrix M whose elements M;; are given by

d ik _ ok
- v —¢
M; :/ Li(s)L;(s)ds = T
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where d =1—1/d, ¢ =1—1/cand k = i+ j+ 1. Next define a vector f whose
components are

d
fi= / ys(s)L;(s)ds.
c
Then the variational formulation of the implicit scheme (8.31) will be
(A + M)a® = xat+=b 4 £, (8.32)

For a given A > 0 Cunha and Viloche give the following procedure for finding
the solution:-

1. Do the Cholesky decomposition LLT = M + A — see Golub and van
Loan [101].

2. Set al® = 0 and solve the system LLTa®) = xa*~D 4 f k=1,2,---.

They point out that regularization is an important feature of the process and
increasing the value of N makes the condition number of M very large. They
quote a figure of O(10'?) when N = 15. Their paper gives an error bound
estimate and the results of some numerical experiments with “noisy” data.
Hanke and Hansen [109] have given a survey of regularization methods for
large scale problems and Hansen [110] presents a package consisting of 54 Mat-
lab routines for analysis and solution of discrete ill-posed problems many of
which, like Laplace inversion, arise in connection with the discretization of
Fredholm integral equations of the first kind. These can be downloaded from
www.netlib.org/numeralgo/na4 . The website of Reichel [194] contains a sub-
stantial amount of material about recent developments in the field of regu-
larization. One of these developments is that of multi-parameters where the
minimization function takes the form

k
k <||Ax —b||? + ZAi||Bix||2> ,
=1

where k£ > 2 and A\; > 0, i = 1,--- , k are regularization parameters and B; are
regularization operators. See, for example, Brezinski et al [27].
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Survey Results

9.1 Cost’s Survey

The earliest survey of numerical methods for the evaluation of Laplace trans-
forms is probably that of Cost [49]. This listed several methods which were
essentially special cases of the Post-Widder formula and the series expansion
methods of Papoulis and Lanczos in terms of Legendre, Chebyshev and Laguerre
polynomials, discussed in Chapter 3. Additionally, he gives a least squares for-
mulation suggested by Schapery [205] (and independently by Rizzo and Shippy
[196]) which assumes that f(¢) has an expansion of the form

f(t)= A+ Bt+ Zakefb’“t,

k=1

where the exponents b, are chosen to suit the expected form of the function.
The Laplace transform is

= A B - ag
J&=3+a+ oy
k=1
so that -
B= 1in(1)52f(5).

The a; and A can be found by assigning appropriate values to s — the values by,
and one other value are suggested — and solving a system of linear equations.
Cost applies these methods to two engineering problems and draws several con-
clusions, some of which are a little dubious as the exact solutions to the two
problems are not known. He does make the very valid point that methods such
as those of Papoulis and Lanczos have a serious drawback as they require the
evaluation of f(s) at prescribed values of s which may not be readily available.
Piessens [181] and Piessens and Dang [184] provide bibliographies of relevant
material published prior to 1975 on numerical methods and their applications
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and theoretical results. At an early stage, in view of the vast amount of refer-
ences one can download from the World Wide Web, this author abandoned the
idea of including all material which applied numerical methods to find inverse
Laplace Transforms and only a selection of the more important methods are
given in the Bibliography. However a comprehensive list compiled by Volkd and
Vojta can be found at the website [239].

9.2 The Survey by Davies and Martin

Perhaps the most comprehensive survey available is that of Davies and Martin
[60]. They take a set of 16 test functions f;(s), i = 1,2,---,16 with known
inverse transforms f;(t) which were selected to reflect a variety of function
types. For example, some functions are continuous and have the property
that f(s) — s as s — oo. Others are continuous but there is no value «
for which f(s) — s® as s — oo whilst other functions have discontinuities (see
Table 10.1). In order to assess the accuracy of their numerical solutions they
presented two measures:-

=1

30 1/2
i L= (Z(f(i/Q) —f(i/Q))2/30> : (9.1)

30 30 1/2
(i) L'= (Z(f(i/2) — f(i/2))%e7?/ (Z e_i/2>> : (9.2)

i=1 i=1

where f (t) denotes the computed value of f(t). L gives the root-mean square de-
viation between the analytical and numerical solutions for the ¢ values 0.5, 1, 1.5,
.-+ ,15 while L’ is a similar quantity but weighted by the factor e=*. Davies
and Martin point out that L gives a fair indication of the success of a method
for large t and L' for relatively small t.

Davies and Martin divide up the methods they investigated into 6 groups

(i) Methods which compute a Sample.
These are methods which have been mentioned in Chapter 7 and which
were available at that time. Of the methods chosen for comparison only
the Post-Widder formula with n = 1 and the Gaver-Stehfest method were
included from this group.

(ii) Methods which expand f(¢) in Exponential Functions.
These are methods which we have included in this book under methods of
Series Expansion, e.g. the methods of Papoulis of expansion in terms of
Legendre polynomials and trigonometric sums. They also include in this
section the method of Schapery (given above) and the method of Bell-
man, Kalaba and Lockett [16] which involves using the Gauss-Legendre



9.2. THE SURVEY BY DAVIES AND MARTIN 159

quadrature rule but can be regarded as a special case of the Legendre
method.

(iii) Gaussian Numerical Quadrature of the Inversion Integral.
The two methods included in this section are the methods of Piessens [178]
and Schmittroth (see §4.1).

(iv) Methods which use a Bilinear Transformation of s.
In this category Davies and Martin include the methods of Weeks, Piessens
and Branders and the Chebyshev method due to Piessens [179] — see
Chapter 3.

(v) Representation by Fourier Series.
The methods included in this group are those of Dubner and Abate, Sil-
verberg/ Durbin and Crump — see §4.4.

(vi) Padé Approximation.
No methods were given in this category because a knowledge of the Taylor
expansion about the origin might not be available. Also, Longman [139]
has reported the erratic performance of this method, even with functions
of the same form, but differing in some parameter value.

Davies and Martin adopt a general procedure for determining the optimum val-
ues of the variable parameters. If the paper describing the method specifies an
optimum value of a parameter under certain conditions, that value is adopted
if appropriate. For example, Crump [53] noted that T' = 0.8tmax gives fairly
optimal results. For the remaining parameters a reasonable spread of parameter
values was used in preliminary tests and, assuming that best results on most of
the test functions were obtained in a small range of parameter values, final tests
were made covering these values more closely. “Optimum” parameter values for
any given test function are taken to be the ones that give the highest accuracy
with respect to the measures L and L’. They also devise a scheme for getting
“optimum” parameter values based on optimum parameter values for the 32
measures of best fit (a value of L and L’ for each test function).

As a general rule of guidance Davies and Martin advocate the use of more than
one numerical inversion method especially when dealing with an unknown func-
tion. Their overall conclusion, on the basis of the 16 functions tested, was that
the Post-Widder method in group (i), i.e. with n = 1, and all the methods
in group (ii) seldom gave high accuracy. The Gaver-Stehfest method, however,
gave good accuracy over a fairly wide range of functions. They report that the
methods in group (iv) give exceptional accuracy over a wide range of functions
as does the method of Crump from group (v). The other Fourier series methods
and the methods in group (iii) gave good accuracy on a fairly wide range of
functions.

Where special situations apply other methods might be more appropriate. Thus
if f(s) is a rational function the method of Padé approximation gives highly ac-
curate results. Again, if f(s) is known only on the real axis, or the determination
of f(s) for complex s is very difficult, then the Chebyshev method of Piessens
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and the Gaver-Stehfest method are to be preferred (in that order).
Note that values of ¢ considered by Davies and Martin satisfied ¢ < 15.

9.3 Later Surveys

9.3.1 Narayanan and Beskos

Narayanan and Beskos [160] compare eight methods of Laplace transform in-
version. They can be grouped into three categories:-

(i) Interpolation — collocation methods;
(ii) Methods based on expansion in orthogonal functions;
(iii) Methods based on the Fourier transform.

In the first group they describe what they call ‘Method of maximum degree of
precision’;, which is essentially the method of Salzer given in Chapter 4 as ex-
tended by Piessens. They remark that extensive tables of the relevant quadra-
ture formulae are given in Krylov and Skoblya [122]. The second method in this
group was Schapery’s collocation method (see §9.1) and the third method was
the Multidata method of Cost and Becker [50]. The latter method assumes that

f(t) = Zaiefbit, (9.3)

and by minimizing the mean square error in the above approximation they
obtain the system of equations

m bk —1 m n b —1 bk
sif(s;) |1+ — = a; |1+ — 1—|—} k=1,2,---,n
s[5 =y T] [
(9.4)

By pre-selecting the sequence {b;} equation (9.4) represents a system of linear
equations from which the a; can be determined. However, the big problem is in
the selection of good values of the b;.
In the second group of methods Narayananan and Beskos include the method of
Papoulis where they assume that the function f(¢) is expressible as a sine series,
the expansion of f(t) in terms of Legendre polynomials and Weeks’s method of
inversion using Laguerre polynomials. In this latter method they mention that
the coefficients in the expansion can be computed efficiently by using the Fast
Fourier Transform as demonstrated by Wing [256].
In the final group they give the methods of Cooley, Lewis and Welch [46] and
Durbin [73].
Their conclusions about the relative efficacy of the various methods was that
the interpolation method of Salzer/Piessens, the Weeks method and the two
methods from group (iii) provide very good results (within plotting accuracy)
while the remaining four are generally very poor.
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9.3.2 Dufty

Duffy [72] used the survey by Davies and Martin as the background for his pa-
per on the Comparison of Three New Methods on the Numerical Inversion of
Laplace Transforms. Two of the methods had been known to Davies and Mar-
tin, namely those of Weeks and Crump, but had been considerably improved
by Lyness and Giunta [150] and Honig and Hirdes [112] respectively after the
survey — the method of Talbot was not known to them at the time. Murli and
Rizzardi [159] give an algorithm for Talbot’s method and Garbow et al [92] have
given an algorithm for the improved Weeks method while Honig and Hirdes give
their own Fortran program. Duffy, in addition to using the 16 test functions in
Davies and Martin, concentrates his tests on three types of transforms:- those
that have only poles, those with a mixture of poles and branch points and those
having only branch points. He also looked at the inversion of joint Fourier-
Laplace transforms.

Duffy reports very good results for Talbot’s method with the exception of Test
1 (the Bessel function Jy(t)). Talbot [226] mentions that the presence of branch
points can cause problems and gives a strategy for overcoming this and obtained
results which were on a par with those obtained for other functions (Other au-
thors have obtained good results by computing 1/v/s? + 1 as 1/[v/s +ivs — ¢ ]).
Talbot’s method was not applicable to Test 12 because that transform had an
infinity of poles on s = 0. Poor results were also obtained for this Test func-
tion by the other two methods. The Honig and Hirdes method was also fairly
poor when the function f(t) had a discontinuity as in Test 10. The Garbow
et al method also encountered difficulties when the function f(¢) possessed a
singularity at the origin of the form /¢ or Int.

9.3.3 D’Amore, Laccetti and Murli

D’Amore et al [56] also compared several methods with their own routine
INVLTF. In particular the NAG routine CO6LAF which is based on the method
of Crump, the NAG routines CO6LBF and CO6LCF which are based on the
Garbow et al method, the routine DLAINV which is given as Algorithm 619 in
the ACM Collected Algorithms and the routine LAPIN of Honig and Hirdes.
They concentrated their attention on eight test functions fi(s), fio(s), fis(s),
f1s(5), fas(s), f30(s), f32(s), faa(s) (see list of Test Transforms). d’Amore et al
carry out their investigations for two sets of values of t, ¢ € [1,15.5] (¢ small)
and ¢ € [15.5,100] (¢ large). The parameters in the routines were taken to be
the default parameters and an accuracy of 107 was requested for each package.
Double precision arithmetic was used throughout. The program CO6LBF was
not tested on the functions fm(s) and f34(s) as the Weeks method requires the
continuity of the inverse Laplace transform.

d’Amore et al assert that LAPIN is not an automatic routine so that compar-
isons can only be made in general terms. They estimate that INVLTF is faster
than LAPIN by factors of 6 or 7. With regard to DLAINV they feel that IN-
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VLTF works much better in terms of function evaluation and put this down
to a better discretization estimate. The NAG routines were more efficient if
the inverse transform had to be computed for a range of values of t. However,
their performance depended heavily on the choice of their incidental parame-
ters. This was particularly the case when the error indicator suggested that
the program be re-run with a new choice of parameters. They reported that
the routine CO6LAF returned no result for t = 5.5 for the function f; and for
several values of ¢ for f34. In all these routines it was particularly important
to get a correct value of ¢ which is an upper bound for 7. If one chooses ¢ less
than + the routine might appear to work well but will, in general, produce a
completely erroneous result.

9.3.4 Cohen

The present author has used the programs given at the URL
www.cf.ac.uk/maths/cohen/programs/inverselaplacetransform/

to compare the methods of Crump, Gaver /Post-Widder, Honig-Hirdes, Sidi, Tal-
bot and Weeks. The comparison is in some ways unfair as some of the methods
use double precision arithmetic (approximately 16 decimal digits) while others
use quadruple precision arithmetic and the program for Talbot’s method is es-
sentially single length. Ideally, to minimize errors due to severe cancellation,
quadruple precision arithmetic would be desirable in all cases. Higher precision
still would be advantageous as has been shown by Abate and Valké [2] in a
recent paper. However, for the benefit of users, it was decided at an early stage
to include some tested routines in case newer routines failed. It should be noted
that all the methods are critically dependent on parameters and a poor selection
of these parameters will yield unsatisfactory results. It is thus recommended
that as many methods as possible are tried in order to get a consensus value
and, wherever possible, programs should be rerun using different (but sensible)
parameters.

In the table at the end of this chapter there is a list of 34 test transforms which
have been used by other investigators. For the comparisons we have decided to
select the following test transforms fi(s), f3(s), fi1(s), fis(s), fa5(s), fa0(s),
f34(s) together with the additional transform f35(s). This latter function ex-
hibits additional properties which are not present in the previous members of
the list because of the combination of fractional powers of s in the denomina-
tor. We have omitted fi(s) from the list of examples chosen by d’Amore et
al as this is a particular example of a transform which can be easily found by
considering ¢(s) = 1/s and then applying the translation theorem. Another
useful device which can be effective in extending the range of values for which
a method is successful is to apply the shift theorem. Thus instead of com-
puting f(t) we compute g(t) where g(s) = f(s + «), for suitable a. It then
follows that f(t) = e“*g(t). This was particularly useful in the case of fzq(s).
The calculations have been carried out for a selection of values of ¢, namely,
tp =281 k=0,1,---,7. These computations were performed on the Thor
UNIX computer at Cardiff University.
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t fi(t) f3(t) fua(t) f15(t)
0.5 | 0.9384698072 0.7788007831 0.1159315157 | 1.070641806! 7]
1.0 | 0.7651976866 0.6065306597 | -0.5772156649 | 2.066698535[~2
2.0 | 0.2238907791 0.3678794412 | -1.2703628455 | 5.39909665112
4.0 | -0.3971498099 0.1353352832 | -1.9635100260 | 5.188843718[-2
8.0 | 0.1716508071 | 1.831563889~2 | -2.6566572066 | 3.024634056!—2
16.0 | -0.1748990740 | 3.3546262791-4 | -3.3498043871 | 1.373097780!~2
32.0 | 0.1380790097 | 1.1253517470-7 | -4.0429515677 | 5.501020731[3]
64.0 | 9.2590012220-2 | 1.266416555[714 | -4.7360987483 | 2.070340096(3]

Table 9.1: Numerical values of test functions

t fa5(t) f30(t) f3a(t) f35(1)
0.5 | 0.7978845608 | 0.1270895400 0 0.3567230473
1.0 | 1.1283791671 | 0.5682668420 0.5 0.2356817540
2.0 | 1.5957691216 | 4.5667335568 0.5 0.1551649316
4.0 | 2.2567583342 | 2.4841035652 | 0.5 0.1018061471
8.0 | 3.1915382432 | 7.405092100[5! 0.5 | 6.657603724[~2]
16.0 | 4.5135166684 | 6.580246682(*2 | 0.5 | 4.339956704[2]
32.0 | 6.3830764864 | 5.1959575671261 | 0.5 | 2.8206165272
64.0 | 9.0270333368 | 3.239757005054 | 0.5 | 1.827963282(2

Table 9.2: Numerical values of test functions

In the first two tables 9.1, 9.2 we present the correct values, to 10 places of deci-
mals/10 significant digits, of fi(¢) for the functions we have selected. In the next
tables we give an indication of the number of correct decimal digits/significant
digits obtained by employing the various methods outlined above. Some re-
sults were obtained to more than 10 decimal places/significant digits and where
this has occurred we have written 10 in bold form — in some of these cases
more than 20 decimal digit accuracy was obtained. An asterisk indicates that
the method was not applicable to the given transform as, for example, Weeks’s
method for f11(¢). A question mark indicates that no results were printed for
those t-values. In the case of the author’s variation of the Sidi method, §4.3, it
sometimes happens that A and B do not agree to 10 decimal places and where
this occurs we have selected the quantity which gives the most accurate answer
(by assessing the behaviour of the terms in the respective algorithm). Selection
has been indicated by a dagger. In addition to the Fortran programs we have
included the Mathematica program of Abate and Valké [2] for Talbot’s method
which gives excellent results when the parameters are chosen appropriately.

For the function fi(s) most methods, with the exception of Talbot where
the results of Duffy were replicated when f(s) was set at 1/v/s? + 1, gave rea-
sonable answers (5 decimal place accuracy was requested for the Crump and
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t [C]G/PW][HH] S |[T|W
05 | 5] 10 10 | 10f | 4] 5
10 5] 10 10 | 10 |5 5
20 | 5] 10 10 |10 |55
40 | 5 8 10 1025
80 | 5 4 10 |10 |35
16.0 | 4 4 10 |10 [ 3] 4
320 | 5 ? 10 | 10 | 4] 0
64.0 | 5 ? 0|6 3]0

Table 9.3: Comparison of methods for f(¢)

t [C|G/PW]|[HH]S |T|W
05 | 3 10 10 (10| 4 | 5
10 | 3 10 10 (10| 7|5
20 | 3 10 10 |10 |6 | 5
40 | 5 10 10 |10 |5 | 5
80 | 5 10 10 (10| 3| 4
16.0 | 17 | 10 10 (10|21
320 | ? 10 10 (100 | 0
64.0 | ? ? 6 [10/0]0

Table 9.4: Comparison of methods for f3(t)

Weeks method and the formulation of the Talbot program constrains the rela-
tive accuracy to O(1079)). Setting f(s) = 1/v/s +iy/s — i gave the results in
the above table which are given in the Talbot column — see Abate and Valké.
For the Gaver method the p-algorithm did not converge for t = 16, 32, 64.
However the W ("™ -algorithm did converge for t = 16. The value t = 64 proved
to be more than a match for all methods except the Crump and Sidi.

With regard to the function f3(s) most methods worked well for smaller
values of t. However the Crump, Talbot and Weeks methods were very poor for
t > 16. The Sidi method was the only one to get good results for ¢t = 64.

For the function fi1(s) the Weeks method was not applicable for this func-
tion. All other methods performed well.

The Gaver and Honig-Hirdes methods came out best for the function f;5(s)
although, as mentioned in §4.3, a considerable improvement can be effected by
applying the Sidi approach in complex form with suitably modified x,.

The Gaver, Honig-Hirdes, Sidi and Talbot methods worked extremely well
for the function fos(s).

The Sidi method out-performed all the other methods for the function fo(s)
while the Talbot and Weeks methods were consistently good for ¢ < 16. The
Talbot Mathematica program did get good results for these values when an
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t |[C|G/P-W|HH| S |T|W
05 |0 10 10 10 [ 4| *
1.0 | 5 10 10 10 | 5| *
20 | 5 10 10 10 [ 6| *
4.0 | 5 10 10 10 | 5| *
80 | 5 10 10 10 | 5| *
16.0 | 5 10 10 10 | 5| *
320 | 5 10 10 10 | 5| *
64.0 | 3 10 10 | 10 | 7 | *

Table 9.5: Comparison of methods for f11(¢)

t |[C|G/P-W | HH| S |T|W
05 |0 10 9 10 | 2| *
1.0 | O 10 10 10 | 4 | *
20 |1 9 10 7 4 | *
40 | 0 9 10 6 4| *
80 | O 10 10 3t | 5| *
16.0 | O 10 10 61 | 4 | *
320 0 10 10 | 8t | 3| *
64.0 | O 10 10 | 10f | 3| *

Table 9.6: Comparison of methods for fi5(¢)

t [C]G/P-W[HH]S |T|W
05 | * | 10 10 (106 | *
10| *| 10 10 |[10|7 | *
2.0 * 10 10 10 | 7 *
40 | * | 10 10 10| 8 | *
80 | *| 10 10 [10| 8 | *
160 | * | 10 10 |10 7| *
320 *| 10 10 |10 7| *
64.0 | * 10 10 10 | 7 *

Table 9.7: Comparison of methods for fa5(¢)

165
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t [C[G/P-W[HH]|] S |[T|W
05 | 4| 10 10 |10 |5 5
10 | 4] 10 10 |10 |65
2.0 | 4 8 8 | 10|65
40 | ? 9 0 |10 [4]5
8.0 | ? 0 0 |10|5]5
16.0 | ? 0 0 |10 |4]4
32.0 | ? 0 0 |10f|5]0
64.0 | 7 0 0 |10]0]0

Table 9.8: Comparison of methods for f30(¢)

M i f30(t)

300 | 0.5 0.127089539996054215885673481679998
1.0 0.568266842009869230412941804595398
2.0 4.56673355677501693150021934399341
4.0 248.410356547740449616160896803338
8.0 740509.209988052727930341834736775

16.0 | 6.58024668189005793008079079342660 x 102
32.0 | 5.19595756734301406909103225744039 x 1026
64.0 | —3.22412909586142947581050430394136 x 1037
400 | 64.0 | 3.239757004995495910185561406964565 x 10°%

Table 9.9: Mathematica results for f3o(t) by Talbot’s method.

appropriate contour (precision control factor) was chosen. Results for this case
are given in Table 9.9, where all the results are given rounded to 32 significant
figures.

Results for function f34(s) were very mixed. Apart from ¢ = 0.5 the t-values
are points of discontinuity of the function and the average value of 0.5 should
be returned. The Crump method gives a zero answer for ¢ = 1,2,4 but is
accurate for all other values. For ¢t = 32 the Honig-Hirdes and Sidi methods
yield incorrect results. Surprisingly, values obtained for ¢ = 64 were accurate.
Trials suggested that this value is obtained for all values t > ¢, for some ¢y, and,
in this range of ¢, we are determining the value in mean of fs34(¢). Although,
technically, Talbot’s method is supposed to fail when we have an infinity of
singularities on the imaginary axis some good results were obtained by using
the Talbot Mathematica program but this was only because of the choice of ¢
resulted in determining f(¢) at points of discontinuity.

The Gaver, Honig-Hirdes and Sidi methods worked extremely well on the
function f35(s). The Talbot method was consistent but did not yield the same
order of accuracy — double length arithmetic would have helped here. The
Mathematica program gave excellent results.
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t |[C|G/P-W|HH| S |T|W
05 | 5 3 10 | 107 | * | *
1.0 | O 1 4 2 O
20 |0 1 9 | ot | x| *
4.0 | 0 1 1 2 o
80 | 5 1 2 3 X
16.0 | 5 6 5 61 | * | *
320 5 10 0 FOR I
64.0 | 5 10 10 10 | * | *

Table 9.10: Comparison of methods for fs4(%)

t |C|G/P-W|HH| S |T|W

05 | * 10 10 |10 | 4 | *

1.0 | * 10 10 |10 | 5 | *

2.0 | * 10 10 |10 | 5 | *

40 | * 10 10 |10 | 4| *

80 | * 10 10 |10 | 4 | *
16.0 | * 10 10 |10 | 3 | *
32.0 | * 10 10 |10 | 3 | *
64.0 | * 10 10 |10 | 4 | *

Table 9.11: Comparison of methods for fs5(t)

167
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9.4 Test Transforms

i fi(s) fit)
1 (s24+1)71/2 Jo(t)
2 s 1/2¢=1/s (mt)~/2 cos(24/t)
3 (s+3)7* e t/2
4 1/((s+0.2)2 +1) e 92 sint
) st 1
6 572 t
7 (s+1)72 te™t
8 (s*+ 1)1 sint
9 8_1/2 (ﬂ't)_l/2
10 sTle=os H(t—5)
11 s7llns —C —Int
2 GO a=ero. a0={ g Y115,
13 (s> —1)(s>+1)72 tcost
14 (8 + %)1/2 _ (5 4 i)l/Q (e—t/4 _ e—t/2)(4ﬂ_t3)—1/2
15 e—4s1/2 26—4/t(ﬂ_t3>—1/2
16 arctan(1/s) t~lsint
17 1/s3 12
18 1/(s* +s+1) (2/\/3)6*1&2 sin(+/3t/2)
19 3/(s2—-9) sinh(3t)
20 120/ £
21 s/(s? +1)? itsint
22 (s+ 1)1 —(s+1000)~! e~t — e~ 1000¢
23 s/(s?2+1) cost
24 1/(s —0.25)? tel/*
25 1/sy/s 2/(t/m)
26 1/(s+1)1/2 e t/\/mt
27 (s +2)/sy/s (14 4t)/v/xt
28 1/(s2+1)2 1(sint — tcost)
29 1/s(s+1)? 1—e'(1+1)
30 1/(s* - 8) e ted — cos(y/3t) — /3 sin(y/3t)]
31 In[(s? +1) /(s + 4)] 2[cos(2t) — cost]/t
32 In[(s 4+ 1)/s] (1—et)/t

. t 0<t<1
33 (1—e7)/s* 1 otherwise

s 0 2k <t<2k+1

3 L/ls(1+e7)] {1 Utl<t<2k+2 N
35 1/(sY/2 + s1/3) Series expansion given in §4.1




Chapter 10

Applications

10.1 Application 1. Transient solution for the
Batch Service Queue M /MY /1

In this application we are modelling customers arriving at random who are
served in batches of maximum size N. This is exactly the situation which arises
with the operation of lifts in stores or office blocks as safety considerations limit
the number of people who can use the lift. It is assumed that the inter-arrival
time of customers has a negative exponential distribution with mean A and that
the service time of batches has a negative exponential distribution with mean .
The problem to be solved is the determination of the mean number of customers
in the queue as a function of time — see Griffiths et al [107].

Derivation of the Model Equations.

Let p,(t) denote the probability that there are n customers in the queue
at time ¢. Then the probability po(t + dt) that there are no customers at time
t + dt equals the probability that there were no customers at time ¢ multiplied
by the probability of no new arrivals in time 6t plus the sum of the probabilities
of there being i(i = 1,..., N) at time ¢ and a batch service having taken place
between t and ¢t + d¢t. Thus

po(t+6t) = po(t)[1 — Adt] Jer, [1— Aot]uot.

=1

Rearranging

po(t + 6t) — po(?t)
ot

= —Apo(t +sz 1~ Aotu,
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and, as dt — 0, we obtain

N
% = —Apo(t) +u;pi(t)~ (10.1)

Similarly, for n > 1 we have

Pt +6t) = pp(t)[1 — A5t [1 — pdt] + pp—1(t)AGt[1 — pdt] + pryn (£)[1 — Adt|pdt,
leading to

dpn
dt

We now solve the system of differential equations (10.1), (10.2).

= —(A+w)pn(t) + Apn—1(t) + ppnin(t), n =1 (10.2)

Solution of the Model Equations.
Let -
G(z,t) = Z 2" pn(t), (10.3)
n=0

be the probability generating function associated with the model. Then from
(10.1), (10.2) we have

d
% = —Apo(t) + ulpi(t) +p2(t) + -+ pn(t)],
d
? % = —(A+p)epa(t) + Azpo(t) + nzpn+a (1),
d
22% = —(\+ @) 22pa(t) + A2y (t) + p2Ppaya(t),

Summation by columns gives

N
5(;(5;7 D o+ WG 1) — pol®)] + MGz 1) + S CORDPEVAO)
N =0
—Apo(t) + szi(t)>
oG H RS 3
G0 =~ WG t) F A1) + Ty Clat) = Ty 3ot + Y pilt),
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which can be written as

PYe s N i N
o = [~ 4 p) + Az + sz}G(z,t) Jr,u;pi(t) - ;le,;(t). (10.4)

Now let G(z,s) denote the Laplace transform of G(z,t) that is
Glz,s5) = / =Gz, 1)dt, (10.5)
0

then the transform of (10.4) is

N N
562, 5)~G(2,0) = [-A(1—2) (1~ |Gz 8) 4 D pils) — Lo 3 2imuls),
=0 =0

where p;(s) is the Laplace transform of p;(¢). On the assumption that nothing
is in the system at ¢ = 0 we have G(z,0) = 1 and consequently

s+A1l—2)+p (1 - %V)] G(z,8) =1 +MZ@(S) — LNZZ’@(S)
z i=0 S

Equivalently,

Glas) = BT = 2)Bils)

[s + A1 = 2)]eN + (=N = 1)
The denominator in (10.6) is a polynomial of degree N + 1 in z, call it ¢(z),
where

(10.6)

g(z) = =AM+ (s A+ )Y — (10.7)

and thus has N + 1 zeros. Certainly, if p < X, and Rs > ~ for appropriate
7, there are exactly N zeros within the unit circle and one zero outside (see
Appendix 11.6). As G(z,s) must be analytic inside and on the unit circle, the
numerator must vanish at the N zeros z1, 29, ..., zy of the denominator which

lie within the unit circle, i.e., we may write the numerator as
Az —21)(z — 22) ... (2 — 2zn), |zi] <1, i <N,
where A is a constant. (10.6) becomes

_ _AG—2)(z—2) ... (2 — 2n)
G(z,8) = st AL —2)2N +pu(N —1)

(10.8)

To determine A we note that
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G(1,s) = L{G(1,t)} = /OOO e S'G(1,t)dt.

But
G(1,t) = lz z"pn(t)] :
n=0 z=1
= an(t) = 17
n=0
so that
G(l,s) =L{1} =1/s.
Hence
1 AHzN:1(1 — %)
s s ’
giving
_ 1
I (1 - 2)

Substituting for A in (10.8) and observing that the denominator has the repre-
sentation

“AMz—z1)(z—22)...(z— 2n)(2 — 2N 41)s lzv1] > 1,

we find that

G(z,s) = ! : (10.9)

Aent1 = 2) T, (1= 2)

Writing zy4+1 — 2 = zy4+1(1 — 2/2n5+1) we can expand (10.9) as a power series
in z. The coefficient of z™ will be p,(s) where

1
Pn(s) = . (10.10)
I - 2] 23

pn(t) could be determined if it was possible to invert this transform (the diffi-
culty being that z1,...,2zy41 are all unknown functions of s).
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Determination of the Mean number of Customers at time ¢.

Denote by M(t) the mean number of customers in the queue at time ¢. Then

M(t)=> npu(t),
n=0
and thus, taking Laplace transforms,
M(s) =" npn(s). (10.11)
n=0

The sum on the right hand side of (10.11) can be derived from
G(z,8) = / e G (z, t)dt = / Z 2"pn(t) | dt,
0 0 o
oo 0o oo
= Z z"/ e *'p,(t)dt = Z 2" pn(s),
0 0 0

giving
o0

aé _ n—1-
3 = 2" (o)

and consequently

M(s) = {%f} R (10.12)
Hence from (10.9)
M(s) = !
ML, (1= 2)) (v — 1)
1
OIS -2 )
. , (10.13)
s(1—zn41)

as the first part of the denominator is exactly the denominator of (10.8) when
z = 1. Recall that the formula (10.13) is only valid for s > v and it would be in-
valid if additional zeros of the denominator of (10.6) were outside the unit circle.

Formula (10.13) is a lot simpler than formula (10.10), as it only involves
one unknown zy,1. But it still means that we cannot express M(s) in terms
of s explicitly and this presents some difficulties in the application of some of
the numerical methods for inverting the Laplace transform. We note, however,
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that for a given numerical value of s the root zx is determinable by any good
root solving process from equation (10.7), which enables M (s) to be determined
from (10.13). Care must be taken, however, to ensure that we don’t infringe the
condition Rs > .

Example 10.1 Consider the case A = 3, u =1, N=2. Several approaches sug-
gest themselves for determining M (s):-

1. Rational approximation.
z3 now satisfies the cubic equation
a(z) =2 Hs+ 02+ L =0,
and a first approximation to the root is
zél) =3(s+4).
Consequently an approximation to M (s) is M (s) where, from (10.13),

—_ 3 3 3
M- = = — —
1(s) s(s+1) s s+1°

yielding the approximate solution
Ml(t) =3 - 367t.

A second approximation can be obtained by applying the Newton-Raphson for-
mula
2 1 1 1
2 =2 —a(z3) 1 (5Y),

which yields

() _ 1 3
giving an approximation Ma(s),
- 3(s+4)?
Mo (s) =
2(5) s(s? +9s2 4245 +7)
and hence
My(t) = 28 — Ae™ " — e PY(B cosvt 4 C'sinyt),
where

A =6.635827218 o = 0.331314909
B =0.221315642 8 = 4.334342545
C = 0.157806294 v = 1.530166685
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1/s f(s)
0.500 | 1.100736169
0.250 | 0.6180339887
0.200 | 0.5096822474
0.125 | 0.3356892445

O Ot N ®

Table 10.1: Table of function values for Lagrange interpolation.

A further application of the Newton-Raphson formula produces

27 = P(s)/Q(s),
where

P(s) = s” +365% 4+ 57657 + 53315° 4- 311765° + 1182245"
+ 2868695 + 42188452 + 3327845 + 102286,

and
Q(s) = 3(s + 4)%(s® + 125 + 485 + 55) (s + 125 + 485 + 37),

from which we can determine an approximation M;5(t) (see Chapter 5).

2. Interpolation.

Since B
M(s)=-1/s(1 — zn41),

we have, on the assumption that f(s) = —1/(1 — zy41) can be expanded as a
series in 1/s,

For appropriate choice of s we can evaluate the function —1/(1 — zx41) and
then use the Lagrange interpolation formula to approximate f(s). Thus,

f(s) =~ ZLi(l/s)f(Si)v (10.14)

where

For the example we are considering we have computed f(s) for a number of
values of s which are recorded in Table 10.1
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0.96194 1.85478
0.69134 1.42822
0.30866 | 0.73906
0.03806 | 0.11003

B W N |

Table 10.2: Data for interpolation by Chebyshev polynomials.

Application of the Lagrange interpolation formula gives
7o 1.1614792  1.8908255 n 2.84078075
s

F(s) +0.007867285,

and since M (s) = f(s)/s we have
M(t) ~ 0.007867 + 2.84078¢ — 0.945413t2 + 0.193580¢°.

53 52

An alternative approach is to interpolate using Chebyshev polynomials. If we
assume that s is real and greater than or equal to 1 then 1/s lies between 0 and
1 and, assuming that f(s) has an expansion in terms of 1/s we can reasonably
expect f(s) to be representable in terms of a Chebyshev expansion

f(s) = 3aoTy () + Y Ty (w),  u=1/s, (10.15)

where the shifted Chebyshev polynomials satisfy
T5(u) =1, T7 (u) =2u — 1,
T (u) = 2(2u = DT} (u) = T4 (w).
If we curtail the series (10.15) after N’ terms and choose uy to be the roots

of the equation Ty, ;(u) = 0 we can get approximations for the coefficients in
(10.15), namely,

9 N’'+1
R ) f T* . 10.1
% =N ; f(s1) T (ug) (10.16)

With N’ = 3, for example, we obtain Table 10.2 and, applying (10.16), the
coeflicients are found to be

ag = 2.06604 a; = 0.93784

as = —0.07158 az = 0.01548

so that

. 2 8 8

F(s) ~ 1.03302 + 0.93784 ( - 1) —0.07158 (2 - =+ 1)
S S S

32 48 18 )

00148 | w— — =+ ——1
* (83 52 * s
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13 Ms(t) M~ (t) My (t)

1 2.09887 | 2.098898 2.09888998
5 7.21757 7.217428 7.21742866
10 | 12.63402 | 12.633765 | 12.63376729
15 | 17.80708 | 17.806697 | 17.80670042
20 | 22.89213 | 22.891567 | 22.89157171
25 | 27.93761 | 27.936815 | 27.93681966
30 | 32.96325 | 32.962193 | 32.96219778

Table 10.3: Estimates for M (t) using the Gaver method.

Hence we obtain

M(s) = f(s)/s,

and, using the result £71{1/s"T1} =¢"/n!, we obtain
M (t) = 0.00812 + 2.72732t — 0.65784¢* + 0.08256¢.

We need not, of course, restrict ourselves to cubic polynomials.
3. The method of Gaver

This method has been described in Chapter 7. The function M(s) has to be
evaluated at s = rIn2/t for r = n,n + 1,--- ,2n. The numerical estimates
obtained for M(t), call them M, (t), are presented in Table 10.3 for a vari-
ety of n and t. Clearly, there is in this instance remarkable accuracy, even
for small values of n, over the range of values of ¢ which we have consid-
ered. We give a program for estimating M (t) by the Gaver method at the
URL www.cf.ac.uk/maths/cohen/programs/inverselaplacetransform/ .
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10.2 Application 2. Heat Conduction in a Rod

In order to study this problem we require a physical model. We make the
assumption that heat is conceptually like a fluid and is free to flow from one
position to another in a material. Its presence is measured by the temperature
(as recorded on a thermometer) — the higher the temperature the more heat
present. The flow of heat will be from places of higher temperature to places of
lower temperature. The unit of heat (in cgs units) is called the calorie and is
the amount of heat needed to raise the temperature of one gram of water one
degree Centigrade.

There are two hypotheses about the nature of heat which have experimental
support. The first, called the absorption hypothesis, states that the amount of
increase, AQ), in the quantity of heat in a material is directly proportional to
the mass m of the material and to the increase in temperature Au, i.e.,

AQ = emAu.

The constant of proportionality, c, is called the specific heat of the material and
does not vary throughout the material. For water c=1 and for silver ¢ = 0.06.
The second hypothesis, called the conduction hypothesis, concerns a strip of
length Az of a rod of cross-section A whose sides are insulated and whose ends
are held at two different temperatures. For convenience we shall imagine that
we are dealing with the flow of heat along a uniform rod which has the same
thermal properties throughout its length. Then in a small time At we find that
AQ is proportional to A, Au/Az and At, i.e.,

AQ =-K A&At.

Ax

K, the constant of proportionality, is called the thermal conductivity of the
material. For water K = 0.0014 and for silver K = 1.0006. It follows from the
above, that in a section of material of mass m, the instantaneous rate of increase
in the quantity of heat at some time tq is proportional to the instantaneous rise
in temperature. That is

oQ

ot

Likewise, the rate of flow across the surface x = xy at a given instant ¢y is
proportional to the temperature gradient there. Thus
o0Q ou

o | ~ Kla

_ ou

= — 10.1
cm— (10.17)

to to

(10.18)

xo Zo
Relating this to a segment of the rod between zy and xg + Az we see that
the rate of absorption 9Q/0t at a given point = at time tq is proportional to
Ou/ot. The average value of du/0t over the segment occurs at some interior

point zg 4+ 0Ax giving, for the whole segment,

Q
ot

du

= cpAzxA 5

t=to

(xo + 9A!L‘7t0), 0<f<1, (].0].9)
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where p denotes the density of the material of the rod.

This rate of heat increase may be computed in another way as it is exactly the
difference between the heat entering the segment at x¢ and leaving at g + Ax
at time ¢o. That is, from (10.18),

0Q = du ou
B, = KA (ax(xo + A, to) 8x<x07t0)) . (10.20)

The mean value theorem applied to the right-hand term of (10.20) shows that
this term equals

2

Y o + nAx,tg)Az, 0<n<l1.

Now, equating these results and letting Ax approach zero we obtain the equation

0%u ou
K> =cp—, 10.21
Ox? P ot ( )
where the derivatives are evaluated at (z¢,ty). Writing k = K /cp we obtain the
one dimensional heat conduction equation

o
0x2 Ot
k was called the thermometric conductivity by Clerk Maxwell but Lord Kelvin

referred to it as the diffusivity.
We now return to Example 2.4 where we established that

(10.22)

1
zj(x, S) = 76_:”\/57
S

and contour integration yielded

y(z,t) =1 — erf (;@) = erfe(z/24/t).

Thus at time ¢t = 1 and =z = 5 we have y ~ 0.0004069520. We have evaluated
y(5,1) by a number of methods and the results are given below:-

1. Crump’s method

This was an application of NAG Library program CO6LAF where, of course,
the function subroutine has to evaluate £~ !{exp(—5y/s)/s} at t = 1. With
tfac=0.8, alphab=0.01 and relerr=0.001 a result of 0.000407 was obtained.

2. Weeks method

No results were obtainable for the Laplace transform given in this example using
the NAG Library routines CO6LBF and CO6LCF. This failure derives from the
fact that y(z,t) does not have continuous derivatives of all orders.
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3. Gaver’s method

With n = 7 the estimate for y(5, 1) was 0.0004062 while n = 11 yielded y(5,1) ~
0.0004069537.
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10.3 Application 3. Laser Anemometry

McWhirter and Pike [154] consider the integral equation
/ K (vr)p(v)dv, 0<7 <o, (10.23)

where the kernel K depends on the product of v and 7 and has the property
that

oo
/ |K (z)|z=Y2dz < oco. (10.24)
0

This class of equation includes the Laplace transform.
The eigenfunctions ¢, (v) and eigenvalues A, satisfy

/ K (7)o (v)dv = Ay (1) (10.25)
0
McWhirter and Pike consider the function

¢s(v) = Av™° + Bo* ™1, (10.26)

where A, B and s are complex numbers, substituted in (10.23). This yields a
function

_ [ v1)(Av~* v* " Hdv
T)—/O K(vr)(A + B )dv,

which exists and is finite provided the integral converges. Making the substitu-

tion z = v we get
0= [T waa() e a )] L

9s(1) = AK(1 — s)7°"' + BK(s)r*, (10.27)
where K (s) is the Mellin transform of K (z) defined by

or

K(s) = /000 VK (x)da.

If K(s) exists for & < Rs < 3 then it follows that K (1 — s) exists for 1 — 8 <
Rs < 1 — « and thus equation (10.27) is properly defined for a@ < % < g.
Choosing } ~

A= V(R(s), B=%J(K(1-s),
then

95(7) = £V/(K(5)K (1 — 5))s(7),

and consequently the functions

¢s (U) VE ()™ + V(K (1 =) (10.28)
o1 (v) = V(K ()0~ = V(K (1 - s))o"!
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are eigenfunctions satisfying (10.25) with corresponding eigenvalues
AV AR) = 4+ /(K (s)K(1 - s)). (10.29)

If weset s = %—i—iw where w is real and unbounded then introducing a convenient
multiplicative factor yields a continuum of real eigenfunctions given by

VIR +iw))o™ 27 1 J(R(L — iw))o 2

(1) (p) = 7
v 2R+ )
_RIVIK G +iw))e” 271 | (10.50)
\/(W|K( +iw)|)
and
S YEG + w))o™ T — YR — i)yt
N 2W(?TIK( + iw)]) ’
:S[J(K(%f Z'ccﬁ))j)_5_“”] 7 (1031)
V(7| K (5 +iw)])
with real eigenvalues
ADUAD = K (L +iw)]. (10.32)

These functions are well defined provided that the transform K (3 +iw) exists
and a sufficient condition for this is (10.24). Moreover, because of the symmetry

relationships
1) 1)
v () =0, (v) (10.33)
Yo (v) = =92 (v)
we need only consider w > 0.

McWhirter and Pike proceed to show that the eigenfunctions are not normalis-
able but are mutually orthogonal in the sense that

_ d(w—uw) ifw#0

/ G (v)dv = { 20(w) ifw=0
> (2) _ O(w—w) ifw#0
/0 YD (W) (o) = { 0 otherwise

and also

/ h O ()2 (v)dv = 0.

0

They also give expressions for 1/15,1)(1)) and {2 (v). If p(v) is a piecewise con-
tinuous function for which [;* |p(v)|v=1/2dv exists then we can express p(v) in
terms of the eigenfunctions, i.e.,

po) = [ a0t [ aPuPds,  (103)
0 0
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where W W
w = > 'Qljw d
3 S Aae ] (1035)

Substitution of (10.34) in (10.23) gives

g(1) = / aAD WD (7)dw +/ a@X D2 (1) dw, (10.36)
0 0
and from the orthogonality relationships it follows that
. 1 o0 .
al) = T/ g(rwd(r)ydr, =12, (10.37)
Ay’ Jo

and hence

po) = [ dolD w5 [ aru® st

o Avtlo (10.38)
[P [ @,

0 Ao’ Jo

This solution parallels that of (8.8) the discrete summation being replaced by
an integral since (10.23) has an infinite continuum of eigenvalues. As mentioned
in Chapter 8 it is impossible to gain any information about those components
of p(v) for which w > wpax and the solution must therefore be written as

Wmax 1 o0
p(v) = / ) / dry D (r)g(r)
Wmax 1 o0
+ /O dwg?)(v)@ /O drp® (1)g(r) (10.39)

+ / d aDypD (v) + / d P (v),

max max

where wpax depends on errors during calculation or in measuring g(7) and the
coefficients ag ), i = 1,2 must be determined by some a priori knowledge of the
result and cannot be evaluated independently.

McWhirter and Pike note that the solution of equation (10.23) can be obtained
more directly by taking the Mellin transform of both sides. As the integral is a

Mellin convolution this gives

g(s) = K(s)p(1 — s),

and thus R
p(s) =g(1 —s)/K(1—s).
The transform of p(v) is analytic for R(s) = § and from the inversion formula
for the inverse Mellin transforms it follows that
1
p(v) = L /2“00 v_SMds. (10.40)
2mi %—ioo K(l — S)
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From this result we can recover the equation (10.38) by making the substitution
s = % + iw, expressing (10.40) as a double integral and then formulating in
terms of the eigenfunctions.

McWhirter and Pike consider the example of the equation

g(T) = /000 e~ 7 cos(But)p(v)dv,

and observe that, in the limit @ — 0, this takes the form of a Fourier cosine
transform while in the limit 8 — 0 it becomes a Laplace transform. From
(10.29) they are able to determine the rate at which the eigenvalues decay to
zero. In the case B — 0 they determine that the eigenvalue ‘spectrum’, more

specifically, |/\ )|2 decays proportionally to e™™ for large w. When a = 0 they
show -

A@12 =

AP =

which never decays to zero. This analysis showed that the Fourier transform
has a much greater information capacity than the Laplace transform.

To illustrate the application of the above theory McWhirter and Pike consider
the numerical solution of the equation

(1+7)*— B /°° -
= = vr dv. 10.41
o7 = T e = [, ¢ cos(Burp(e)d (1041)
whose exact solution is known to be
p(v) =ve™ ",

but no knowledge of this was assumed during their calculations. These were
based on the use of equation (10.39) and the undetermined parameters «,, being
set to zero as in the truncation method of regularization. Crucial to the whole
exercise was the choice of wpa.x and they examined the results obtained by
varying wmax under varying conditions of noise (in the data) and information
capacity (i.e. 3). Also, to evaluate the eigenfunction prOJectlon integrals (10.37)
it is convenient to replace the lower limit by L; (since ww (7) is not defined at
7 = 0) and the upper limit by Ly but at the same time ensuring that the
truncation error which results does not significantly affect the computation. By

choosing
Ly =107%°, Ly =107,

we have

I —1/2 /2 .
< — lg(T)|7 dr ~ L%, i=1,2
VT Jo

™

Ly )
/0 () (r)dr

and

| s ryar
Lo

1 /OO —1/2 —3/2 .
< — g(m)|T Pdr ~ L , 1=1,2
7 )l 2
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and the truncation errors are thus of order 10~7-°. As the quadrature routine
used by McWhirter and Pike evaluated the integrals correctly to an accuracy of
10~° the truncation error was of no consequence.

If

Aw =27 /[In(Ls) — In(L4)], (10.42)

it can be shown that the discrete subset of eigenfunctions

e, i=1,2; n=0,1,2,-
form a complete orthogonal set on the interval [L1, Ls] and may be normalised
by the factor Aw!/2. As a result the calculations reduced to the evaluation of
the discrete finite sums

N (1)
Cn
pN(U) = Z )\(1) nAw + Z (2) nAw ) (1043)
n=0 "nAw n=1 nAw
where
Ls ()
, Aw [ g(T)yan(T)dr,  n#0
o) = i=1,2 (10.44)
30w f 7)o (T)dT n=20
with

Aw ~ 0.136 and NAw = wax. (10.45)

The uniform discretisation was particularly convenient in this example as the
value of wpax in which we are interested is then directly proportional to N,
the number of terms retained in the series. McWhirter and Pike evaluated the
eigenfunction projections (10.44) by first making the substitution 7 = e® in
order to obtain better conditioning of the integrals which were then evaluated
using a four-point Gauss quadrature formula. They remark that it is not possi-
ble to evaluate py(v) when v = 0 because ¢7(L%w(v) is singular.

Of particular interest to us is the case 5 = 0 in equation (10.41) which, as stated
earlier, corresponds to finding an inverse Laplace transform. Two cases were
considered and the results obtained by McWhirter and Pike are shown graphi-
cally in Figures 10.1 and 10.2 .

Case 1. Calculation of the eigenfunction components of g(7) not subject to
any noise apart from the small error (~ 107°) incurred during the integration
process.

Case 2. Identical with Case 1 except for the calculated eigenfunction compo-
nents being subjected to the addition of Gaussian random errors with standard
deviation 1073,
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[

0-2F

Figure 10.1: py(v) as a function of v. 3 = 0 and noise ~ 107> : broken curve,
N = 20; chain curve, N = 60; full curve, actual solution p(v) = ve™" (and
N = 40) (Reproduced from [154] with permission)

plvl

0-2 RS

Figure 10.2: py(v) as a function of v. § = 0 and noise ~ 1073 : broken
curve, N = 20; chain curve, N = 30; full curve, actual solution p(v) = ve™"
(Reproduced from [154] with permission)

In a subsequent paper McWhirter [153] looked at the problem of solving the
integral equation

o0 2.2 2 2
g(T):A/ e VT {1+fcos( T
0

S0

)} p(v)dv + ¢, (10.46)

which is, apart from the term ¢ which denotes experimental background level,
an equation of the form (10.23). The exponential term arises from the gaussian
profile (assumed to have width r) of the laser beams and the cosine term is
associated with the virtual fringe pattern whose visibility factor is f and fringe
spacing is sg. A is a simple scaling factor and whereas previously we virtually
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had an explicit formulation for g(7), the correlation function is now defined by

the sample

g(m) = g(iT), 1=1,2,---,N (10.47)
where T is the correlation time and N is the number of channels used. McWhirter
uses a simple histogram model to deal with this situation and mentions that in
some situations it would be appropriate to model the data using cubic B-spline
functions.
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10.4 Application 4. Miscellaneous Quadratures

The application of Laplace transforms to evaluate integrals involving a parame-
ter is something which is not new. However, most of the examples cited involve
transforms which are known from tables. Abramowitz [4] gives the example of
the function f(z) defined by the integral

f(z) = /OOO ¢ "du (10.48)

xr+u

If the substitution u = zv is made and z? is replaced by ¢ we obtain

OOe—tv2
t) = dv.
9(t) /0 1+vv

The Laplace transform of g(t) with respect to ¢ is

/ i dv B ™ n Ins
o (14+v)(s+v2) 2¢s(s+1)  2(s+1)
Abramowitz writes that, by consulting the tables in Doetsch [68], we have

$1/2

”1{¢s<s1+1>}:23:/0 I (e

where Ei(t) is the exponential integral. It follows that

fla) = yme™ / " e du — L Ei(a?). (10.49)
0

This technique is particularly useful when the integrand contains an oscillatory
term such as costx, sintz or J,(tx). For example, if

> sintx
n(t) = d 10.50
0= [ S (10.50)

e > sintx
L{L(t)} = -t / dx | ds. 10.51
woy= [ "o ([T ) as (1051)
Interchange of the variables is permissible here if #8s > 0 and consequently
_ oo 1 o0 et .
I(s) = e % sintadt | dx,
0 T + 1 0

= /0 mdm. (10.52)

The integrand in (10.52) can be put in the form

1 x 1 + 52
241 |\s24+22 z+1 s2 42|’

then
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and integration yields

= Ins ins
I = - 2 10.
1(s) 231 T 2 1 (10.53)
By consulting the tables in Roberts and Kaufman [197] we find that
I (t) = (37 + Si(t)) cos t — Ci(t) sint, (10.54)

where Ci(t) and Si(t) are respectively the Cosine and Sine integrals

tcosu — 1 t o
Ci(t):C+lnt+/ ST Si(t):/ Y g,
0

0 U U

— see Abramowitz and Stegun [5]. Even if one didn’t know the solution in
terms of Sine and Cosine integrals one could use the techniques given in this
book to determine I;(t) for a range of t.

Another example which was studied by the author [41] concerns the computation
of the creep function ¢(t) which satisfies the integral equation

Bla) = /0 () sin atdt, (10.55)

where B(x) is the dielectric loss factor represented by

B Ax®
14 20’

B(z)

O<a<l.
Application of the Fourier sine inversion theorem yields

24 [ x>
(b(t) = 7‘/0 m S t.’['dx, t> 0.

Thus apart from a constant factor, the function

oo xa
I t) = ————sintxd t>0 10.56
Q(OZ? ) /(; 1 +$2a smirax, > U, ( )

determines the creep function ¢(t). We can get an explicit formula for « = 1 by
straightforward contour integration, namely

IQ(l,f) = ge_t.

We can also use Laplace transforms to determine the value of 12(%, t). Proceed-
ing as above we find

) 0 23/2
[2(%,5):“12(%,1%)}:/0 (1”)(55”2)'

By the application of the result (Whittaker and Watson [250] p.117 et seq.)
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/ 227 1Q(2)dx = mcosec an Z residues of Q(z),

0

where it is assumed that z°Q(z) — 0 as * — 0 and x — oo and the function
(—a)*1Q(z) is integrated around a keyhole contour, we obtain

Bls) = o4 B
28 = o T A
™ s s S 1
= —_— . 1 .
21 J2s)  (2s) <32+1+s2+1) (10.57)

The last term on the right hand side is, apart from the constant factor, the
product of the transforms of 1/4/(wt) and (cost+sint) and thus the convolution
theorem enables us to establish a closed form result for Ig(%, t), namely

Ig(%,t) =msint 4+ +/(7w/2t) — /(27){(cost +sint)C(y/t) + (sint — cos t)S(1/t)},

(10.58)
where C(t) and S(t) are the Fresnel integrals
t t
C(t) = / cos(u?)du, S(t) = / sin(u?)du.
0 0
For other values of a we obtain the integral
_ o0 zttedy
1 t) =
2(0&, ) \/0 (1 +$2a)(82 +$2)’
which, apart from some exceptional values of «, such as a = %, is quite

formidable to compute. In this instance it is preferable to deal with the original
integral I(«,t) and apply the method of §11.3 to evaluate the integral — care,
however, must be taken in evaluating the first term of the sequence because of
the singularity at the origin.

The earlier examples were all infinite integrals but we can treat a wider range
of integrals. Talbot [226] cites the examples of Burnett and Soroka [28] which
arose in modelling a problem in Acoustics. If we just consider the cosine integral
(the sine integral can be treated similarly)

Ot R) = /d (= R/a?)costadr,  c—= /R, d= J(R+1/R) (10.59)

then 4
C(s,R) = / (/ et costasdt) V(1 = R/x?)dx,
c 0
yielding
d
— S 2
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By making the substitution x = /Rcosecf this integral becomes

scot? 0df )
VR / oy —ye where sec¢ = /(14 1/R?).

A little manipulation produces the result

jus

s, R) = /R(s + R/s) /ﬂ ? b _evR
2

T, s2sin?0 + R s

From Gradshteyn and Ryzhik [102] we have the result

dx 1 a+b
—— = arctan ——tanx |, a,b>0
a+ bsin®z a(a + b) a

and hence we can obtain an explicit expression for C(s, R), namely,

C(s,R) = Y+ ) - \/(R: ) arctan < U s2> - QD\S/R- (10.60)

2s R3

C(t, R) can then be determined for given ¢ by numerical evaluation of the inverse
transform.
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10.5 Application 5. Asian Options

An option is the right (but not the obligation) to buy or sell a risky asset,
such as a stock or a parcel of shares, at a pre-specified price within a specified
period (Seydel [207]). Options have a limited life time. The maturity date T
fixes the time at which the rights of the holder expire and for ¢ > T the option
is worthless. There are two basic types of option. The call option gives the
holder the right to buy the asset, whose price at time ¢ will be denoted by S
or S, for an agreed price K (K is the unit price of the asset) by the date T
The put option gives the holder the right to sell the asset at a price K (which
is different from the call option price) by the date T. The price K is called the
strike or exercise price. There are two aspects of options and they relate to
either the holder or the bank/stockbroker which underwrites the option. The
latter have an obligation to buy/sell the asset at the strike price K if the holder
decides to exercise the option but their risk situation is different from that of
the holder as they receive a premium when they underwrite the option and this
compensates for any future potential liabilities. This application investigates
options from the standpoint of the holder.

Options have been given designations relating to continents. European options
can only be exercised at the expiry date T. American options can be exercised
at any time until the expiry date. Asian options give the holder the right to
buy an asset for its average price over some prescribed period. With all these
types of options we want to be able to estimate the pay-off function V'(S,t)
which in the case of a European call option only has validity when ¢ = T and is
defined by

_ 0, S < K (option is worthless)
V(s.T) = { S—K, S>K (option exercised)
or
V(S,T) =max(S — K,0) = (S — K)". (10.61)
Similarly for a European put option
V(S,T)= (K —8)*. (10.61")

The fact that the pay-off function is positive when the option is exercised does
not necessarily imply that the holder of the option makes a profit. This is
because the initial costs paid when buying the option have to be subtracted.
One also has to take into account that the money could have been invested
over the option period at some interest rate r in order to work out whether the
taking out of the option was profitable to the holder.
Likewise the pay-off function for an American call option is (S; — K)* and for
an American put (K —S;)T where ¢ denotes any time < 7. With Asian options
we need to determine the average value of S;. This can be done by observing Sy
at discrete time intervals, say tx = k(T'/n), k= 1,--- ,n and then determining
the arithmetic mean N

1

- ; Sy -
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If the observations are continuously sampled in the period 0 < ¢t < T, the
arithmetic mean corresponds to

. 1 /T
= — . 10.62
g T/OStdt (10.62)

An alternative approach, which is sometimes used, is to consider the geo-
metric average which is defined by

n 1/n n n
<k1;[1 Stk> = exp <T1Lln H Stk> = exp (i ;lnstk> .

k=1

For continuously sampled observations this can be expressed in the form

N 1 /T
Sy = exp (T/ In Stdt> . (10.63)
0

The averages (10.62), (10.63) have been formulated for the time period 0 <
t < T and thus corresponds to a European option. To allow for early exercise
of the option as with American options we have to modify (10.62) and (10.63)
appropriately. Thus, for example, (10.62) now becomes

t
S':}/Sudu.
tJo

We can define the pay-off function for Asian options as
(8 — K)T average price call

(K — S)+ average price put

The above averages can be expressed in integral form by

A= / (S u)du, (10.64)
0

where the function f(.S,u) corresponds to the type of average chosen. In partic-
ular, if (10.62) holds then, apart from a scaling factor, f(S,u) = S. For Asian
options the price V is a function of S, A and ¢ and it is shown in Seydel [207]
that V satisfies the partial differential equation

2
+ 50252% + rsg—g + f(8S, zs)gi;1 —rV =0. (10.65)
The quantities r and ¢ in the above equation denote respectively interest rate
and volatility. The above equation has been solved approximately by applying
the classical methods of Numerical Analysis for the solution of partial differential
equations — see, for example, Rogers and Shi [198].
Geman and Yor [94] established that the problem of valuing Asian options could

v
ot



194 CHAPTER 10. APPLICATIONS

be tackled by Laplace transform evaluation. Calculations have been performed
by Fu et al [90], Carr and Schréder [30] and Craddock et al [52] and others using
a variety of numerical methods for the inversion of Laplace transforms but, at
this point in time, results have not been very satisfactory. Essentially, we are
trying to determine the price C(t) of the Asian option which is defined by

4e~m(T=18(¢)

o) = o?(T —to)

C(hq), (10.66)

where r is the constant interest rate,

v = &_1’ h— iaQ(T—t), q= %(t) (K(T—to) -/ S(u)du) , (10.67)

and the Laplace transform of C*)(h, q) with respect to the h variable is

C’(”)(S,q) :/ e_ShC’(”)(h,q)dh,
0

10.68

fol/zq 671’1’%(“_”)_2(1 B 2ql_)%(u+u)+ldx ( )

s(s—2-20) (3(p—v)—1) ’

where T' denotes the gamma function and p = v/2s + v2. Since the integral in

(10.68) requires %(u —v) — 2> —1 it is necessary to apply the shift theorem in

order to weaken the singularity at the origin. To this end we redefine p to be
1 = +/2(s + a) + v? where o > 2 + 2v. If we make the substitution u = 2qz in
the integral

1/2q 1., 1
/ e T2 W2 — 2gp) 2 (WL gy
0

we obtain

! L w20, -2 3/ +0)+1
17/ e*“/qu2“_”_(17u)2“ YT du.
(Qq)g(u’—u)—l 0

Application of the result (Abramowitz and Stegun [5])

1
M(a,b, 2) = / et (1 — )P g, R(B) > R(a) > 0,
0

(10.69)
where M (a,b,z) is the Kummer confluent hypergeometric function, gives the
Laplace transform to be inverted in the form

) sy - OL202 %G ) £ MG — ) =1 41,1/ (20))

(s+a)(s+a—2—=2v)(+1)
(10.70)

Now (@) )
az a)oz
M(a,b =14+ =
(@.0:2) =1+ -+ o ¥ Gynl
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Case T o T—ty | K | S(to) q

1 0.05 0.5 1 2 1.9 | 0.06579
2 0.05 0.5 1 2 2 0.0625
3 0.05 0.5 1 2 2.1 | 0.05952
4 0.02 0.1 1 2 2 0.0025
5 0.18 0.3 1 2 2 0.0225
6 0.0125 0.25 2 2 2 0.03125
7 0.05 0.5 2 2 2 0.125

Table 10.4: Values for Asian option parameters

where (a),, is the Pochhammer symbol, i.e.,
(a)p=ala+1)---(a+n+1)=T(n+a)/T(a), (a)g=1.

Substituting the series for M in (10.70) yields

f (1/2q)2% 7ML (' + v) + AT (0 — v)
c = 10.71)
(s+a) (s+a)(s+a—2—-2v)(u +1)2 Zpk’
where
_ -1 W -v)+k-1
po =41 Pk+1 = 2q(k + 1) Wkt 1 Pk-

Craddock et al [52] point out the difficulty of computing the series >~ pr
when ¢ is small as, with direct summation, 150 terms are needed to attain
accuracy of the order of 107 when ¢ = 0.015. With ¢ less than 0.01 thousands
of terms are needed to produce even one decimal place accuracy. As we have
mentioned previously it is necessary to be able to evaluate the Laplace transform
function accurately in order to overcome the ill-conditioning inherent in the
numerical methods of inversion. In this instance we note that the criteria given
by Sidi [216] for the satisfactory performance of the W ("™)-algorithm are satisfied
and we can thus sum the series accurately with far fewer terms needed. In the
course of time this author hopes to be able to present his results for a selection of
parameters which have been published by other researchers. Some typical values
are given in Table 10.4. In Table 10.5 we give the Asian option prices obtained
by Abate and Whitt [3], Eydeland and Geman [83], Turnbull and Wakeman
[235] and Craddock et al [52] which will be denoted respectively by AW, EG,
TW and CHP. Abate and Whitt used a trapezium rule approximation to the
Bromwich integral, Eydeland and Geman employed a fast Fourier transform
method, Turnbull and Wakeman gave an approximation formula and Craddock
et al used an alternative quadrature routine from the Mathematica Library.
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Case | AW EG TW | CHP
1 0.194 | 0.195 | 0.195 | 0.194
0.248 — 0.251 | 0.247
0.308 | 0.308 | 0.311 | 0.307
0.055 | 0.058 | 0.056 —
0.222 | 0.227 | 0.220 | 0.243
0.172 | 0.172 | 0.173 | 0.175
0.340 | 0.351 | 0.359 | 0.355

~N O Uk W N

Table 10.5: Asian option prices
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CHAPTER 11. APPENDIX

11.1 Table of Laplace Transforms

Function

t'(l

tl/

Laplace Transform

f(s)

f(s) +bg(s)
(). e
fls+a)
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Function

—at

e—attn

sin at

tsinat

sinat — at cos at

sinh at

cosh at

e “tsin at

t

e “cosat

Laplace Transform

1
S+ «
n!
iy "=0Lo
—as
¢ , a>0
S

e f(s), a>0

52 + a2

52 + a2

2as
(s2 + a2)?

2a®
(s2 + a?)?

s2 — g2

52 _ g2

(s + a)? + a?

s+«
(s+ a)? + a?

199
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Function
Ln(t)
sint
t
Jo(t)
In(t)
In(t)/t
1
t"T2J 1(t)
n—jy
Jo(2Vat)
L cos2vat
——= COS a
Vit
L h2vat
—= COS a
Vrt
! sin 2v/at
11 a
Vv/TTa
L inh 2v/at
Sin a
VTTa
In(t)

CHAPTER 11.

Laplace Transform

(s—1"
SnJrl

APPENDIX
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Function

1
e—a2/4t

Vit

—C —Int

Square wave function

Laplace Transform

(s —Vs2 —1)"
s2—1

eV (a>0)

1
—Ins (n>0)

sn

1
~In(1
S n(l+s)

s+b
s+ a

1 1
—tan™? ()
s s

1
~ 55 In(1+ s%)

In

S et f(t)dt

1—esT

1
= tanh 5T
s
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Function
f(t1,t2)
f(t) f(t2)

e~ P £ 1)

7'ty f(t1,t2)

t1 to
/ / f(ty =& ta — £2)9(&1, &2)dE1dEs
o Jo

sin tl
costy costy

sin(tq + t2)

emin(tl Jt2)

CHAPTER 11. APPENDIX

Laplace Transform

f(sl, 82)

f(51)f(s2)

f(s1+a,s2+ )

8m+n

m n
0s*0s}

(1)t

f(Sl,Sz)

sa(sy +1)

5182
(st +1)(s5+1)

S1 4+ So
(s2+1)(s2+1)

S1 + 89
5182(81 —+ So — 1)
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11.1.1 Table of z-Transforms

Function

kn

kn?

> fa(k) filn — k)

z — Transform
F(z)=>_ f(n)z™"
n=0

kz="

kz(z+1)
EEE

203
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11.2 The Fast Fourier Transform (FFT)

A classical problem in Mathematics is to determine an approximation to a con-
tinuous function f(z) which is of the form

f(x)==ao+ Z(a,. cosrz + b, sinrzx), 0<z<2m. (11.1)
r=1

This is equivalent to the interpolation problem of determining the phase
polynomial, for appropriate IV,

N—-1
ple) = a;e”,  i=v-1, (11.2)
§=0

such that
p(zk) = flag), x, = 27k/N, k=0,---,N—1, (11.3)

and it is known that p(z) is uniquely determined by taking
| N2
P —2mijk/N =0 _
=+ ,;) fre ., j=0,--- ,N—1. (11.4)

As each «a; requires O(NN) multiplications to be evaluated this means that
O(N?) would be needed to evaluate p(x) and, for large values of N, such as
would be required to get a discrete representation of the Fourier transform

F(w) = /_Oo f(t)e™tdt, (11.5)

this would be challenging for most computers. However, Cooley and Tukey
discovered an algorithm which enables (11.2) to be evaluated, for special values
of N, in O(NlogN) multiplications. The most straightforward case is where
N =2m

Suppose N = 2M. Then we can find an interpolating polynomial ¢(z) with
the property that

Q(x28)2f257 SZO?"'aM_17
and a polynomial r(z) with the property that

7“(362s+1)=f2s+1, §=0,---,M-1.

Then p(z) can be expressed in terms of the two lower degree phase polynomials

by A ,
pie) = ate) (Log) i) (R, (11.6)
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as when
T = Tos, eiM:E _ eiM27r(2s)/2M _ 627Ti5 =1,
giving
p(r2s) = q(x2s) = fas,
and when
T = Togii, eiMx _ eiJVIQTr(23+1)/2M _ eiﬂ _ _1,
giving

P(z2sy1) = 7(T2511) = fast1,
so that p(z) is the phase polynomial which agrees with f(z) at the interpolation
points zg, -+, Topr—1 -
Equation (11.6) provides the key to the algorithm of Cooley and Tukey which
operates in n steps. Step m consists of determining R phase polynomials

P (z) =l + oMei 4 4 aﬁ"ﬁw M=z, r=0,,R—1,

from 2R phase polynomials pﬁm_l)(x), r =0,---,2R — 1 using the identity
(11.6), i.e.,

2™ (@) = p @)1+ M) 4+ p D (@) (1 - M),
where M = 2™~1 R = 2"~™ . This gives rise to the recursive relationship
between the coefficients of the phase polynomials, namely

00 = oo r=0 Rl
(11.7)
2a7("n]1\}+J = aE'T_l) - Oégirlj)nm’ Jj=0,- ,M-1
where = e=27/2" 1y = 0,--- ,n. The required starting values are

= f, k=0, ,N—1

and, finally, we have a; = oz(()j), j=0,--- ,N—-1.
To summarise, what the FFT enables us to do is, given

N-1

X(j) = ;] Z A(k) exp (;k) (11.8)

we can determine A(k) from

AlR) =S X(j)exp (_]2\;”']'/0 (11.9)

Symbolically we can write this as

(X)) 5 {Ak)}. (11.10)
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11.2.1 Fast Hartley Transforms (FHT)

The discrete Hartley transform pairs are given by the formulae

1 Nl
=~ h(k)cas(2mjk/N), (11.11)
k=0
and
N-1
h(k) = )  H(j)cas(2mjk/N), (11.12)
§=0

where cas(2njk/N) = cos(2mjk/N) + sin(27jk/N). Here again we can symbol-
ically write

(HG)} 25 {nk)}. (11.13)

Note the similarities between this and the discrete Fourier transform pairs (11.8),
(11.9). In particular, if N is taken to be a power of 2 then only Nlog N op-
erations are required to determine the discrete Hartley transform of a N-point
data set.

If real A(k) = h(k) for i =0,1,--- ,N — 1, then X (j) and H(j) are related by

R{X ()} = 5(H(G) + HIN =), (11.14)
and
S{X ()} = 3(H(j) — H(N = j)). (11.15)
Thus by setting
H(j) =R{X(G)}+S{X0G), =01 3N -1 (11.16)
H(N —j)=R{X()}-S{X()}, =01, ,iN-1 (11.17)

we can apply the FHT technique. The advantage of using Hartley transforms is
that one only needs to use real arithmetic operations in order to determine h(k),
since H(j) and cas(2mjk/N) are real, and there is a speed gain (over FFT) as
a result.

11.3 Quadrature Rules

Since the inverse Laplace transform is given by an integral, in the Bromwich
formulation, it will come as no surprise that the numerical evaluation of inte-
grals plays a big part in numerical methods for the inversion of the Laplace
transform. We list here various formulae which we shall require at some stage
in developing the techniques described in the book.
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The Trapezium Rule

b n
[ f@de =032k ) = O = Tu = O, (L)
a r=0

where ¢ < £ < b and h = (b — a)/n. The double prime in the summation
indicates that the first and last terms in the summation are to be multiplied
by the factor 1/2. We shall sometimes use the notation T'(h) instead of T,
to indicate the trapezium rule approximation. It is worth noting that T’ (%h)
incorporates function values which have been used in evaluating T'(h). In fact
we have the identity

T(3h) = (1/2)[T(h)+hZf(a+(i* 3)h)]. (11.19)

A disadvantage of the trapezium rule is that it breaks down if the integrand
has a singularity at the end point. This can be overcome by using a modified
trapezium rule formula (see Cohen [43]) with the appropriate Richardson ex-
trapolation expansion — see Sidi [216] for a detailed discussion of Richardson
extrapolation. The rule is sometimes referred to as the trapezoidal rule.

The Euler-Maclaurin Summation Formula

b
Fla)de =T~ 207 0) ~ f'(a)] -
- B0 0) — £ 0] + R, (11.20)

where T;, is defined as in (11.18), Bgj denote the Bernoulli numbers and

0, Boj o3

Rop = max \f(2k+2)($)|7 —-1<6<1.

(2k +2)!  a<a<b

Although, in many applications of the trapezium rule, the truncation error can
be quite large it is clear from the Euler - Maclaurin summation formula that
where the odd order derivatives tend to zero at the end-points this rule can be
very successful.

Example 11.1 Evaluate [ e~ dx.
We have the results in Table 11.1 .

Note that as the integrand is O(10~%4) for z = 10 we have taken a = —10
and b = 10 and clearly we have converged rapidly to the correct answer of /7.

The Mid-point Rule

b n 3 3
[ @de =13 fla (k= 3+ € = Mo+ O, (112
@ k=1
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n ()
1.0 1.7726372048 - - -
0.5 1.77245385090551605266 - - -

0.25 | 1.77245 38509 05516 02729 81674 83341
0.125 | 1.77245 38509 05516 02729 81674 83341

Table 11.1: Evaluation of ffcoo e~ dx by the trapezium rule.

where a < £ < band h = (b —a)/n. One of the disadvantages of using the
mid-point rule is that a completely new set of function values has to be com-
puted if we are comparing estimates for the integral for any two values of n.
An advantage of the mid-point rule is that it can be used to estimate integrals
where there is a singularity at an end point.

Gaussian Quadrature Rules
These take the form

b n
/ w(zx)f(x)de = Z arf(xg) + Ry, (11.22)
e k=1

where w(x) is a positive weight function in (a,b), the {z} denote the roots of
the equation p,(z) = 0, where the polynomials {p, (x)} satisfy the orthogonality
relationships

b
/ w(x)pm (z)pn(x)dz = 0, m#n (11.23)

= Yn, m=n (11.24)
and the {ay} are constants, known as Christoffel numbers, given by

AnJrl’Yn

7 11.25
Aop @) P @) (11.25)

Qp = —

where A,, is the coefficient of 2™ in p,(x) and, finally, the remainder term R,
is given by
o [P

=42 Ty

a<{<b. (11.26)

Thus, in the case where w(z) = 1 and [a,b] = [-1,1] we have the Gauss-
Legendre quadrature formula

/f@mziwﬂm+m, (11.27)
-1 k=1
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where
22n+1(n,)4 o
" (2n+ 1)[(20)13 FE©), -1<é<1 (11.28)
ar = 2/(1 — 22 [P (z)]?, (11.29)

{z}, kK =1,--- ,n are the roots of the equation P,(z) = 0 and P,(z) is the
" degree Legendre polynomial.

When w(z) = 1/v/1—22 and [a,b] = [—1,1] we have the Gauss-Chebyshev

quadrature formula

1
2k — )7
/ m Zf xr) + Ry, T = €08 =, (11.30)
where
e f2) -1 L 11.31
R, = (Qn),?n WAL <€< (11.31)
We give one more example with w(z) = e™® and [a,b) = [0,00). The related

orthogonal polynomials in this case are the Laguerre polynomials L, (z). The
abscissae xy are roots of L, (x) = 0 and the weights satisfy

(n!)2zy
(n 4+ 1)?[Lra ()]

giving the Gauss-Laguerre quadrature formula

/oo e fx dx—Zakf (1) (11.33)
0

aj = (11.32)

where the remainder R,, satisfies

= wf@”)(f) 0<€&<oo (11.34)
" (2n)! ’ ' ’
Change of Interval and Integration Strategies
The substitution y = (b — a)z + (b + a), where a and b are finite, converts
the integration range from [a, b] to [—1,1]. We have

[ s =50=a) [ 5300+ 50+ )i (11.35)

The integral on the right hand side can be estimated by means of a Gauss-
Legendre formula.

In practice it is not always possible to determine the truncation error R,, ex-
plicitly. Possible strategies for ensuring accuracy are:-
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(1) Compare estimates for the integral using n, n + 1 and n + 2 point
formulae.

(2) Use an adaptive approach. We determine an estimate for the integral
with a n- point formula. Since

[ s = [ s+ [ s,

we can obtain another estimate by evaluating each of the right hand side inte-
grals using the same n-point formula. We then compare estimates and subdivide
the interval again if necessary.

(3) Estimate with a n-point formula and by judicial choice of extra abscis-
sae make a revised estimate for the integral — this is known as Gauss-Kronrod
integration. The reader should consult Davis and Rabinowitz [61] or Evans [81]
for further details.

The method of Clenshaw and Curtis
This method for evaluating
1
[ s
-1

assumes that f(x) is continuous and differentiable and has an expansion in
Chebyshev polynomials, i.e.

N
fla) =Y axTy(x), (11.36)
k=0

where the double prime indicates that the first and last terms of the summation
are to be halved and T (x) denotes the Chebyshev polynomial of degree k. Since

/Tn(:c)dz =1 (T:Lj(f) - TZ‘i@) . n>1

it follows that

1
/ f@)de = 2(Ch + Cs + Cs + - --), (11.37)
-1
where
C, = ! =1,2 N -1
7"*277,(@7‘—170’7""!‘1)’ r=1=14:--, -

Cn =an—1/2N, Cny1 =an/2(N +1).

O’Hara and Smith [162] have proposed a bound for the error in the Clenshaw-
Curtis method, namely

|EN‘ <max{2|aN,4|,2\aN,2|,|aN|}. (11.38)
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This is not entirely foolproof and it is advisable to compare with calculations
obtained for larger N.

Oscillatory Integrands
There are many situations where we have a solution to a problem in the form

b
I:/ f(z)w(z)de, (11.39)

where, typically,

w(z) =coswz or sinwzr or Jo(wzx), (11.40)

and Jy(z) is the Bessel function of the first kind of zero order, f(z) is a smooth
function and w is a fairly large positive constant. The range [a, b] could be finite
but may be [0, 00). In the case [a, b] finite and w(x) = sinwz, Filon [84] divided
the range of integration into 2n equal parts and, in each sub-interval of width
2h where b = a 4 2nh, approximated f(x) by a quadratic polynomial. He thus
obtained

b
/ f(z) sinwzdr = hlaf{f(a) coswa — f(b) coswb} + 552, + ¥San—1], (11.41)

where
n—1
Son = 31f(a) + F(O)] + Y flwar), (11.42)
k=1
Son—1= Z fzar—1), (11.43)
k=1
and
_ 1 n cos fsin 6 _ 2sin% 0
7Y 92 g
1+cos?8 2sinfcosé
ﬁ =2 < 92 - 03 > )
y=4 (SI;H — C(;Sf) ,  where 6 = wh.

Estimates for the error in Filon’s method are given in Abramowitz and Stegun
[5]. Evans [81] gives a detailed treatment of recent advances. Most methods
seem to have drawbacks of some sort — numerical instability being a particular
problem — but, overall, Evans seems to favour Patterson’s method [166] which
uses Gauss-Kronrod integration. This approach is available as NAG Library
Routine DO1AKF.
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Infinite Integrals

If f(t) is a monotone decreasing function of ¢ then, since

/Ooof(t)dt:/Olf(t)dt+/12f(t)dt+-~-,

we can treat this as a series summation problem with

o= Tl Ft)dt,

and use the extrapolation methods given in the next section to determine the
sum of the series and hence the integral. More generally, we can write

o0 t1 to
/ = [ fode +/ Flt)ydt+ -
0 to t1

where 0 =ty < t; < ty < --- is some appropriate subdivision of the real axis.
If the integrand is of oscillatory type, as in (11.39), then by choosing t; = 0 and
t; to be the ith consecutive point at which w(t) is zero we have

/OOO FOwdt= [ fewed+ [ fewed+ [ fEwEd -

to t1 to
=ay—az+taz—---,

where

tr

a, = (—1)"! f(t)w(t)dt,

tr—1

is a positive quantity. We can employ the methods of the next section to sum
the alternating series. See §4.3 where this technique has been applied.

11.4 Extrapolation Techniques

In this section we collect together a number of extrapolation methods which
have been used by various authors who have developed methods for the nu-
merical inversion of Laplace transforms and which have been quoted in earlier
chapters. It is worth pointing out at this stage that an extrapolation method is
only guaranteed to work if the sequence it is applied to satisfies the conditions
which were imposed in its construction. This is rarely known ab initio and it
may require some difficult mathematics to establish the linkage. It is precisely
because of these difficulties that we have advocated the use of at least two dif-
ferent methods in order to establish the inverse Laplace transform.

More details about these and other methods, which should not be ignored, can
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be found in the books by Brezinski and Redivo-Zaglia [25] and Sidi [216].

Euler’s method of summation for Alternating Series
Given a convergent series

s=xv; — 22y + 23—+ (=1)" o+, 0<z <1, (11.44)

we can make the substitution z = y/(1 — y) to give, after expansion and rear-
rangement,

s=yv; — Y2 Avy + 3 A% 0 — - Y (A"l + - (11.45)

where A"v; has its usual meaning

r r r
Aoy = vpgq — (1) v + (2)Ur1 — e (= (r B 1) vz + (=1)"v1.

In particular, when x = 1, we have the result

S:U1—02+U3—"'+(—1)nilvn+"'
1 1 1 1
=-v — —Av; + =A% — - (A" 4
2 ' g Ty g (ZA) (11.46)

I 1\
=3 ; <2A> V1.
In practical applications a well-tried strategy is to write
s =81+ 83, where s :v17v2+~~+(71)k71vk,

and to sum s; directly and apply the Euler summation formula (11.46) to eval-
uate so — if & # 1 the same strategy can be used in conjunction with (11.45).
The Euler summation formula can also be used to find the sum of divergent
series which are summable in the Cesaro sense.

Hutton’s method for Alternating Series
If s,, denotes the partial sums of an alternating series then if we define

5(161)20 (k>0), s =5, (n>0),

with

st = L1(skT] + 5570 (n >0), (11.47)

we have an algorithm which enables us to determine s. Here also we can deter-
mine s if the series is divergent but summable in the Cesaro sense.

The iterated Aitken method for Alternating Series
This method is based on the result that if a sequence {x,} has the property
that

T, =z + Ar",
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S
0.69314887
0.693147196
0.69314718066
0.693147180560
0.693147180559944
0.693147180559943

0 O U W

Table 11.2: Summation of >, % by iterated Aitken method.

where A,r and x are constants then, given three consecutive terms x,, ;1
and 42, we have

2
($n+2 - xn+1)
Tnt2 — 2Tpg1 + Tn

T = Tnt2 —

To apply this to the summation of alternating series we compute the par-
tial sums of the series Sio), Séo), e ,Séz)ﬂ and for three consecutive entries

S§T)7 5]@17 SJ@Q (r=0,1,2,---) we form

(1) _ g y2

S(r+1) _ S(r) _ (Sj - Sj+1)

7 SR TN
J J+1 J+2

(11.48)

and proceed with calculations until we eventually arrive at S’YC).

Example 11.2 Estimate the sum of the series S =1 — % + % - % 4+
We obtain the results in Table 11.2

See Cohen [44] for a derivation of the method and Sidi [216] regarding con-
vergence properties.

The Shanks Transformation
Assume that a sequence {4,} has behaviour of the form

k
A= Crn + Y in(r) fi(r), (11.49)
i=1

and r is bounded appropriately. In the case where a;, (r) = o; # 0, fi(r) = ¢7,
n—k <r <n+kand Cg, = Sk, we have the Shanks transformation [208]
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which can be expressed in terms of determinants by Cramer’s rule, namely,

An—k to An—l A

AAp_, - AA, AA,
AAp_1 - AApik—o AAnip—
Sien = : th2 el (11.50)
AA, x - AA, AA,
A147171 o AAn+k72 AAnJrkfl

where A, = A,11 — A,. Skn is identical with the [k/n] Padé approximant of
the series -
A+ (A4 (11.51)
j=1

evaluated at z = 1.

The e-algorithm
Wynn [257] found that the term Sy, in the Shanks transformation could be
obtained in an efficient way by means of the e-algorithm, namely,

6(7”1) = 0, eén) =A,
(n) (nt1) k,n=0,1,--- (11.52)
n n+
€y1 = €1 T+ W
yielding
652) = Skon-+ks k,n=0,1,--- (11.53)

The Levin t- and u- transformations
If, in (11.49), we take a;n(r) = @Ry, n <71 < n+k and Ck, = Tk, then
application of Cramer’s rule gives

Ay Any1 Apyr
R, fo(n) Ropifoln+1) -+ Ruprfoln+k)
T — Rnfkf(n) Rn+1fk;1(n+1) Rn+kfk;1(n+k) (11.54)
Ry, fo(n) Ropifo(n+1) -+ Ruyrfo(n+k)
Rufe1(n) Rusifur(n+1) - Rupufuos(n+k)

By making the assumption that each R, # 0 it is possible to divide column j
of each determinant by R, ;1. The choice

filr) = 1/7”
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k Ukl

6 1.64493519

8 1.6449340412
10 1.64493406715

12 1.64493406684718
14 1.64493406684819
16 | 1.6449340668482275
18 | 1.64493406684822642

Table 11.3: Summation of Y .7, & by Levin’s method.

then enables us to express the determinants in terms of Vandermonde determi-
nants and we obtain

Tyn = (11.55)

k—1
k i (k\ [ n+j Angj
ijo(*l)j (g) (n-s-i) Rnij

k 1) (%) ( nti A
ZJIO(_ ) (j) n+k Ry

We have not specified the R,. Levin [126] made the choice R, = AA,_; as the
most appropriate for the summation of alternating series where the A, are the
partial sums of the series (the Levin t-transformation). The choice R, = rAA,_1
gives the Levin u-transformation

k—2
k i (k n+j Anyj
Zj:()(_l)] (j) (n+i) an
k—2
k i(k n+j 1
i) (3)  w

which Levin used for the summation of positive series. We now give some exam-
ples of the application of the ¢- and u-transformations. Because of cancellation
increasing the number of terms used in the u-transformation might lead to nu-
merical instability. When applying the t-transformation to summing alternating
series cancellation is not a problem (as all terms are positive) but it is impor-
tant to add terms in the numerator and denominator in increasing order of
magnitude.

Example 11.3 Find the sum of the series S = 7, 1/n?.

This is an example given by Levin [126] and the exact answer is well-known to
be 72/6 = 1.644934066848226436 ---. Applying formula (11.56), with n = 1,
we obtained the results in Table 11.3.

, (11.56)

kn =

The next example gives an illustration of how the t-transform can be applied
to estimate the sum of a divergent series.

Example 11.4 Find the sum of the series 1 — 11 42! — 3! 44l — ...
This divergent series arises when trying to compute

I:/oo e_tdt’
. L1i¢
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k tr1(S)

6 0.59633059

8 0.59634941
10 0.59634720
12 0.59634737
14 0.5963473617
16 | 0.596347362335
18 | 0.596347362327
20 | 0.596347362322

Table 11.4: Summation of Y °7 ((—1)"n! by the Levin ¢-transform.

n(]

and one assumes that

1
=1ttt
1+t M *

Substitution into the integrand gives
I=1-11+21-314+4! -

The exact value of I is eE;(1) where Fj(x) is the exponential integral, see
Abramowitz and Stegun [5]. Application of (11.55) provides a good estimate as
k increases as we see from Table 11.4 . The Levin t-transform can be used to
estimate the sum (also called anti-limit) of other divergent series which converge
in the Cesaro sense.

The S-transformation of Sidi

This is more effective than the Levin t-transform and has better convergence
properties with regard to the summation of everywhere divergent series . If we
assume that the sequence {A,} has behaviour of the form

n—1

= S+ R, Z i (11.57)
=0 )2
where (n)g = 1 and (n); = n(n+1)---(n+i—1),i =1,2,--- is the Pochhammer
symbol . We can obtain a closed form expression for this transformation, namely
o1y (8) (e ) e
== . Enij))*’* S Ry =AA (11.58)
j k—1
Yi—o(=1)(5) ((n+k)k71) Rty
We now apply the Sidi S-transform to estimate the sum of the divergent series
given in the previous example.

kn

Example 11.5 Find the sum of the series 1 — 1! 4+ 2! — 3! + 4! —
Application of (11.58) yields Table 11.5. The reader should compare the results
in Table 11.5 with those in Table 11.4.
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k Si1

6 0.59634724

8 0.596347768

10 0.5963473531
12 0.5963473608
14 0.59634736236
16 | 0.5963473623346
18 | 0.5963473623233
20 | 0.59634736232308

Table 11.5: Summation of > - (—1)"n! by the Sidi S-transform

The Levin-Sidi d("™)-transformation
This is a more general transformation than the Levin ¢- and u-transformations
and includes them as special cases. Briefly, let the sequence {A,} be such that

an = A, —Ap_1,n=1,2,..., satisfy a linear mth order difference equation of
the form
m
an = Zpk(n)Aan,
k=1
where

; !
pk(n)~n1k<ak0+sl+nz+...>7 as n — 00,

and iy are integers satisfying i, < k, k =1,...,m. Subject to certain conditions
holding, Levin and Sidi show that > ; a; has an asymptotic expansion of the
form

m—1
Za’l anAan)<ﬂk0+I6kl+ﬁkz+ )7 as n — o0,
k=0

where
pr <max(ig11,ip+2 — 1,. -m+k+1), k=0,1,...,m—1.

Based on this asymptotic expansion, the d"™)-transformation is defined as fol-
lows:

Choose a sequence of integers 1 < Ry < R; < Ry < ---, and let n =
(n1,...,nm), where ny are nonnegative integers. Then the approximation d( n)
to the sum ;7 a; is defined via the solution of the linear system of equations

Rl m neg— 1/6
m.j _ — ki
D ) 3 G

=1 k=1 =0 (1159)

m

I=4,j+1,...j+N; N=> mn.
k=1
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When the py are not known, they can be replaced in (11.59) by their upper
bounds, namely, by k + 1, k = 0,1,...,m — 1. Thus, R/*"" in these equations
is replaced by Rf.

Note that, the Levin u- and t-transformations are special cases of the d(})-
transformation with Ry = [+ 1, 1l = 0,1,... . We have p; = 0 for the t-
transformation and p; = 1 for the u-transformation.

The sequences of “diagonal” approximations d%m’j ) with n = (vy...,v), v =
1,2,..., seem to have the best convergence properties. These approximations

can be computed recursively and in an efficient manner via the W™ -algorithm
of Ford and Sidi [86]. A program for this algorithm is given at the website
www.cf.ac.uk/maths/cohen/programs/inverselaplacetransform/ .

When m = 1, the W(™-algorithm reduces to the W-algorithm of Sidi [213],
which, in the present context of the d(!)-transformation, reads as follows:

MO AR N L e
0 ij ) 0 ij ’ = r L
(3+1) (7) (3+1) (4)
) M - M ) N — N,
Méj):ﬁ’ NT@ZW, j>0, n>1.
G+n Y dtn Y
‘ M)
(1,5) — Zn i
dn - NT(LJ) y JHn 2 0.

Here p = 0 in the case the series Y=, a; is linearly converging, whether alter-
nating (i.e. a;a;4+1 < 0 all ¢) or monotonic (i.e. a; > a;+1 > 0 or a; < a;41 <0
all ), and p = 1 when this series is logarithmically converging.

The following choices of the integers R; (see Sidi [216]) have proved to be very
effective in obtaining stable approximations of high accuracy in different cases:

1. Arithmetic Progression Sampling (APS)
R =[k(l+1)], 1=0,1,...; forsomer >1,
where [z] = integer part of x.

2. Geometric Progression Sampling (GPS)

Ri_1+1 if[oR—1] < Rj_1,

Ry=1, R; = _ )
0 ! {[0311] otherwise, 1=0,1,...; for some o > 1.

Here are two examples with m = 1.

In the case where {A,} is a logarithmically converging sequence, GPS should be
used (with o = 1.3, for example). An example of this type is A4,, = > | 1/,
whose limit is 72/6.

In the case where {A,} is a linearly (but slowly) converging sequence with AA,,



220 CHAPTER 11. APPENDIX

of the same sign, APS should be used with £ > 1. One such sequence of this
type is A, = —> i, «'/i, whose limit is log(1 — x). This is the case when
x S 1, the point of singularity (branch point) of the limit log(1 — z). For ex-
ample, k = 4 will do for x = 0.9, while k = 6 will work for x = 0.95. (k =1
produces inferior results.) When z is sufficiently far from x = 1 (for example,

x=0.50r z=-1), k=1 will suffice.

The p-algorithm of Wynn
This is given by

Pgn) =0, Pén) = Ana

n n+1 Tn4k+1 — T
P = o+ R k=01, (11.60)
Pk — Pk

In the original formulation Wynn [258] takes x,, = n. This algorithm has been
successfully applied to extrapolate the sequence of results obtained using the
Post-Widder and Gaver formulae (see §9.3.4). The p-algorithm is only effective
when o o

Anwao—i——l—i——;—i—-n asn —oo; lim A, = ag.

n n n—oo

It is ineffective in other cases.
As stated at the beginning of this section we have given an account of the
extrapolation methods which have been employed in this book. For a compre-
hensive coverage of extrapolation methods the reader is referred to the books
by Brezinski and Redivo-Zaglia [25] and Sidi [216].
11.5 Padé Approximation

Suppose a function f(z) has an expansion
flz) =) arz". (11.61)
k=0

We would like to approximate f(z) by a rational function f, 4(z) where

fra(2) = P(2)/Q(2), (11.62)

and P(z) and Q(z) are respectively polynomials of degree p and ¢. If

Q(2)f(2) = P(z) = 2T E, (2),  Ep,(0) #0, (11.63)

then (11.62) is called a Padé approximation of f(z). We can think of f, ,(2) as
an element of a matrix and when p = ¢ we get the element (p,p) on the main
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diagonal. More generally, we say that f, ,(z) occupies the (p, ¢) position in the
Padé table. This is also sometimes referred to as the [p/q] Padé approximant.
The Padé approximants to a Taylor series expansion can always be found by
solving a system of linear equations. For if

P q
P(z) = Zbkzk, Q(z) = chzk,
k=0 k=0

then comparison of powers of z in (11.63) gives rise to the system of equations

k
bk - Za’jck*j’ k:O,~-~,p7

7=0
m
Zajcm_j = 0, m=p+1,--- ,p+q, (11.64)
j=0

0 q

Epq(z) = Z ekzkv €k = chap+q+k+1_j.
k=0 j=0

An alternative expression for E, ,(z) is

E@:léfwm”m (11.65)

P 27 w — z)pratl T

where the closed contour C encloses w = 0 and w = z and E(w) is analytic
within and on C.

The necessity to solve the systems of equations (11.64) to find the Padé
approximants fp ,(2) and f, p+1(%) can be obviated by using a technique due to
Viskovatoff (see Khovanskii [119]). Suppose that a function g(z) has the more
general form

g(z) = Z alkzk/ ZaOkzk. (11.66)
k=0 k=0



222 CHAPTER 11. APPENDIX

Q10
(1001 — agoa11) + (1002 — @poi12)z + - -
a0 + 112 + a1222 + -

Qoo + 2

10
Qoo + 212 + Q22?4 -+

10 + 112 + 1222 + - -

0400+Z

[6310)

Q20
(agoa11 — apaar) + (o2 — aroe)z + - - -
Qg0 + Q212 + Q2% + - -

()é00+Z

a1+ 2

- (11.67)

The a;;, 7,5 =0,1,2,--- may be thought of as the elements of an infinite
matrix and can be computed recursively by the formula

Qps = Op—1,00r -2 541 — Qpr—2 00r—1,5+1- (1168)

Hence given the ratio of two power series (11.66) we can develop the continued
fraction (11.67) and by truncation we can obtain the approximations f, ,(z)
and fp p11(2).

We also mention here Padé-type approximants. If we define f(z) as above by
(11.61) and v(z), w(z) respectively by

v(2) = b2 + b1 2"+ 4 by,
(

k—1

w(z) = cpz +e 2t e,

where

k—i—1
¢ = E ajbiyjyr, =0, k-1
=0

then w(z)/v(z) is called the (k-1/k) Padé-type approximation to f(z) and sat-
isfies

w(z)

v(z)
More general results about Padé approximants, Padé-type approximants and
continued fractions (see next section) and the inter-relationship between them
can be found in the books by Baker and Graves-Morris [10], Brezinski [24] and
Sidi [216].

—f(z)=0(z"), z—0. (11.69)
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11.5.1 Continued Fractions. Thiele’s method

An expression of the form

aq as as
bit+ bot by+--

is called a continued fraction.The above expression is shorthand notation for

ay
a2
as

by +

by +
by +

The nth convergent, denoted by x,, = p, /g, is given by

- aq as al
bt bt by

Tn )

and can be computed by means of the recurrence formulae

po =0, p1 = ai, Pk = bepr—1 + axpr—2 (k> 2), (11.70)
q =1, q1 = by, Qk = bkqu—1 + arqr—2 (k> 2). (11.70a)
If
r= lim z,,
exists we write
aq a9 as

r=-— — .
bi+ bat+ b3+
Thus, for example, we have
2 1 1 1
2= — — —
% 1+ 24+ 24+ 24 ---
If we have a continued fraction of the form

V4 V4 z
- - )
a1+ as+ as+---

then it is evident that the successive convergents are rational functions of z
and in this section we will develop a method due to Thiele for determining a
continued fraction approximation to a function.

First we recall Newton’s divided difference interpolation formula

f(x) = f(z0) + (z — x0) f[x0, 21] + (T — 20) (T — 21) f[T0, T1, T2] + - -

+ (. —xo)(x — 1) (x — Tpo1) flzo, 1, Tn] + Ry, (11.71)

where
Ry, = (x —zo)(x —21) - (2 — zn) flwo, 21, -+, T, T

If ug(z) = f(x) and

ur(z) = ur(zr) + (x — 27 )urs1(2),
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then

ur(xr) = f[$0,$1,"' 71'7"},

the rth divided difference. Now let vo(x) = f(z) and define the sequence of
functions {v,(x)} by

T —x, T —x,

ve(x) = vp () + =b, + . 11.72
(z) = vp(z:) (@) (@) (11.72)
Then
f(@) = wvo(),
r — X
= vg(xo) + s
o) )
r — X
=bo+ T — 17’
b1
va()
- r — X xr — X
=bg + bt T—23°
2 +
vs(x)
T—Tp) T—T T—Tp1 T— Ty
=by + B 11.73
0 b1+ b2+ bn+ ’Un+1(l‘) ( )
In general it is not easy to obtain v,yi(xz) but we note that when x takes
the values xg,x1, - , 2, the value of v,41(x) is not required and we obtain a
terminating continued fraction which, at the points xg, z1,- -, z, agrees with
().
To find the b, we have from (11.72)
B T — T,
RS )
so that, defining ¢g[z] = f(x), we generate a sequence of functions {¢,} as
follows
T — X0 r — X
vi(x) = = = ¢1|x0, x|,
T e B T T B
xr — T
V2(T) = :¢ Lo, L1, L],
2(7) ¢1]zo, ] — d1[mo, 21] 2l7o, 1,
and, in general,
T — Tpr-1
vp(x) = = ¢plxo, -, Tro1, .
( ) ¢7-_1[Z‘0,"' 7'737'—2"2:} _d)T'—l[an"' 77:7'—1] ¢ [ 0 ! }

(11.74)
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The functions ¢, , by analogy with divided differences, are called inverted dif-
ferences and we note that

by = Oplxo, -+, 20, (11.75)

so that we can easily build up our continued fraction. Inverted differences,
unlike divided differences, are not symmetric functions of their argument. We
can obtain symmetry by defining

pr[$07 T 7377"] = ¢T[‘r07 o 7wr] +¢r72[m07 U 71'7‘72] +¢T74[x07 e 7‘rr74] +e
(11.76)
which terminates with ¢z, 1] if 7 is odd and ¢g[zo] = f(xo) if r is even.
prlTo, -+, ] is called a reciprocal difference and is a symmetric function of the
arguments.
In the Newton divided difference interpolation formula if all x; tend to xy then
we obtain the Taylor expansion of f(z) about zp. A similar limiting process
applies to the continued fraction representation and as z; — x¢ (all ¢), b, — ¢,
(all r) so that

r—xyg I —T1 T — Tp-—1

x bo + ,
/(@) 0 bi+ ba+--- by
o+ r—Typ T — X0 x—a:(). (1177)
Cl+ 02+... Cn

This expansion is called a Thiele expansion and we shall now explain how the
¢’s are obtained. Since

b, = (b’l‘[m())"' 7377‘] = pr[$0;"' a-Tr] —Pr72[$0,"' 737r72]a

we have, if we write

¢r(z) = lim ¢plzo, -, 2], i=0,1,--- 7
pr(x)z lim pr[ajof"axT]a t=0,1,---,7,
Ti;—T
and rearrange
pr(x) = pr—2(z) + & (). (11.78)
Substitution of z; =z, i =0,1,--- ;7 — 1 in (11.74) gives
T —T
[Ty Ty Ty = )
¢ [ ] d>r,1[x,~~,x,xr)—¢r,1[x,~-~,x,x)
_ Ty —T
prfl[xa e 7.’)37.’177~] - p'r‘fl[xa e 751;75[;]7
and as x,, — x we have
6(&) =1/ oprales -l
In particular,
dpr—1(x)
() =1r/—F77". 11.79
orla) =1 /L (11.79)

(11.78) and (11.79) enable us to determine the quantities ¢, = ¢,(zg). The
functions ¢,.(z) are called the inverse derivatives of the function f(z).
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11.6 The method of Steepest Descent

This method can be a valuable tool for determining an asymptotic expansion for
the inverse Laplace transform when ¢ is large — this may of course not always
be possible as is the case when f(t) = cost. Consider the integral

I:/h(z)etg(z)dz,
c

where ¢ is a large positive parameter, g(z) is an analytic function and C, the path
of integration is an arc or closed contour in the complex plane. This integral
will be unchanged if C is deformed provided that the path does not pass through
a singularity of the integrand. If we write z = x + iy, g(z) = u(z,y) + iv(z,y),
the integrand becomes
h(z + iy)eVet™.

For constant v and large ¢ the integrand does not oscillate rapidly and if u(x, y)
is large and positive the modulus of the integrand is also large for all v. At an
extremum of u

ou  Ou
or oy
and, by virtue of the Cauchy-Riemann equations,
v Ov
or Oy
at this extremum. Since we also have
0%u 0%u 0%v 0%v
= =75 and — =,
02 oy? 02 oy?

it follows that if u is a maximum in the z direction it is a minimum in the y
direction and vice versa. Such an extreme point is called a saddle point because
the shape of the curve at the extremum is shaped like a horse’s saddle. If zj is
the saddle point then, from the above, it follows that ¢’(zp) = 0 and in order to
obtain a path of steepest descent from zq it is sufficient to select the contour by
requiring that the term involving ¢” in the expansion

9(2) = g(20) + 5(z — 20)%¢"(0) + - -,

be real and negative for z € C and in the neighbourhood of zy. This gives

I ~ ¢t9(=0) / h(z) expl3(z — 20)%9" (20)]dz,
c

or, substituting s? = —t(z — 29)%¢” (20), we have
VLAY TR R 11.80
~ 2% ds. .
e BRI (11:50)

The main contribution to the integral is obtained by putting h(z) = h(z¢) which
is equivalent to evaluating the integral in the neighbourhood of the saddle point.
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Example 11.6 Find the asymptotic expansion of f(t) for small t given that
F(s) = 51262

By the inversion formula

_ 1 Y+ico 1/2
() = £ ()} = — / R e Wy
Yy

210 S oo

Let s = o/t%. Then

£(8) = g h(1/0),

where

Yy+ioco
h(\) = / o 2 exp(No — 20/%))do, Ry > 0.
ol

—i00

We now analyze the asymptotic behaviour of the integral h(\) as A — oo, i.e.,
as t — 0+ . We need to determine the saddle point which is the solution of

d
%[U —20%/% =0,

that is o = 1.

To evaluate the integral we set o = pe’? noting that, because of the branch cut
on the negative real axis, § € (—m, 7). It follows that the steepest descent and
ascent paths can be shown to be \/pcos(f/2) —1 = 0 and § = 0. Thus, if we
deform the path of integration to be the steepest descent path, we find that

h(X) ~ 2iv/TA" Y2 as A — .
Thus,
o1/t

This agrees with the tabulated transform given in Appendix 11.1.

11.7 Gerschgorin’s theorems and the
Companion Matrix

If p(2) is a polynomial of degree n with leading term 2", that is,

p(2) =2"+ar2" Va2 F a2+ ap,

then the roots of the equation p(z) = 0 are exactly the eigenvalues of the
companion matrix, C,
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—ap —az2 —as —0p—-1 —0ap
1 0 0 0 0
0 1 0 0 0
c_| 0o o 1 0 0
0 0 o .- 0 0
0 0 0 - 1 0

Gerschgorin’s theorems give information about the location of the eigenval-
ues of a general matrix A (see Wilkinson [254] ).

Theorem 11.1 If A = (a;;) is a n X n matriz then every eigenvalue X of A lies
in at least one of the circular discs with centres a; and radii Y, ,; |ai;|, that is,
in the union of the discs

|/\—aii|§ Z|aij|, z:l,,n
j(#1)

]

Theorem 11.2 If s of the circular discs of Theorem 11.1 form a connected do-

main which is isolated from the other discs, then there are precisely s eigenvalues
of A within this connected domain. |

It follows from Theorem 11.1 that the eigenvalues of the companion matrix C'
lie in the union of the discs

|701*Z‘ S 17
2l < as[+1,
2] < lanl,

and consequently that the roots of the polynomial equation p(z) = 0 satisfy
|Z‘§max(|aj|+l)’ Jj=1-,n
J

With regard to the polynomial in Application 10.1 the companion matrix
has

+ s
alz_(l"‘MA )7 a2:"':aN—1:Oa CLN:/,L/A,

and its eigenvalues lie in the union of the discs

2l <1 2 < p/A
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and

z—&-l—l—'uT—’—s <1.

If 4 < A then N of the discs are unit discs and the remaining disc is isolated

from the unit discs if |(u+s)/A| > 1, i.e., if s satisfies |s| > A — p ( which implies
Rs > v for some 7).
Another application of Gerschgorin’s theorems arises in Weeks’s method where,
in choosing the parameters of the method, we need bounds for the zeros of the
Laguerre polynomials. In Cohen [45] it is noted that the zeros of the Laguerre
polynomial L,,(x) are the eigenvalues of the symmetric tridiagonal matrix

11
1 3 2
2 5 3
A= , , _ . (11.81)

n—2 2n—3 n-—1
n—1 2n—1 |

Application of Gerschgorin’s theorem shows that the largest root of the equation
L, (x) = 0 satisfies
A < max(4n — 6,3n — 2),

ie.,
A <4n — 6, n > 4.
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