Differentiation Formulas for Analytic Functions*

By J. N. Lyness

Abstract. In a previous paper (Lyness and Moler [1]), several closely related
formulas of use for obtaining a derivative of an analytic function numerically are
derived.

Each of these formulas consists of a convergent series, each term being a sum
of function evaluations in the complex plane.

In this paper we introduce a simple generalization of the previous methods;
we investigate the “truncation error” associated with truncating the infinite series.
Finally we recommend a particular differentiation rule, not given in the previous
paper.

1. Introduction. In a previous publication, Lyness and Moler [1], referred to
here as Paper A, the elementary theory of a complex variable was applied to de-
rive several closely related methods for carrying out numerical differentiation. The
basis of these methods is Cauchy’s theorem which relates the nth derivative f™(0)
of an analytic function f(2) at z = 0 to the value of a closed integral, the contour
C enclosing the origin once and remaining within a domain of analyticity of f(2).
Cauchy’s theorem states

(L.1) a=1 (";(!O) _.L [ 1@,

- 21T"L c z”+1

where a, is a Taylor coefficient

(12) &) = Sag, <R,

and we have denoted by R, the radius of convergence of this expansion.

Thus in principle one method for evaluating a high derivative consists of
evaluating the integral on the right-hand side of (1.1) numerically.

At first sight it might seem that the evaluation in the complex plane of an in-
tegral whose integrand is highly oscillatory would introduce more difficult prob-
lems than the one to be solved. However, if we choose for the contour C' the circle

(1.3) C.:lzgl=r, r<R.,

and make a simple change in variable, we find

1
(14) A = l”/ f(reﬂwit)e—%rintdt
r 0

and the problem reduces to finding a Fourier coefficient of a periodic function
(1.5) g(t) = f(re’®)
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which has continuous derivatives of all orders. As is well known, the trapezoidal
quadrature rule

(1.6) R™Mg(0) = é g(‘fi)

may be used to evaluate integrals of this type numerically and is effective and
economic. (See for example Lyness [2].)

We define b,(r) to be the difference between RI™f(re?vit), and the integral
[ f(re¥vitydt to which this rule sum approximates. Thus

(L.7) bu(r) = RUUf(rev#) — 5(0)

is a quantity which may be calculated at a cost of m + 1 function evaluations.
The Poisson summation formula, which is in this case the Fourier expansion of
bn(r), leads to the expansion

(1.8) bu(r) = ™A + ™ A9m + P*"Q3m + - - -, m=123, .-,
and this set of equations may be solved to give
(19) ra, = ;.qb,,(r) + ﬂ2b2n(r) + uabgn(r) + crty n = 1, 2, 3, ctty

where u; is the 7th MoObius number (either 1, 0, or —1). Since a, is simply
f™(0)/n!, formula (1.9) expresses an nth derivative in a series each term of which
is the very simple sum of function evaluations given in (1.7). It is shown in Paper
A that the sum in (1.9) converges rapidly. Thus the suggested method to evaluate
f@™(0) consists in evaluating successively b,(r), ba.(r), - - -, and using (1.9), ter-
minating the series when it appears to have converged to the required accuracy.

The method described by (1.9) has one major advantage. This is that small
errors in function evaluation are not amplified in the calculation but tend to be
dampened out. The round-off error in the final result is simply what might be ex-
pected in any typical numerical calculation, and can be estimated with little diffi-
culty. This feature is discussed in Section 5 of Paper A.

In this paper, a deeper investigation is made into differentiation methods based
on Cauchy’s theorem. It is shown that there exists a family of simple rules which
includes rules based on the method described above. The truncation error arising
from terminating the series such as that in (1.9) is investigated and a simple bound
is given. It is shown that members of this family have very similar properties in
terms of the maximum degree of the polynomial which is differentiated exactly.

Finally, a single member of the family (which is not the member described in
Paper A) is chosen as being likely to give the most economic results. This choice
turns out to be almost independent of which of several standard criteria is used.

2. Generalization of Method of Paper A. A generalization of this method fol-
lows from the simple observation that the nth derivative of f(z) at z = 0 is a con-
stant multiple of the (n + p)th derivative of F(z) = 27f(2) at z = 0. Thus we may
apply the same formula to evaluate a different derivative of a different function,

and finally represent the result in terms of the original function and derivative.
We define
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2.1) @) =2z, p>0,
and define quantities @, and b,(r) as in (1.1) and (1.7), but with respect to the
function F(2) instead of f(z). Thus

7,96211' ipq/mf(re‘hr iq/m)

Ms

22) bar) = R (F0e™™™) = -

I
-

q

and applying (1.9) to the function 7(z)

(2.3) Py = k; b imr(r) .

However, since Gn1p = a., we may set N = p + n and substituting expression
(2.2) into (2.3) we find

(24) Z o <o Nk E ZWz(N—n)q/Nkf( 21I'tq/Nk) , N >0,
=1

Expression (1.9) is of this form with N = n but includes a minor modification
which occurs because F(0) = 0if p > 0, but 7(0) = f(0) if p = 0. (See (2.5) below.)

Expansion (2.4), together with (1.9) constitute a set of exact formulas which
express a, in terms of an infinite series, each of whose terms is a sum of function
evaluations. A numerical rule to determine a, is completely specified once r and N,
the parameters in the expansion, are specified together with @, the number of terms
of the infinite expansion, which are retained. In general the rule does not produce
an exact result for a, because of the omitted terms in the expansion. We refer to
this error as the truncation error §{")(r).

N, Q, r family of rules to calculate ar. One such rule is obtained from

r"a,. k ) ﬂkL\rk Z e?rt(N—n)q/Nkf( 2‘rzq/Nk) 6N nf(o):l
+emo(), NznQ=1,

by specifying N, @, and 7 and setting 8(N )(r) to be zero. The method of Paper A
specified N = n.

In the rest of this section we derive properties of this family of rules. We in-
vestigate first the number of function evaluations required by a rule. This is clearly
independent of r, the radius of the circle on which function evaluations are made.
We note also that n oceurs on the right-hand side only as a parameter in the weight-
ing coefficients. Thus the number of function evaluations depends on n only insofar
as a particular value of n can make a weighting coefficient become zero. Except for
the coefficient of f(0), the modulus of the weighting coefficients is independent of
n. Thus the number of function evaluations is almost independent of n. For N > n,
this number is independent of n. For N = n, one additional function evaluation is
required. Thus it is convenient to make the following definition.

Definition. vg™ is the number of function evaluations on the circle |z| = r re-
quired by the rule (2.5).

This is the same as the total number of function evaluations except in the case
N = n, when the total number is v¢®> + 1. In the following discussion we dis-

(2.5)
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regard this special case. It is easy to verify that it does not affect any of the con-
clusions here.

The actual determination of »o® is a problem in Number Theory. It may be
noted that it is equal to the number of distinct fractions ¢/Nk where 0 < ¢/Nk £ 1,
where ¢ is any integer and k is any integer for which ux # 0 and for which
1=k=Q.

For the purposes of this paper only a simple bound on vg® is required. If
po # 0, the final term in (2.5), that with k& = @, requires NQ distinct function
evaluations. Thus

(2.6) VQ(N) = NQ, HQ #0.

This inequality is still valid even if uo = 0, but the proof is rather cumbersome
and is not given here. Moreover, the equality in (2.6) is valid only in the cases
@ = 1, 2, 4. For other values of @ the value of »o®™ exceeds NQ by a comfortable
margin which increases in general (but not monotonically), with increasing Q. We
state this inequality as a theorem.

THEOREM.

™ =NQ, Q=1,24,
P >NQ, Q=3,567---.

The rules described in (2.5) give exact results in some cases. This may happen if
f(2) is a polynomial of degree d. In this case

2.7

(2.8) fz) = j;ioa,-z"

and

(2.9) a;=0, j=zd+1.

If we refer to the expansion given by (1.8), we see that

(2.10) bi(r) =0, t=d+1.

Applying this reasoning to the function F(z) = 27f(z), we find that
(2.11) a,=0, <<zp+d+1,

and

(2.12) bi(r) =0, izp+d+1.

So the terms in the expansion (2.4) for which Nk = p 4+ d + 1 are zero. Since
in the rule the final included term is that for which k = @, it follows that all the
nonzero terms are included if N(Q + 1) = p 4+ d + 1. Since p = N — n, we have
the following theorem.

TarorEM. The rule (2.5) is exact, i.e. 8X)(r) = 0, if f(2) is a polynomial of
degree d where

(2.13) d=NQ+n-—1.

This is not necessarily the strongest possible inequality. If ugi1 = ugye = - - -
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= ugts = 0 but poysr1 # 0, this inequality may be replaced by
(2.14) dENQ+s)+n—1.

This is strict in the sense that if d does not satisfy this inequality there exists a
polynomial of degree d for which £§®)(r) # 0.

We complete this section by combining the results of the two previous the-
orems. We note that
(2.15) 1™ =D = N@Q+s).

Thus if a rule (2.5) differentiates a polynomial of degree d exactly, it follows from
(2.14) and (2.15) that

(2.16) v zd+1—mn.
However,
(2.17) p@tl-m =d4+1—n

and so an optimum choiceis Q@ = land N =d + 1 — n.

TaeorREM. The rule (2.5) with Q = 1 and N = d + 1 — n gives an exact result
Sor f™(0) when f(2) is a polynomial of degree d. This rule requires d + 1 — n func-
tton evaluations. No other choice of N and Q having this property gives a rule requiring
fewer function evaluations.

These results indicate that, in the absence of further information about the
truncation error, the most economical use of function evaluations may result from
using only one term of (2.5) and choosing N to be correspondingly large. An in-
vestigation of the truncation error, whose results are given in Section 4, tends to
confirm this conclusion. We write down this preferred rule explicitly. Setting @ = 1
in (2.5), we obtain

n (N)

N
e, = rnan — % Zl 6_21rmq/Nf(7’621”q/N)
o=

— R[N,l] (6—21rintf(re21rit)) .

This is exactly the result obtained by approximating the contour integral in (1.1)
by a trapezoidal rule using N function evaluations. We refer to this rule as the
t rapezoidal rule.

(2.18)

3. The Truncation Error §™)(r). In this section we obtain an integral repre-
sentation for, and a bound on the magnitude of the truncation error. We restrict
our attention to an analytic function f(z) regular within the circle Cg,: [¢| = R..
We define an intermediate circle Cg: |2| = R where

(3.1) 0<r<R<R,.

The case N = n is considered in detail and after carrying out the calculation, the
technique of Section 2 is used to generalize the results to other values of N. We
recall that the truncation error is defined by

Q
(3.2) evn(r) = e, — k; pbrn (7)
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In the special case @ = 0, there is a well-known integral representation for
this term, namely Cauchy’s theorem (1.1)

(3.3) &e(r) = ra, = / f(z )< ) L
also a bound is given by Cauchy’s inequahty for the nth derivative
(3:4) ens(M” = |r'a.|* < I®R) (r/R)™

where I(r) is defined by

©5) 1®) = 55 [, eI % = [ 1w rar.

In this section we obtain the approprlate generalizations of (3.3) and (3.4). These
are (3.14) and (3.21) below and differ from (3.3) and (3.4) merely insofar as the
terms (r/2)* and (r/R)*>* are replaced by functions go((r/2)*) and Go((r/R)**) re-
spectively, these functions being defined below. Finally the complicated function
Go(p) is bounded by a simpler function Go(p). The results of this section are sum-
marized in Theorem (3.37). The remainder of this section consists of a proof of this
theorem.

We require two elementary results before we proceed. The first is the familiar
Schwarz’s inequality

3.6) |7, ®)* = (F, ) (@G, 6)

applied to the closed contour integral round Cg. This is
Schwarz's inequality.
2 dZ 1

st ), S0 % = [ ek e

The second is an elementary property of the Mobius numbers, proved in Polya
and Szegd [4] (problem 69). The set of equations

2dz

3.7

m

(3.8) l_xm=xm+x2m+x3"‘+ e, o m=1,2,3, -2l <1,
may be inverted to give
xn x?n xSn
"t = i ol 72 o T Hs T )
-z x -z

(3.9)
n=123, |z <1.

This identity is used in Eq. (3.13) and subsequently.
We now obtain an integral representation for b,(r). Since

(3.10) ra, = s L )( ) dz

)
and by (1.8)

(3.11) bu(r) = 217" sm

s=1
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we find

b”(r)=51¥¥fckf(z)§<§>sm%z‘ 21rz/ o e S

this interchange of the integration and summation operators being allowed be-
cause as [r/z] < 1 on Cg, the resulting series is absolutely convergent. We now use
this integral representation for b,(r) to obtain an integral representation for &{,(r)
by means of

0

Q
(3.12) &I () = 1"ay — 2 wibin(r) = D wbia(r)
k=1 k=Q+1

the second expression following from the first through (1.9).
We define a function go(o)

Q 0
(3.13) go(0) = o — I; /(1 — o¥) = ) =;+1 wo'/ (1 — o),

the second equality being a consequence of identity (3.9) and, substituting (3.11)
into (3.12), it follows that:
Integral representation for truncation error.

(3.14) 804) = 53 ), S@ualer S

The first form of go(s) is convenient for the calculation of individual expressions.
For example

90(‘7) =0,
gi(e) = —o*/(1 — o),
(3.15) ga(0) = —o®/(1 — o?),

g5(0) = ga(o) = —o%/[(1 + o)(1 — o*)].

The result (3.14) with @ = 0 is identical with (3.3).
We now apply Schwarz’s inequality (3.7) to expression (3.14) for the trunca-
tion error. We find

(3.16) Exie ()] = J(R)[ / ng«r/z))l?dz]

We show now that the expression in square brackets depends on R and r only in
the combination r/R.
We define

3.17) Gale) = | looloe™ et

Since the integrand is a periodic function of ¢ with period 1, it follows that

(3.18) Go(") = / lga ("~ ) dt = f lga ("™ ") %t

If we set
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(3.19) p=1/R,

we find

lgo<<r/z>">l2d~

TraEOREM. The truncation error 8(") (r) defined in (3.2) satisfies the following
tnequality:

(3.21) lena()|* < Ela(r, R) = I(R)Go((r/R)")

where I(R) is given by (3.5) and Go(p) by (3.17).
It is possible to evaluate Go(p) directly by substituting expression (3.13) for
go(o) into (8.20). This may be expanded to give

Go(p) = 1 {<L> (4) Z e (7‘/3) (r/2)" Z " (r/2)(r/z)"

omile, W2/ \77 = T A L
(r/2)°(r/2)" } dz
+ Z Z l"'s#w R (.
& & — /)~ /") 2
On the contour [2] = R we may replace z by R2/z. Thus each of the (Q + 1)? in-
dependent integrals in (3.22) may be written as the integral of an analytic function,

having known poles within the contour C'g, and each may be evaluated separately
using the calculus of residues. For example

s w(P) (7'/2) (T/z) dZ _ p2h

(3.23) cr (1= (r/2))A = (r/2)*) 21— p™
R>r;w,sz1,

(3.20) Go(p") = 2 m

(3.22)

)

where
= lowest common multiple of s and w .

The terms in the summations over k in (3.22) are zero, with the exception of the
k = 1 terms. Consequently we are led to an expression for Gg(p) as a rational
algebraic function, namely

(324) GQ(p) '—P + ; w2=:: Iva,uw s w(P) y Q =1.
The first few of these expressions are:

Golp) = p*,
(3.25) Gi(p) = p*/(1 — P,

G2(p) = /(1 — p*),
Gs(p) = Galp) = p*/[(1 — p)(A + p%].

It is elementary, but tedious, to calculate more of these. For our purposes a
bound Gy(p) which we calculate below is sufficiently accurate and is easier to use.
This bound is derived as follows. The modulus of g¢(¢) may be bounded by re-
placing each term in the summation
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0

(3.26) ga(o) = ki;q e/ (1 — ")

by its modulus and replacing p; by 1. Thus

0

(3.27) el = D p/L = ot
k=Q+1
We use this in expression (3.17) for Gg(p). Applying Minkowski’s inequality we
find
1 0 pk 2
G = / < . )dt
(3 28) Q(p) 0 k;}—l 1 _ pke—21rzlct
' [ © { /1 pk \2 }1/2]2
= —\ dt .
= k:%-l 0 1 _ pke—Zrzkt
Since
! dt 1
(3:29) ,/; - plce—21rz'kt|2 = 1 — p2lc ’
we find
[ 0 pk ]2 _
3.30 G < —r | =G
( ) Q(P) = k;—l (1 _ p2k)1/2 = Q(P) )
where
_ 2(Q+1)
(3.31) Golp) =

1 —=p)"(L = p" ")’

As a direct consequence of (3.30) and Theorem (3.21) we find
COROLLARY.

(3.32) lena()|* = ESo(r, R) < Ela(r, R) = I(R)Go (")
where p = r/R and Gqo(p) is given by (3.31).

Up to this point in this section we have treated the truncation error &7 (r)
only in the special case N = n. We now generalize the principle results to the gen-
eral case N = n following the technique of Section 2. We recall that the rule (2.5)
in the case N = n + p is derived by applying the rule with N = = to the function

(3.33) J@&) = 27f(2) -

Consequently the truncation error in the calculation of r**7q,,, using a rule with
N = n + p is the same as the truncation error in the calculation of r7a, using
this rule, except for a multiplicative factor of 7, the same value of @ being used
in either calculation. This gives

(3.34) e (r) = rrERR(r) ,

the bar indicating, as usual, that the function f(z) is replaced by F(z). Substitu-
tion of (3.14) into (3.34) yields
Integral representation for truncation error.
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(3.35) 890) = 55 |, @ el

The inequalities of Theorem (3.21) and Corollary (3.32) are easy to generalize
as the function f(2) occurs in I(R) and

(3.36) I(R) = R*I(R) .
Thus we find
THEOREM.
(3.37) 1883 )|* < BN, R) = ESJ(r, R)
where
(3.38) EN(r, R) = I(R)Go(o") /o™ ™
and
(3.39) EN(r, R) = I(R)Go (o) /"™ .

Here p = r/R and Gq and G are given by (3.24) and (3.31) respectively.
An important case, that with @ = 1, is

(3.40) 18 (M|* < BN, R) = IR)F" ™/ — p™).

4. Choice of N and Q for a Rule Based on F. The final theorem of the last
section enables us to make an optimum choice of N and @ based on the bound
E’,E-'}Q(T, R) and the number of function evaluations »J". We find from (3.39) that
BN (r R _ P {1 _ pN’ }2 1 — p2N’(Q'+1)

)
1

(N 2QN' N N (Q+1) °
)(TR) P 1—0p -

This may be used to compare the choice N, @ with the choice N/, @’. Remember-
ing that p < 1, elementary inequalities applied to (4.1) give:
TeEOREM. If Q'N’ = QN and N’ = N, then

(4.2) B, R) 2 B8P, R)

the equality being valid only in the case N = N', Q@ = Q’.
In particular we may set N’ = NQ and Q" = 1 to find

4.1)

COROLLARY.
(4.3) B, R) > EXN?P(r,R), Q1.
We recall from Section 2 that »o®, the number of function evaluations, satisfies
(4.4) 1™ = NQ = viV® |

Thus we may compare the rule specified by N = N’, Q@ = Q’, with the rule speci-
fied by N = N'Q, @ = 1. The second of these has a smaller error bound
E’;%(r, R) than the first and involves either the same number of, or fewer, function
evaluations. We state this result as a theorem and a corollary.

TaEOREM. If n, r and R are specified, and N and Q may take all values for which
1™ < v (where v = n) then
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(4.5) mln EM(r,R) = EX\(r, R) .
N,Q

In terms of the rules (2.5) this may be written

COROLLARY. Givetz n, v and R, the rule specified by N = v and @ = 1 gives a
smaller error bound E{)(r, R) than any other rule of set (2.5) requiring v or fewer
Sfunction evaluations.

5. Conclusion. In this paper we have considered a particular family of rules for
differentiation which arises naturally from Cauchy’s theorem. This family is a gen-
eralization of the rules previously considered in Paper A. We have derived a trun-
cation error bound and have compared different members of this family of rules
using two specific criteria. These are both standard in Numerical Analysis; one re-
lates the degree of the polynomials differentiated exactly to the number of function
evaluations required. The other compares a bound on the truncation error to this
number.

Both these criteria indicate that the “best” rule is the one which uses the
simplest discretization of the contour integral. We have referred to this rule as the
trapezoidal rule, and it is given explicitly by (2.5) with Q@ = 1,

” f(n)(o) Z e—2mnq/1vf(rezmq/N) ,

= r"a, = r"a," =-— N>n.

=1

This rule is not the one considered in Paper A.

In a sequel [3] the author considers the implementation of this rule, in particu-
lar the specification of parameters r and N. It appears that this rule is more con-
venient than other members of the family for the additional reason that it is the
easiest to implement in the form of an algorithm. In the sequel the round-off error
is discussed, and is shown to be the same character for any rule of the family. In
the author’s opinion this is the most important practical feature of this method of
differentiation.
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