Chapter 1 1

Numerical Differentiation

Differentiation is a basic mathematical operation with a wide range of applica-
tions in many areas of science. It is therefore important to have good meth-
ods to compute and manipulate derivatives. You probably learnt the basic rules
of differentiation in school — symbolic methods suitable for pencil-and-paper
calculations. Such methods are of limited value on computers since the most
common programming environments do not have support for symbolic com-
putations.

Another complication is the fact that in many practical applications a func-
tion is only known at a few isolated points. For example, we may measure the
position of a car every minute via a GPS (Global Positioning System) unit, and
we want to compute its speed. When the position is known at all times (as a
mathematical function), we can find the speed by differentiation. But when the
position is only known at isolated times, this is not possible.

The solution is to use approximate methods of differentiation. In our con-
text, these are going to be numerical methods. We are going to present several
such methods, but more importantly, we are going to present a general strategy
for deriving numerical differentiation methods. In this way you will not only
have a number of methods available to you, but you will also be able to develop
new methods, tailored to special situations that you may encounter.

The basic strategy for deriving numerical differentiation methods is to evalu-
ate a function at a few points, find the polynomial that interpolates the function
at these points, and use the derivative of this polynomial as an approximation to
the derivative of the function. This technique also allows us to keep track of the
so-called truncation error, the mathematical error committed by differentiating
the polynomial instead of the function itself. In addition to the truncation error,

251



there are also round-off errors, which are unavoidable when we use floating-
point numbers to perform calculations with real numbers. It turns out that nu-
merical differentiation is very sensitive to round-off errors, but these errors are
quite easy to analyse.

The general idea of the chapter is to introduce the simplest method for nu-
merical differentiation in section[I1.1} with a complete error analysis. This may
appear a bit overwhelming, but it should not be so difficult since virtually all the
details are included. You should therefore study this section carefully, and if you
understand this, the simplest of the methods and its analysis, you should have
no problems understanding the others as well, since both the derivation and the
analysis is essentially the same for all the methods. The general strategy for de-
riving and analysing numerical differentiation methods is then summarised in
section In the following sections we introduce three more differentiation
methods, including one for calculating second derivatives. For these methods
we just state the error estimates; the derivation of the estimates is left for the
exercises. Note that the methods for numerical integration in Chapter[12]are de-
rived and analysed in much the same way as the differentiation methods in this
chapter.

11.1 Newton’s difference quotient

We start by introducing the simplest method for numerical differentiation, de-
rive its error, and its sensitivity to round-off errors. The procedure used here for
deriving the method and analysing the error is used over again in later sections
to derive and analyse the other methods.

Let us first explain what we mean by numerical differentiation.

Problem 11.1 (Numerical differentiation). Let f be a given function that is
known at a number of isolated points. The problem of numerical differen-
tiation is to compute an approximation to the derivative f' of f by suitable
combinations of the known function values of f.

A typical example is that f is given by a computer program (more specifi-
cally a function, procedure or method, depending on your choice of program-
ming language), and you can call the program with a floating-point argument
x and receive back a floating-point approximation of f(x). The challenge is to
compute an approximation to f'(a) for some real number a when the only aid
we have at our disposal is the program to compute values of f.
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11.1.1 Thebasicidea

Since we are going to compute derivatives, we must be clear about how they are
defined. The standard definition of f’(a) is by a limit process,

fla+h) - f(a)
Y

In the following we will assume that this limit exists, in other words that f is
differentiable at x = a. From the definition we immediately have a nat-
ural approximation of f’(a): We simply pick a positive number / and use the
approximation

funzgg (11.1)

+h) -
PRI ()

Recall that the straight line p; that interpolates f at a and a + h (the secant
based at these points) is given by

(11.2)

p1(x) =f(a)+wu—a).

The derivative of this secant is exactly the right-hand side in and corre-
sponds to the secant’s slope. The approximation therefore corresponds to
approximating f by the secant based at a and a + h, and using its slope as an
approximation to the slope of f at a, see figure[11.1]

The tangent to f at a has the same slope as f at a, so we may also obtain
the approximation by considering the secant based at a and a + h as an
approximation to the tangent at a, see again figure

Observation 11.2 (Newton'’s difference quotient). The derivative of f at a can
be approximated by

fla+h) - f(a)
—

This approximation is referred to as Newton’s difference quotient or just New-
ton’s quotient.

f(a) = (11.3)

An alternative to the approximation (I1.3) is the left-sided version

fla)—fla—h)
Y
Not surprisingly, this approximation behaves similarly, and the analysis is also
completely analogous to that of the more common right-sided version.

In later sections, we will derive several formulas like (11.2). Which formula to
use in a particular situation, and exactly how to apply it, will have to be decided
in each case.

JHOE,
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Figure 11.1. The secant of a function based at a and a + h, as well as the tangent at a.

Example 11.3. Let us test the approximation for the function f(x) =sinx
at a = 0.5 (using 64-bit floating-point numbers). In this case we know that the
exact derivative is f’(x) = cosx so f’'(a) = 0.8775825619 with 10 correct digits.
This makes it is easy to check the accuracy of the numerical method. We try
with a few values of & and find

h  (fla+h-f@)/h E(f;ah

107! 0.8521693479 2.5x1072
1072 0.8751708279 2.4%x1073
1073 0.8773427029 24x1074
1074 0.8775585892 2.4%x107°
107° 0.8775801647 2.4x1076
1076 0.8775823222 2.4%x1077

where E(f;a,h) = f'(a)—(f(a+h)— f (@) /h. We observe that the approximation
improves with decreasing h, as expected. More precisely, when h is reduced by
afactor of 10, the error is reduced by the same factor. =

11.1.2 The truncation error

Whenever we use approximations, it is important to try and keep track of the
error, if at all possible. To analyse the error in numerical differentiation, Tay-
lor polynomials with remainders are useful. We start by doing a linear Taylor
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expansion of f(a+ h) about x = a which results in the relation

hZ
fla+h) = f(@)+hf (a)+ 7f”(<fh), (11.4)

where ¢, lies in the interval (a, a+ h). This formula may be rearranged to give an
expression for the error,

_fla+th-fl@ _ h

f(a) p = Ef”(éh). (11.5)

This is often referred to as the truncation error of the approximation.

Example 11.4. Let us check that the error formula (11.5) agrees with the nu-
merical values in example We have f”(x) = —sinx, so the right-hand side
in (I1.5) becomes

h
E(sin;0.5,h) = > sinéy,

where ¢, € (0.5,0.5 + h). We do not know the exact value of ¢}, but for the values
of h in question, we know that sin x is monotone on this interval. For & = 0.1 we
therefore have that the error must lie in the interval

[0.05sin0.5, 0.05sin0.6] = [2.397 x 1072, 2.823 x 1072,

and we see that the right end point of the interval is the maximum value of the
right-hand side in (T1.5).

When £ is reduced by a factor of 10, the number £/2 is reduced by the same
factor, while ¢}, is restricted to an interval whose width is also reduced by a factor
of 10. As h becomes even smaller, the number ¢; will approach 0.5 so sinéy,
will approach the lower value sin0.5 = 0.479426. For h = 107", the error will

therefore tend to

107" | 0.2397
sin0.5 =
107

which is in close agreement with the numbers computed in example [ |

’

The observation at the end of example[11.4]is true in general: If " is contin-
uous, then ¢, will approach a when h goes to zero. But even for small, positive
values of A, the error in using the approximation f” (&) = f(a) is usually ac-
ceptable. This is the case since we are almost always only interested in knowing
the approximate magnitude of the error, i.e., it is sufficient to know the error
with one or two correct digits.
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Observation 11.5. The truncation error when using Newton’s quotient to ap-
proximate f’(a) is given approximately by
fla+h) - f@| _

h
f'(a)—T ~E|f”(a)|. (11.6)

An upper bound on the truncation error

For practical purposes, the approximation is usually sufficient. But let us
also take the time to present a more precise argument. We will use a technique
from chapter[9)and derive an upper bound on the truncation error.

We go back to and start by taking absolute values,

a+h)—f(a h
fl(@- w =S 17" €Wl
We know that ¢, is a number in the interval (a, a + h), so it is natural to replace
| f"(&1,)] by its maximum in this interval. Here we must be a bit careful since this
maximum does not always exist. But recall from the Extreme value theorem that
if a function is continuous, then it always attains its maximum on any closed
and bounded interval. It is therefore natural to include the end points of the in-
terval (a, a+ h) and take the maximum over [a, a+ h]. This leads to the following

lemma.

Lemma 11.6. Suppose f has continuous derivatives up to order two near a.
If the derivative f'(a) is approximated by

fla+h) - f(a)
h )

then the truncation error is bounded by

MaR S @R e ) (11.7)

E(f;a,h) =|f"(a) - <
(fiah = /@ h 2 xela,a+h)

11.1.3 The round-off error

So far, we have just considered the mathematical error committed when f’(a) is
approximated by (f(a+h)— f (a)) / h. But what about the round-off error? In fact,
when we compute this approximation with small values of h we have to perform
the one critical operation f(a + h) — f(a), i.e., subtraction of two almost equal
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numbers, which we know from chapter[5|may lead to large round-off errors. Let
us continue the calculations in example and see what happens if we use
smaller values of /.

Example 11.7. Recall that we estimated the derivative of f(x) =sinx at a =0.5
and that the correct value with ten digits is f’(0.5) ~ 0.8775825619. If we check
values of & for 1077 and smaller we find

h  (fla+h-f@)/h E(f;ah

1077 0. 8775825372 2.5x1078
1078 0.8775825622 -2.9x10710
1079 0.8775825622 -2.9x10710
1071 0.8775813409 1.2x107
10714 0.8770761895 5.1x107%
10715 0.8881784197 ~1.1x1072
10716 1.110223025 -23x107!
10717 0.000000000 8.8x107!

This shows very clearly that something quite dramatic happens. Ultimately,
when we come to h = 10717, the derivative is computed as zero. &

Round-off errors in the function values

Let us see if we can explain what happened in example[11.7] We will go through
the explanation for a general function, but keep the concrete example in mind.

The function value f(a) will usually not be representable exactly in the com-
puter and will therefore be replaced by the nearest floating-point number which
we denote m. We then know from lemmathat the relative error in this ap-
proximation will be bounded by 5 x 273 since floating-point numbers are repre-
sented in binary (8 = 2) with 53 bits for the significand (m = 53). In other words,
if we set

=@ J@ (11.8)

fla

we have
ler] <5x27%% ~6x 10716, (11.9)

This means that |e; | is the relative error, while €, itself is the signed relative error.

Note that €; will depend both on a and f, and in practice, there will usually
be better upper bounds on €; than the one in (I1.9). In the following we will
denote the least upper bound by €*.
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Notation 11.8. The maximum relative error that occurs when real numbers
are represented by floating-point numbers, and there is no underflow or over-
flow, is denoted by €*.

We will see later in this chapter that a reasonable estimate for ¢* is €* = 7 x
10~!7. We note that equation (IL.8) may be rewritten in a form that will be more
convenient for us.

Observation 11.9. Suppose that f(a) is computed with 64-bit floating-point
numbers and that no underflow or overflow occurs. Then the computed value
f(a) satisfies

fla)=f(a)1+e€1) (11.10)

where |e1| < €*, and €, depends on both a and f.

The computation of f(a+ h) is of course also affected by round-off error, so
in total we have

fla) = fl@+e), fla+h) =fla+hd+e), (11.11)

where |¢;| < €* for i = 1, 2. Here we should really write €, = €2 (h), because the
exact round-off error in f(a+ h) will inevitably depend on / in an apparently
random way.

Round-off errors in the computed derivative

The next step is to see how these errors affect the computed approximation of
f'(a). Recall from examplethat the main source of round-off in subtraction
is the replacement of the numbers to be subtracted by the nearest floating-point
numbers. We therefore consider the computed approximation to be

fla+h) - f(a)
h )
and ignore the error in the division by h. If we insert the expressions (I11.11), and
also make use of equation (11.5), we obtain

fla+h)-f(a)
h

fla+h)-f(a) _f(a+h)€2—f(a)€1

h h (11.12)
fla+he— f(a)e;

h ’

fl(a) - = f'(a) -

_h
= 2f(fh)
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where ¢y, € (a, a+ h). This shows that the total error in the computed approxima-
tion to the derivative consists of two parts: The truncation error that we derived
in the previous section, plus the last term on the right in (I1.12), which is due to
the round-off when real numbers are replaced by floating-point numbers. The
truncation error is proportional to & and therefore tends to 0 when h tends to
0. The error due to round-off however, is proportional to 1/ and therefore be-
comes large when £ tends to 0.

In observation [11.5|we obtained an approximate expression for the trunca-
tion error, for small values of k, by replacing ¢; by a. When h is small we may
also assume that f(a+ h) = f(a) so (11.12) leads to the approximate error esti-
mate

fa+h-f@ k. - -
——=——-f(a .

€1
7 2 f(a). (11.13)

(@

The most uncertain term in is the difference €, —€,. Since we do not
even know the signs of the two numbers €; and €2, we cannot estimate this dif-
ference accurately. But we do know that both numbers represent relative errors
in floating-point numbers, so the magnitude of each is about 107!7. If they are
of opposite signs, this magnitude may be doubled, so we replace the difference
€2 — €1 by 2€(h) to emphasise the dependence on h. The error then be-
comes

fla+h)-f(a) - —ﬁf”(a) B Zei(lh)

, —
ra h 2

fla). (11.14)

Let us check if this agrees with the computations in examples and

Example 11.10. For large values of & the first term on the right in will
dominate the error, and we have already seen that this agrees very well with the
computed values in example[11.3] The question is how well the numbers in ex-
ample[11.7]can be modelled when h becomes smaller.

To investigate this, we denote the left-hand side of (11.14) by E(f;a, h) and
solve for é(h),

o~ , ho
e == (Ehan @)

From example[I1.7jwe have corresponding values of h and E(f; a, h) which allow
us to estimate é(h) (recall that f(x) = sinx and a = 0.5 in this example). If we do
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_10,

Figure 11.2. Numerical approximation of the derivative of f(x) = sinx at x = 0.5 using Newton’s quotient,
see lemma The plot is a log;-log; o plot which shows the logarithm to base 10 of the absolute value of
the total error as a function of the logarithm to base 10 of &, based on 200 values of i. The point —10 on the
horizontal axis therefore corresponds h = 10719, and the point —6 on the vertical axis corresponds to an error
of 1076, The solid line is a plot of the error estimate g(h) given by (T1.15).

this we can augment the table on page with an additional column

h (fla+h) - f@)/h  E(f;a,h) é(h)
1077 0. 8775825372 25x107%  —7.6x1077
1078 0.8775825622 -29x10710  2.8x10717
1079 0.8775825622 —29x10710  55x10719
1071 0.8775813409 1.2x107% -1.3x10717
10714 0.8770761895 51x107% -53x10718
1071 0.8881784197 -1.1x1072 1.1x107Y
10716 1.110223025 -23x107!  24x107V
107V 0.000000000 8.8x107! —9.2x10718

We observe that all these values are considerably smaller than the upper limit
6 x 10716 in (IT.9). (Note that in order to compute é(h) correctly for h = 1077,
you need to use the more accurate value 2.4695 x 108 for the error in this case.)

Figure shows plots of the error. The numerical approximation has been
computed for the values h = 107%, for z =0, ..., 20 in steps of 1/10, and the
absolute value of the total error plotted in a log-log plot. The errors are shown
as isolated dots, and the function

h . 2
gh) = 5s1n0.5+eﬁsm0.5 (11.15)
with € = 7 x 10717 is shown as a solid graph. This corresponds to adding the
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absolute value of the truncation error and the round-off error, even in the case
where they have opposite signs. It appears that the choice of € makes g(h) a
reasonable upper bound on the error so we may consider this to be a decent
estimate of¢*. 1

The estimates (11.13) and (11.14) give the approximate error with sign. In
general, it is more convenient to consider the absolute value of the error. Start-
ing with (I1.13), we then have

h 1" _62—
_Ef (a) .

le2 ;lell (@)l

+
If”(a)l+wma)l

@ - )

f(a+h)—ﬁ, z|
h

<—If" @+

=

=

" 2e(h)
5 lf (@) + 5 |f(a)l

where we used the triangle inequality in the first and second inequality, and e (h)
is the largest of the two numbers |e;| and |e2].

Observation 11.11. Suppose that f and its first two derivatives are continu-
ous near a. When the derivative of f at a is approximated by Newton’s dif-
ference quotient (11.3), the error in the computed approximation is roughly
bounded by

2e(h)
h

flath-f@| _

fla)- h S

h
S M@+ —=|f@l, (11.16)

where €e(h) is the largest of the relative errors in f(a) and f(a+ h), and the
notation a < f indicates that « is approximately smaller than f.

An upper bound on the total error

The < notation is vague mathematically, so we include a more precise error es-
timate.

Theorem 11.12. Suppose that f and its first two derivatives are continuous
near a. When the derivative of f at a is approximated by

fla+h) - f(a)
h )
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the error in the computed approximation is bounded by

2¢*
h

fla+h) - f(a)

, p—
(@) 2

h
SEM1+ M, (11.17)

where
M= max |f"(x)|, Mgzxmax |0

x€la,a+h] €la,a+h]

Proof. To get to we start with (I1.12), take absolute values, and use the
triangle inequality a number of times. We also replace | ¢ h)| by its maximum
on the interval [a, a + h], and we replace f(a) and f(a + h) by their common
maximum on [a, a + h]. The details are:

, . flath-f@| |h fla+hyes— f(@e
f(a)—#|—'§f Cn)— h |
h h)es —
S§|fu(€h)|+|f(a+ )62 f(@el
sﬁ|f”(5h)|+lf(a+h)|l€2|+|f(a)”€1|
i y . h (11.18)
<Py 2l€2] + Maleq |
2 h
h lea| + e
M
<EM + *M [ ]
=3 1 h 2.

11.1.4 Optimal choice of 1

Figure indicates that there is an optimal value of & which minimises the
total error. We can find a decent estimate for this & by minimising the upper
bound in one of the error estimates or (IT.I7). In practice it is easiest to
use since the two numbers M; and M, in depend on # (although
we could insert some upper bound which is independent of h).

The right-hand side of contains the term e(h) whose exact depen-
dence on h is very uncertain. We therefore replace e(h) by the upper bound €*.
This gives us the error estimate

h 2¢*
e(h):§|f”(a)|+7|f(a)|. (11.19)
To find the value of h which minimises this expression, we differentiate with
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respect to h and set the derivative to zero. We find

|f"(@]| 2
2 h2

e'(h) =

If we solve the equation e’(h) = 0, we obtain the approximate optimal value.

Lemma 11.13. Let f be a function with continuous derivatives up to order 2.
If the derivative of f at a is approximated as in lemmal(11.6, then the value
of h which minimises the total error (truncation error + round-off error) is

approximately
Jelral
T2
/|f"(d)|

It is easy to see that the optimal value of £ is the value that balances the two
terms in (I11.19), i.e., the truncation error and the round-off error are equal.

Example 11.14. Based on example|11.7, we saw above that a good value of €*
is 7 x 10717, Let us check what the optimal value of % is in this case. We have
f(x)=sinxand a=0.5so0

h*=2Ve=2V7x10"17~1.7x1078.

For this value of i we find

sin(0.5+ h*) —sin0.5
h*

=0.877582555644682,

and the error in this case is about 6.2 x 1079, It turns out that roughly all 4 in the
interval [3.2 x 1079,2 x 1078] give an error of about the same magnitude which
shows that the determination of i* is quite robust. W

Exercises

1 In this exercise we are going to numerically compute the derivative of f(x) = e* ata =1
using Newton’s quotient as described in observation The exact derivative to 20 digits
is

f’(l) ~2.7182818284590452354.
a) Compute the approximation (f(1+ h) — f(1))/h to f'(1). Start with h = 1074, and

then gradually reduce h. Also compute the error, and determine an #/ that gives
close to minimal error.
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b) Determine the optimal & as described in Lemmal|l1.13|and compare with the value
you found in (a).

2 When deriving the truncation error given by (11.7) it is not obvious what the degree of the
Taylor polynomial in (I1.4) should be. In this exercise you are going to try and increase
and reduce the degree of the Taylor polynomial and see what happens.

a) Redo the Taylor expansion in (I1.4), but use the Taylor polynomial of degree 2. From
this try and derive an error formula similar to (I1.5).

b) Repeat (a), but use a Taylor polynomial of degree 0, i.e., just a constant.

¢) Why can you conclude that the linear Taylor polynomial and the error term in (11.5)
is correct?

11.2 Summary of the general strategy

Before we continue, let us sum up the derivation and analysis of the Newton’s
difference quotient in section|11.1} since this is standard for all differentiation
methods.

The first step is to derive the numerical method. In section[11.1]this was very
simple since the method came straight out of the definition of the derivative.
Just before observation [11.2) we indicated that the method can also be derived
by approximating f by a polynomial p and using p’(a) as an approximation to
f'(a). This is the general approach that we will use below.

Once the numerical method is known, we estimate the mathematical error
in the approximation, the truncation error. This we do by performing Taylor
expansions with remainders. For numerical differentiation methods which pro-
vide estimates of a derivative at a point a, we replace all function values at points
other than a by Taylor polynomials with remainders. There may be a challenge
in choosing the correct degree of the Taylor polynomial, see exercise 11.12]

The next task is to estimate the total error, including the round-off error. We
consider the difference between the derivative to be computed and the com-
puted approximation, and replace the computed function evaluations by ex-
pressions like the ones in observation This will result in an expression
involving the mathematical approximation to the derivative. This can be sim-
plified in the same way as when the truncation error was estimated, with the
addition of an expression involving the relative round-off errors in the function
evaluations. These estimates can then be simplified to something like
or (I1.17). As a final step, the optimal value of & can be found by minimising the
total error.
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Procedure 11.15. The following is a general procedure for deriving numerical
methods for differentiation:

1. Interpolate the function f by a polynomial p at suitable points.

2. Approximate the derivative of f by the derivative of p. This makes it
possible to express the approximation in terms of function values of f.

3. Derive an estimate for the error by expanding the function values (other
than the one at a) in Taylor series with remainders.

4. Derive an estimate of the round-off error by assuming that the relative
errors in the function values are bounded by ¢*. By minimising the total
error, an optimal step length h can be determined.

Exercises

1 Determine an approximation to the derivative f’(a) using the function values f(a), f(a +
h) and f(a+ 2h) by interpolating f by a quadratic polynomial p» at the three points a,
a+ h, and a+2h, and then using f'(a) = p}(a).

11.3 A symmetric version of Newton’s quotient
The numerical differentiation method in section is not symmetric about a,
so let us try and derive a symmetric method.
11.3.1 Derivation of the method

We want to find an approximation to f’(a) using values of f near a. To obtain
a symmetric method, we assume that f(a - h), f(a), and f(a+ h) are known
values, and we want to find an approximation to f’(a) using these values. The
strategy is to determine the quadratic polynomial p, that interpolates f at a—h,
aand a+ h, and then we use p;,(a) as an approximation to f’(a).

We start by writing p, in Newton form,

p2(x) = fla—hl+ fla—h,al(x - (a—h))
+ fla—h,a,a+ h]l(x—(a—h))(x—a). (11.20)

We differentiate and find

py(x) = fla—h,al+ fla— h,a,a+ hl(2x—2a+ h).
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Setting x = a yields
ph(a) = fla—h,al+ fla—h,a,a+ h]h.

To get a practically useful formula we must express the divided differences in
terms of function values. If we expand the second divided difference we obtain

f[a,a+h]—f[a—h,a]h_ fla,a+hl+ fla—h,al

. (11.21
2h 2 ( )

py(a) = fla—h,al+

The two first order differences are

fla—-fla-h
h M

_ fla+h) - f(a)

fla—h,al = fla,a+ h] A ,

and if we insert this in (11.21) we end up with

fla+h)—fla-h)
2h '

py(a) =

We note that the approximation to the derivative given by p),(a) agrees with the
slope of the secant based at a — h and a + h.

Lemma 11.16 (Symmetric Newton’s quotient). Let f be a given function, and
let a and h be given numbers. If f (a—h), f(a), f(a+ h) are known values, then
f'(a) can be approximated by p;(a) where p, is the quadratic polynomial that
interpolates f at a— h, a, and a+ h. The approximation is given by

fla+h)—-fla—h)

11.22
h ( )

f'(a) = py(a) =

and agrees with the slope of the secant based at a— h and a + h.

The symmetric Newton’s quotient is illustrated in figure ?2. The derivative of
f at a is given by the slope of the tangent, while the approximation defined by
p,(a) is given by the slope of tangent of the parabola at a (which is the same as
the slope of the secant of f based at a— h and a + h).

Let us test this approximation on the function f(x) = sinx at a = 0.5 so
we can compare with the original Newton’s quotient that we discussed in sec-

tion[I1.11

Example 11.17. We test the approximation (I11.22) with the same values of h as
in examples and Recall that f'(0.5) ~ 0.8775825619 with 10 correct
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digits. The results are

h  (fla+th)-fla-h)/2h)  E(f;ah

1071 0.8761206554 1.5x 103
1072 0.8775679356 1.5x 107
1073 0.8775824156 1.5x 107
1074 0.8775825604 1.5% 1079
107° 0.8775825619 1.8x 101
1076 0.8775825619 —7.5%x 10712
1077 0.8775825616 2.7x10710
1078 0.8775825622 -2.9x10710
10711 0.8775813409 1.2x10°
10713 0.8776313010 -4.9x107°
1071° 0.8881784197 -1.1x10?
107 0.0000000000 8.8x 10!

If we compare with examples and the errors are generally smaller for
the same value of h. In particular we note that when & is reduced by a factor
of 10, the error is reduced by a factor of 100, at least as long as h is not too
small. However, when h becomes smaller than about 107%, the error starts to in-
crease. It therefore seems like the truncation error is smaller than for the original
method based on Newton’s quotient, but as before, the round-off error makes it
impossible to get accurate results for small values of h. The optimal value of i
seems to be h* = 1075, which is larger than for the first method, but the error is
then about 107!2, which is smaller than the best we could do with the asymmet-
ric Newton’s quotient. N

11.3.2 The error

We analyse the error in the symmetric Newton’s quotient in exactly the same way
as we analysed the original Newton’s quotient in section[11.1} The idea is to re-
place f(a—h) and f(a+ h) with Taylor expansions about a. Some trial and error
will reveal that the correct degree of the Taylor polynomials is quadratic, and the
Taylor polynomials with remainders may be combined into the expression

fla+h)—fla-h) R

2h 12
The error formula confirms the numerical behaviour we saw in exam-
ple for small values of & since the error is proportional to #%: When #h is
reduced by a factor of 10, the error is reduced by a factor 102

The analysis of the round-off error is completely analogous to what we did
in section|[11.1.3; Start with (I1.23), take into account round-off errors, obtain

f'(a) - (F"ED+ 1" (€2). (11.23)

267



a relation similar to (11.12), and then derive the error estimate through a string
of equalities and inequalities as in (I1.18). The result is a theorem similar to

theorem[11.12

Theorem 11.18. Let f be a given function with continuous derivatives up to
order three, and let a and h be given numbers. Then the error in the symmet-
ric Newton’s quotient approximation to f(a),

fla+h) - f(a-h)

/ ~
f(a)= 7

including round-off error and truncation error, is bounded by

/ fla+h)-fla-h| _h? e*
- <—M;+—M>, 11.24
f(a) °h < B 1+ 5 Mo ( )
where
Mi= max |f"®)|, M= max |f()|. (11.25)
x€ela—h,a+h] xela—h,a+h]

The most important feature of this theorem is that it shows how the error
depends on h. The first term on the right in stems from the truncation
error which clearly is proportional to h?, while the second term corre-
sponds to the round-off error and depends on ~~! because we divide by i when
calculating the approximation.

It may be a bit surprising that the truncation error is smaller for the symmet-
ric Newton’s quotient than for the asymmetric one, since both may be viewed as
coming from a secant approximation to f. The reason is that in the symmetric
case, the secant is just a special case of a parabola which is generally a better
approximation than a straight line.

In practice, the interesting values of h will usually be so small that there is
very little error in using the approximations

M= max [f"@[=[f"@] M= max [f@)]~|f(@],

x€la—h,a+h)] €la—h,a+h)]

in (11.24), particularly since we are only interested in the magnitude of the error
with only 1 or 2 digits of accuracy. If we make these simplifications we obtain a
slightly simpler error estimate.
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Figure 11.3. Log-log plot of the error in the approximation to the derivative of f(x) = sinx at x = 1/2 for
values of 1 in the interval [0,10717], using the symmetric Newton's quotient in theorem(11.18} The solid graph
represents the right-hand side of (IT.26) with e* =7 x 10717, as a function of h.

Observation 11.19. The error in the symmetric Newton’s quotient is approx-
imately bounded by

fla+h)-fla- h) |f( )|

2h

|f”’( )|+ (11.26)

fl(@-

Aplot of how the error behaves in the symmetric Newton’s quotient, together
with the estimate of the error on the right in (I1.26), is shown in figure

11.3.3 Optimal choice of 1

As for the asymmetric Newton’s quotient, we can find an optimal value of h
which minimises the error. We can find this value of & if we differentiate the
right-hand side of with respect to h and set the derivative to 0. This leads
to the equation

h €*

My — —
37T 2

h* V/3€* M, \3/3€*|f(“)|

= ~ . (11.27)
Ml 3 |f”’(6l)|

MZZO

which has the solution

269



At the end of section[11.1.4lwe saw that a reasonable value for ¢* was €* = 7 x
10”17, The optimal value of / in example[11.17, where f(x) = sinx and a = 0.5,
then becomes h = 4.6 x 107°. For this value of & the approximation is f'(0.5) =
0.877582561887 with error 3.1 x 10712,

Exercises

1 In this exercise we are going to check the symmetric Newton’s quotient and numerically
compute the derivative of f(x) = e¥ at a = 1, see exercise 11.1 Recall that the exact
derivative with 20 correct digits is

f’ (1) = 2.7182818284590452354.

a) Compute the approximation (f(1+h) — f(1—h))/(2h) to f'(1). Start with h = 1073,
and then gradually reduce h. Also compute the error, and determine an / that gives
close to minimal error.

b) Determine the optimal h given by and compare with the value you found in
(a).

2 Determine f'(a) numerically using the two asymmetric Newton’s quotients

fla+h) - f(a fl@)-fla—h)
h h

as well as the symmetric Newton’s quotient. Also compute and compare the relative errors
in each case.

frx = , i) =

a) f(x)=x%a=2;h=0.01.

b) f(x)=sinx;a=n/3; h=0.1.

¢) f(x)=sinx; a=m/3; h=0.001.

d) f(x)=sinx; a=n/3; h=0.00001.
e) f(x)=2% a=1; h=0.0001.

f) f(x)=xcosx; a=mn/3; h=0.0001.

3 In this exercise we are going to derive the error estimate (I1.24). For this it is a good idea
to use the derivation in sections|11.1.2|and|11.1.3|as a model, and try and follow the same
strategy.

a) Derive the relation (T1.23) by replacing f (a—h) and f (a+ h) with appropriate Taylor
polynomials with remainders around x = a.

b) Estimate the total error by replacing the values f(a— h) and f(a + h) by the near-
est floating-point numbers f(a—h) and f(a+ h). The result should be a relation
similar to equation (TT.12).

¢) Find an upper bound on the total error by using the same steps as in (I1.18).

4 a) Show that the approximation to f’(a) given by the symmetric Newton’s quotient is
the average of the two asymmetric quotients

h) - ~fla-h
fr(x)=f(“+})l f(a)y fl(x)zf(a) i(a ).
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b) Sketch the graph of the function

—x®2+10x-5

flx)= 1

on the interval [0, 6] together with the three secants associated with the three ap-
proximations to the derivative in (a) (use @ = 3 and h = 2). Can you from this judge
which approximation is best?

c¢) Determine the three difference quotients in (a) numerically for the function f(x)
using a =3 and k1 =0.1 and hy = 0.001. What are the relative errors?

d) Show that the symmetric Newton’s quotient at x = a for a quadratic function f(x) =
ax® + bx + cis equal to the derivative f'(a).

5 Use the symmetric Newton’s quotient and determine an approximation to the derivative
f'(a) in each case below. Use the values of & given by h = 107k k=4,5,...,12and compare
the relative errors. Which of these values of h gives the smallest error? Compare with the
optimal h predicted by (11.27).

a) The function f(x)=1/1+ cos(x?)) at the pointa=rmn/4.
b) The function f(x) = x + x+ 1 at the point a =0.

11.4 A four-point differentiation method

The asymmetric and symmetric Newton’s quotients are the two most commonly
used methods for approximating derivatives. Whenever possible, one would
prefer the symmetric version whose truncation error is proportional to k2. This
means that the error goes to 0 more quickly than for the asymmetric version, as
was clearly evident in examples[11.3]Jand[11.17} In this section we derive another
method for which the truncation error is proportional to h*. This also illustrates
the procedure[11.15]in a more complicated situation.

The computations below may seem overwhelming, and have in fact been
done with the help of a computer to save time and reduce the risk of miscal-
culations. The method is included here just to illustrate that the principle for
deriving both the method and the error terms is just the same as for the simpler
Newton’s quotient.

11.4.1 Derivation of the method

We want better accuracy than the symmetric Newton’s quotient which was based
on interpolation with a quadratic polynomial. It is therefore natural to base the
approximation on a cubic polynomial, which can interpolate four points. We
have seen the advantage of symmetry, so we choose the interpolation points
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Xo=a—-2h,x; =a-h, x, =a+h, and x3 = a+2h. The cubic polynomial that
interpolates f at these points is

p3(x) = f(xo) + fxo0, x1]1(x — x0) + f [x0, X1, X2] (X — X0) (X — X1)

+ flxo, X1, X2, X3]1 (X — X0) (X — x1) (X — X2),

and its derivative is

ps(x) = flxo, x11+ flxo, X1, %21(2x — X0 — x1)

+ f X0, X1, %2, %3] ( (2 — x1) (% — X2) + (X — x0) (X — X2) + (X — X0) (X — x1)).

If we evaluate this expression at x = a and simplify (this is quite a bit of work),
we find that the resulting approximation of f'(a) is

fla—2h)—8f(a—h)+8f(a+h)— f(a+2h)

f(a) = p3(a) = 2%

(11.28)

11.4.2 Theerror

To estimate the error, we expand the four terms in the numerator in (11.28) in
Taylor polynomials of degree 4 with remainders. We then insert these into the
formula for p}(a) and obtain an analog to equation|11.12

fla—2n)-8f(a—h)+8f(a+h) - fla+2h) _
12h B

nt (v) nt (v) nt (v) ht (v)
Ef (51)—ﬁf (62)_ﬁf (53)+Ef (€a),

fl(@-

where &1 € (a—2h,a), € (a—h,a), é3€ (a,a+ h), and &4 € (a,a+2h). We can
simplify the right-hand side and obtain an upper bound on the truncation error
if we replace the function values by upper bounds. The result is

fla-2h)-8f(a—h) +8f(a+h) - fla+2h)| _ ht

f'(a)— o < EM (11.29)

where
M= max |[fPw).
x€la—2h,a+2h]
The round-off error is derived in the same way as before. The quantities we
actually compute are
fla-2h)=f(a-2h)(1+e€1), fla+2h)=f(a+2h)(1+e3),

fla—h)=fla-h)(1+e), fla+h)=fla+h)(1+ey).
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Figure 11.4. Log-log plot of the error in the approximation to the derivative of f(x) = sinx at x = 1/2, using
the method in observation|11.20} with % in the interval [0, 10’17]. The function plotted is the right-hand side
of (T1.30) withe* =7 x 10717,

We estimate the difference between f’(a) and the computed approximation,
make use of the estimate (I11.29), combine the function values that are multi-
plied by es, and approximate the maximum values by function values at a, com-
pletely analogously to what we did for Newton’s quotient.

Observation 11.20. Suppose that f and its first five derivatives are continu-
ous. If f'(a) is approximated by

fla—2h)-8f(a—h)+8f(a+h)— f(a+2h)
12h ’

fl@ =~

the total error is approximately bounded by

fla—2h)—-8f(a—h)+8f(a+h)— f(a+2h) <

/ —
ra 12h ~

B o) 3e*
5@+ =-|f@]. (130

We could of course also derive a more formal upper bound on the error, sim-
ilar to and (11.24).

A plot of the error in the approximation for the sinx example that we used
for the previous approximations is shown in figure
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From observation|11.20{we can compute the optimal value of & by differen-
tiating the right-hand side with respect to i and setting it to zero. This leads to
the equation

2n3 ., 3e*
5 V@] -7z f@]=0

{/27¢* | f(@)|

e A — (11.31)
«5/2|f(”)(a)|

For the example f(x) = sinx and a = 0.5 the optimal value of his h* ~ 8.8 x 1074,
The actual error is then roughly 10714,

which has the solution

Exercises

1 Inthis exercise we are going to check the four-point method and numerically compute the
derivative of f(x) = e* at a = 1. For comparison, the exact derivative to 20 digits is

f'(1) = 2.7182818284590452354.

a) Compute the approximation (f(a—2h)—8f(a—h)+8f(a+h) - f(a+2h))/(12h) to
f'(1). Start with /2 = 1073, and then gradually reduce k. Also compute the error, and
determine an & that gives close to minimal error.

b) Determine the optimal h given by and compare with the experimental value
you found in (a).

2 Derive the estimate (11.29), starting with the relation just preceding (11.29).

11.5 Numerical approximation of the second derivative

We consider one more method for numerical approximation of derivatives, this
time of the second derivative. The approach is the same: We approximate f by a
polynomial and approximate the second derivative of f by the second derivative
of the polynomial. As in the other cases, the error analysis is based on expansion
in Taylor series.

11.5.1 Derivation of the method

Since we are going to find an approximation to the second derivative, we have
to approximate f by a polynomial of degree at least two, otherwise the second
derivative is identically 0. The simplest is therefore to use a quadratic polyno-
mial, and for symmetry we want it to interpolate f at a—h, a, and a+ h. The
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resulting polynomial p, is the one we used in section[11.3]and it is given in equa-
tion (I1.20). The second derivative of p; is constant, and the approximation of
f'(a)is

(@) = py(a) = fla-h,a,a+ h.

The divided difference is easy to expand.

Lemma 11.21 (Three-point approximation of second derivative). The second
derivative of a function f at a can be approximated by

fla+h)-2f(a)+ f(a—h)

(@)= 7

(11.32)

11.5.2 The error

Estimation of the error follows the same pattern as before. We replace f(a — h)
and f(a+ h) by cubic Taylor polynomials with remainders and obtain an expres-
sion for the truncation error,

fla+h)-2f(@+fla—h)  h?
n? T4

where é1 € (a—h,a) and & € (a,a+ h).
The round-off error can also be estimated as before. Instead of computing

the exact values, we actually compute f(a—h), f(a), and f(a+ h), which are
linked to the exact values by

@) - (FeEn+ V),  (11.33)

fla—h)=fla-h(+e), fl@=f@l+e), fla+h) =fla+h)d+es),

where |e;| < €¢* for i = 1, 2, 3. We can then derive a relation similar to (I1.12), and
by reasoning as in (I11.18) we end up with an estimate of the total error.

Theorem 11.22. Suppose f and its first three derivatives are continuous near
a, and that " (a) is approximated by

fla+h)-2f(a)+ f(a—h)

f"(a) = 7

Then the total error (truncation error + round-off error) in the computed ap-
proximation is bounded by

f— - 2 *
fla+h 2];(261)+f(a h) S%M1+3LM2, (11.34)

fl/ (a) _ hz
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Figure 11.5. Log-log plot of the error in the approximation to the derivative of f(x) = sinx at x = 1/2 for h
in the interval [0, 10’8], using the method in theorem|11.22| The function plotted is the right-hand side of
(II30) withe* =7x 10717,

where

), M= max o).

x€la—h,a+h)]

M;= max
x€la—h,a+h]

As for the previous methods, we can simplify the right-hand side to

fla+h)-2f(a)+ f(a-h)

f// (a) _ hz

h2 in 3¢*
NP |f (a)) toT |f@]| (1135

if we can tolerate an approximate upper bound.

Figure shows the errors in the approximation to the second derivative
given in theorem [11.22) when f(x) = sinx and a = 0.5, and for & in the range
[0,1078]. The solid graph gives the function in which describes an ap-
proximate upper bound on the error as a function of , with e* =7x 1077, For h
smaller than 1078, the approximation becomes 0, and the error constant. Recall
that for the approximations to the first derivative, this did not happen until i
was about 10717, This illustrates the fact that the higher the derivative, the more
problematic is the round-off error, and the more difficult it is to approximate the
derivative with numerical methods like the ones we study here.
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11.5.3 Optimal value of /

As before, we find the optimal value of /2 by minimising the right-hand side of
(11.35). To do this we find the derivative with respect to & and set it to 0,

h 6e*
S| @|-— | f@| =o.

Observation 11.23. The upper bound on the total error (11.34) is minimised

when h has the value
v/36¢* | f(a)|
I S —— (11.36)
‘4/ |f(ll/)(a)i

When f(x) = sinx and a = 0.5 this gives h* = 2.2 x 10~% if we use the value
€* =7x 107!, Then the approximation to f”(a) = —sin a is —0.4794255352 with
an actual error of 3.4 x 1079,

Exercises

1 We use our standard example f(x) = €3 and a = 1 to check the 3-point approximation to
the second derivative given in (T1.32). For comparison recall that the exact second deriva-
tive to 20 digits is

(1) = 2.7182818284590452354.

a) Compute the approximation (f(a—h)-2f(a)+f(a+h))/(h?)to f"(1). Start with h =
1073, and then gradually reduce h. Also compute the actual error, and determine
an h that gives close to minimal error.

b) Determine the optimal / given by (I1.36) and compare with the value you deter-
mined in (a).

2 In this exercise you are going to do the error analysis of the three-point method in more
detail. As usual the derivation in sections|11.1.2|and|11.1.3|may be useful as a guide.

a) Derive the relation by performing the appropriate Taylor expansions of f(a—
h)and f(a+ h).

b) Starting from (11.33), derive the analog of relation (11.12).
¢) Derive the estimate (11.34) by following the same recipe as in (11.18).

3 This exercise illustrates a different approach to designing numerical differentiation meth-
ods.

a) Suppose that we want to derive a method for approximating the derivative of f at a
which has the form

fll@=cifla-—h+cafla+h), c1,c2€eR.
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We want the method to be exact when f(x) =1 and f(x) = x. Use these conditions
to determine ¢ and cy.

b) Show that the method in (a) is exact for all polynomials of degree 1, and compare it
to the methods we have discussed in this chapter.

c) Use the procedure in (a) and (b) to derive a method for approximating the second
derivative of f,

f"(a)zclf(a—h)+czf(a)+63f(a+h), c1,62,c3 €R,

by requiring that the method should be exact when f(x) = 1, x and x2. Do you
recognise the method?

d) Show that the method in (c) is exact for all cubic polynomials.
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