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This paper presents several extensions of the complex-step approximation to compute
numerical derivatives. For first derivatives the complex-step approach does not suffer sub-
straction cancellation errors as in standard numerical finite-difference approaches. There-
fore, since an arbitrarily small step-size can be chosen, the complex-step method can achieve
near analytical accuracy. However, for second derivatives straight implementation of the
complex-step approach does suffer from roundoff errors. Therefore, an arbitrarily small
step-size cannot be chosen. In this paper we expand upon the standard complex-step
approach to provide a wider range of accuracy for both the first and second derivative
approximations. Several formulations are derived using various complex numbers coupled
with Richardson extrapolations. The new extensions can allow the use of one step-size to
provide optimal accuracy for both derivative approximations. Simulation results are pro-
vided to show the performance of the new complex-step approximations on a second-order
Kalman filter.

I. Introduction

sing complex numbers for computational purposes is often intentionally avoided because of the nonin-

tuitive nature of this domain. However, this perception should not handicap our ability to seek better
solutions to the problems associated with traditional (real-valued) finite-difference approaches. Many phys-
ical world phenomena actually have their root in the complex domain.? As an aside we note that some
interesting historical notes on the discovery and acceptance of the complex variable can also be found in
this reference. The complex-step derivative approximation can be used to determine first derivatives in
a relatively easy way, while providing near analytic accuracy. Early work on obtaining derivatives via a
complex-step approximation in order to improve overall accuracy is shown by Lyness and Moler,! as well
as Lyness.? Various recent papers reintroduce the complex-step approach to the engineering community.?”
The advantages of the complex-step approximation approach over a standard finite difference include: 1)
the Jacobian approximation is not subject to subtractive cancellations inherent in roundoff errors, 2) it can
be used on discontinuous functions, and 3) it is easy to implement in a black-box manner, thereby making
applicable to general nonlinear functions.

The complex-step approximation in the aforementioned papers is derived for first derivatives. A second-
order approximation using the complex-step approach is straightforward to derive; however, this approach
is subject to roundoff errors for small step-sizes since difference errors arise, as shown by the classic plot
in Figure 1. As the step-size increases the accuracy decreases due to truncation errors associated with not
adequately approximating the true slope at the point of interest. Decreasing the step-size increases the
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accuracy, but only to an “optimum” point. Any further decrease results in a degradation of the accuracy
due to roundoff errors. Hence, a tradeoff between truncation errors and roundoff exists. In fact, through
numerous simulations, the complex-step second-derivative approximation is markedly worse than a standard
finite-difference approach. In this paper several extensions of the complex-step approach are derived. These
are essentially based on using various complex numbers coupled with Richardson extrapolations® to provide
further accuracy, instead of the standard purely imaginary approach of the aforementioned papers. As with
the standard complex-step approach, all of the new first-derivative approximations are not subject to roundoff
errors. However, they all have a wider range of accuracy for larger step-sizes than the standard imaginary-
only approach. The new second-derivative approximations are more accurate than both the imaginary-only
as well as traditional higher-order finite-difference approaches. For example, a new 4-point second-derivative
approximation is derived whose accuracy is valid up to tenth-order derivative errors. These new expressions
allow a designer to choose one step-size in order to provide very accurate approximations, which minimizes
the required number of function evaluations.
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Figure 1. Finite Difference Error Versus Step-Size

The organization of this paper proceeds as follows. First, the complex-step approximation for the first
derivative of a scalar function is summarized, followed by the derivation of the second-derivative approxima-
tion. Then, the Jacobian and Hessian approximations for multi-variable functions are derived. Next, several
extensions of the complex-step approximation are shown. A numerical example is then shown that compares
the accuracy of the new approximations to standard finite-difference approaches. Then, the second-order
Kalman filter is summarized. Finally, simulation results are shown that compare results using the complex-
step approximations versus using and standard finite-difference approximations in the filter design.

II. Complex-Step Approximation to the Derivative

In the section the complex-step approximation is shown. First, the derivative approximation of a scalar
variable is summarized, followed by an extension to the second derivative. Then, approximations for multi-
variable functions are presented for the Jacobian and Hessian matrices.

A. Scalar Case

Numerical finite-difference approximations for any order derivative can be obtained by Cauchy’s integral
formula:?

(n) n! f(©)
r 2772/ (& — z)ntl a (1)

T
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This function can be approximated by

z+ he 23])

w2 (
m_ Z T (2)
where h is the step-size and i is the imaginary unit, v/—1. For example, when n =1, m =2

F(2) = 5 [fe by = 7~ )] 3)

2h

We can see that this formula involves a substraction that would introduce near cancellation errors when the
step-size becomes too small.

1.  First Derivative

The derivation of the complex-step derivative approximation is accomplished by approximating a nonlinear
function with a complex variable using a Taylor’s series expansion:®

11

’ "z @ (g
f(x +1ih) = f(zx) +ihf (m)—h2f2(! ) hgfg(. ?) h4f 4!( )+ (4)

Taking only the imaginary parts of both sides gives

3f (z)
3!

Im[f(xﬂh)}:hf’(x)—h . (5)
Dividing by h and rearranging yields
O(h?) =0

f(z) =Im [f(x + ih)} /h +@3(|2+/7 (6)

Terms with order A2 or higher can be ignored since the interval h can be chosen up to machine precision.
Thus, to within first-order the complex-step derivative approximation is given by

f' (@) = m[f (o + i) /h (7)

Note that this solution is not a function of differences, which ultimately provides better accuracy than a
standard finite difference.

2. Second Derivative

In order to derive a second-derivative approximation, the real components of Eq. (4) are taken, which gives

h? (4)
Re[ f (I)}f(I)Re[f(erih)}th‘lf 4'(x)+“' (8)
Solving for f” () yields
(a) = 2 |V 2p2p@
1@ = S{f@) —Re[f(@+ih)| } + T2 D (@) + - ()
Analogous to the approach shown before, we truncate up to the second-order approximation to obtain
2 2 .
f ((E) = ﬁ{f(x) —Re{f(ﬁ-l-lh)]} (10)

As with Cauchy’s formula, we can see that this formula involves a substraction that may introduce machine
cancellation errors when the step-size is too small.
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B. Vector Case

The scalar case is now expanded to include vector functions. This case involves a vector f(x) of order m

function equations and order n variables with x = [z1, X9, -+, x,]T.

1. First Derivative

The Jacobian of a vector function is a simple extension of the scalar case. This Jacobian is defined by

[0f1(x)  Ofi(x)  9fi(x) 0f1(x) T
ory Oxo oz o Oy,
0hx) 0% Ak 0fs(x)
81'1 81'2 &rp T axn
B2 onx  0hL | 0fx)  0fx) (11)
0x1 0xo axp e 0z,
Ofn(x) V(%) () Ofulx)
| Oz 0xo Oz, T Jdr, |

The complex approximation is obtained by

[ fi(x+ie1) fi(x+iey) - filxtie,) ... fi(x+iey)
foxt+iel) folx+iex) -+ falxtiey) ... fa(x+iey)
Fomtm| PR (12)
h folx+ier) fix+ies) - fox+ie,) ... fix+ie,)
Lfn(x +ier) frn(x+ie) - fa(x+iey) ... fm(x+ie,)]

where e, is the ™ column of an ntt-order identity matrix and fq is the q"* equation of f(x).

2. Second Derivative

The procedure to obtain the Hessian matrix is more involved than the Jacobian case. The Hessian matrix
for the ¢'" equation of f(x) is defined by

—anq(X) 82fq(x) 82fq(x) anq(X)_
8‘%% 011022 axlé)xp  Oxq10zy,
Pfx) Phx) P 0% f,(x)
a4 0x2011 81-% 8x28xp T Owxelzy, (13)
82fq(X) 82fq(x) . anq(X) 82fq(x)
07.0m Oi.0my T G50, o

The complex approximation is defined by

FL(L1) Fi.(1,2) Fi.(1p) Fi,(Ln)
F(2,1) F9(2,2) --- F9(2,p) --- F2(2,n
oo | R s "
4 of 17

American Institute of Aeronautics and Astronautics



where FZ (i,7) is obtained by using Eq. (10). The easiest way to describe this procedure is by showing
pseudocode, given by

Frz = Opxnxm
for £ =1tom
outl = f(x)
for k=1ton
small = 0,,«,,
small(k) =ixh
out2 = f(x + i * small)

Foalki, 1,€) = % out1(€) Re{outz(g)}]

end

A=1
K=n—1
while x > 0
for p =1 to k

img_vec = 0,41
img vec(¢...0+ N\ 1)=1
out2 = f(x + i * h * img_vec)

9 S+ p+A
Foa(6, 6+ 0,6 = | 7 [out1() — Refout2(§)}| = 3 3 Frala B,6)| /2
a=¢ f=¢
Fua(é+ X 6,) = Frua(d,6 + A, €)
end
K=r—1
A=A+1
end
end

where Re{-} denotes the real value operator. The first part of this code computes the diagonal elements and
the second part computes the off-diagonal elements. The Hessian matrix is a symmetric matrix, so only the
upper or lower triangular elements need to be computed.

III. New Complex-Step Approximations

In this section several new extensions of the complex-step approximation are shown. It can easily be seen
from Eq. (4) that deriving second-derivative approximations without some sort of difference is difficult, if
not intractable. With any complex number I that has |I| = 1, it’s impossible for 721 1 and I?1 I. But, it
may be possible to obtain better approximations than Eq. (10). Consider the following complex numbers
that are 90 degrees apart from each other:

I="7(i+1) (15a)
J = ?(i ~1) (15b)
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Next, consider the following two Taylor series expansions:

(@) [ (@)

flz+TIh) = f(z)+ Ihf (z) + ihzT + Jh3T (16a)
flz—TIh) = f(z) — Ihf (z) + z’h2$ - Jh3f3—§$) (16b)

Adding these equations and taking only imaginary components gives
£ (x) = Im[f(z + Ih) + f(z — Ih)] /h? (17)

This approximation is still subject to difference errors, but the error associated with this approximation
is h* () (2)/360 whereas the error associated with Eq. (9) is h? f®)(x)/2. Tt will also be shown through
simulation that Eq. (17) is less sensitive to roundoff errors than Eq. (9).

Unfortunately, to obtain the first and second derivatives using Egs. (7) and (17) requires function evalu-
ations of f(x +1ih), f(x + Ih) and f(x — Ih). To obtain a first-derivative expression that involves f(z + Ih)
and f(x — Ih), first subtract Eq. (16b) from (16a) and ignore third-order terms to give

flx+Th)— f(x—Ih) =V2(i+1)hf () (18)

Either the imaginary or real parts of Eq. (18) can be taken to determine f'(z); however, it’s better to use the
imaginary parts since no differences exist (they are actually additions of imaginary numbers). This yields

£ (@) =Tm[f(z + Ih) — f(z — Ih)]/(hV?2) (19)

The approximation in Eq. (19) has errors equal to Eq. (7). Hence, both forms yield identical answers;
however, Eq. (19) uses the same function evaluations as Eq. (17).

Further refinements can be made by using a classic Richardson extrapolation approach.® Consider the
following expansion up to sixth order:

Fla+ I + Flo = 10) = 2f(@) + (T072F (@) + (L 4 amp L (20)
Applying the same approach to f(z + Ih/2) + f(x — Ih/2) gives
_ (@) FARE fOx
Fle+Ih/2) + f(o = Ih/2) = 2f(2) + (Th)* == + (Ih)" T + (Th)° 5o e @)

Dividing Eq. (20) by 64, subtracting the resultant from Eq. (21) and using only the imaginary parts yields
f (@) = Im{64[f(x + Ih/2) + f(z — Ih/2)] — [f(z + Ih) + f(z — Ih)]}/(15h?) (22)

This approach can be continued ad nauseam using f(x + Ih/m) + f(x — Ih/m) for any m. However, the
next highest-order derivative-difference past sixth order that has imaginary parts is tenth order. This error
is given by —h8 f(10) (z)/5,376,000. Hence, it seems unlikely that the accuracy will improve much by using
more terms. The same approach can be applied to the first derivative as well. Consider the following
truncated expansions:

fla+Th) = f(a — Ih) = 2In)f (x) + (Th)* = (23a)

P+ Th)2) — f(x — Thy2) = (I f (2) + (Th)*L 255” (23b)

Dividing Eq. (23a) by 8, subtracting the resultant from Eq. (23b) and using only the imaginary parts yields
() = I {8[f(a + 1h/2) ~ flz — In/2)] ~ [f(x + 1) — f(x — In)]}/(3V/2h) (24)

Using f(x + ITh/4) + f(x — Ih/4) cancels fifth-order derivative errors, which leads to the following approxi-
mation:

£ (2) = Tm{4096 [ f(x + Ih/4) — f(z — Th/4)] — 640[f(x + Ih/2) — f(z — Th/2)]

+16[f(x + Ih) — f(z —Ih)]}/(T20 V2 h) (#)
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As with Eq. (19), the approximations in Eq. (24) and Eq. (25) are not subject to roundoff errors, so an
arbitrarily small value of h can be chosen. Another solution that has the same order of accuracy as Eq. (25),
but involves less function evaluations is given by

£ (x) = m{32[f(z + Kh/2) — f(z — Kh/2)] — [f(z + Kh) — f(x — Kh)]}/(15V3 h) (26)

where K = %(\/g i —1). The second-derivative approximation is given by

"

f (@) =2Im{[f(z + Kh) + f(x — Kh)] — 16 [f(x + Kh/2) + f(x — Kh/2)]}/(3V3 h?) (27)

Using K instead of I for the second-derivative approximation yields worse results than Eq. (22) since the
approximation has errors on the order of h% f®)(z) instead of h® f(1%)(x). Hence, a tradeoff between the
first-derivative and second-derivative accuracy will always exist if using the same function evaluations for

both is desired. Higher-order versions of Egs. (26) and (27) are given by
£ (x) = Im{3072 [f(z + Kh/4) — f(x — Kh/4)] — 256 [f(z + Kh/2) — f(z — Kh/2)]

+5[f(x+ Kh) — f(z — Kh)]}/(645 V3 h)
£ (@) =2Im{15 [f(z + Kh) + f(x — Kh)] + 16 [f(z + Kh/2) + f(z — Kh/2)]
— 4096 [f(x + Kh/4) + f(x — Kh/4)]} /(237 V3 h?)

(28a)
(28Db)

Equation (28a) has errors on the order of h'% f(11)(z) and Eq. (28b) has errors on the order h® f(1%)(z). The
extension of all the aforementioned approximations to multi-variables for the Jacobian and Hessian matrices
is straightforward, which follow along similar lines as the previous section.
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Figure 2. Comparisons of the Various Complex-Derivative Approaches

A. Simple Examples

Consider the following highly nonlinear function:

x

\/sin3 () + cos?(z)

evaluated at z = —0.5. Error results for the first and second derivative approximations are shown in Figure
2(a). Case 1 shows results using Eqgs. (25) and (22) for the first and second derivatives, respectively. Case 2
shows results using Eqgs. (24) and (17) for the first and second order derivatives, respectively. Case 3 shows
results using Eqgs. (7) and (10) for the first and second order derivatives, respectively. We again note that
using Eq. (19) produces the same results as using Eq. (7). Using Egs. (25) and (22) for the approximations

(29)

fz) =

7 of 17

American Institute of Aeronautics and Astronautics



Table 1. Iteration Results of  Using h = 1 x 10~8 for the Complex-Step and Finite-Difference Approaches

Iteration | Complex-Step Finite-Difference
0 5.0000 5.0000
1 4.5246 4.4628
2 3.8886 5.1509
3 3.4971 2.6087
4 3.0442 3.2539
5 2.4493 2.5059
6 2.0207 3.2198
7 1.6061 5.2075
8 1.0975 1.3786 x 10!
9 5.9467 x 107! 1.3753 x 10!
10 2.9241 x 107! 1.3395 x 10!
11 6.6074 x 102 1.2549 x 10!
12 1.2732 x 1073 1.2061 x 10!
13 1.0464 x 1078 1.1628 x 10!
14 —3.6753 x 10717 1.1583 x 10!
15 —3.6753 x 10717 1.1016 x 10!

allows one to use only one step-size for all function evaluations. For this example, setting h = 0.024750 gives
a first derivative error on the order of 10716 and a second derivative error on the order of 10~1°. Figure
2(b) shows results using Egs. (24) and (22), Case A, versus results using Eqgs. (26) and (27), Case B, for the
first and second derivatives, respectively. For this example using Egs. (26) and (27) provides the best overall
accuracy with the least amount of function evaluations for both derivatives.

Another example is given by using Halley’s method for root finding. The iteration function is given by

2@ (@)
T IT S ea)2 — f(n) £ )

(30)

The following function is tested:
(1—e*)e3

\/sin4 () + cos*(z)

which has a root at z = 0. Equation (30) is used to determine the root with a starting value of zy =
5. Equations (24) and (22) are used for the complex-step approximations. For comparison purposes the
derivatives are also determined using a symmetric 4-point approximation for the first derivative and a 5-
point approximation for the second derivative:

/ fx=2h) =8 f(x—h)+8f(x+h)— f(x+2h)

f(z) = (31)

fl(a) = o (32a)
(@) = —f(x—2h) 4+ 16 f(z — h) —?(;{Lgx)+16f(x+h)—f(z+2h) (32b)

The error associated with Eq. (32a) is 2* f(®)(x)/30 and the error associated with Eq. (32b) is h% () (z)/90.
MATLAB is used to perform the numerical computations. Various values of h are tested in decreasing
magnitude (by one order each time), starting at 4 = 0.1 and going down to h = 1 x 10715, For values of
h=0.1toh=1x10"7 both methods converge, but the complex-step approach convergence is faster or (at
worst) equal to the standard finite-difference approach. For values less than 1 x 1077, e.g. when h = 1 x 1078,
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the finite-difference approach becomes severally degraded. Table 1 shows the iterations for both approaches
using 1 x 10~8. For h values from 1 x 10~® down to 1 x 10715, the complex-step approach always converges in
less than 15 iterations. When h = 1 x 10716 the finite-difference approach produces a zero-valued correction
for all iterations, while the complex-step approach converges in about 40 iterations.

B. Multi-Variable Numerical Example

A multi-variable example is now shown to assess the performance of the complex-step approximations. The
infinity norm/ is used to access the accuracy of the numerical finite-difference and complex-step approx-
imation solutions. The relationship between the magnitude of the various solutions and step-size is also
discussed. The function to be tested is given by two equations with four variables:

£ f1 _ .I%.Tgl'gxi + x%zg:m (33)
fo x%xgxgm + xlmgxi
The Jacobian is given by

2 2. .2 3 2. .2 2.2 2 2.3
Fo— 2z120%37] TIT3TY + 202304 T{T2Ty + 3TH5T5T4 2X]T2T3T4 + THT3 (34)
L=
2x1x2:c§x4 + x%’xi x%x%m + 3x1x%xi 21’%1‘2%31’4 I%ZL’QQ’J% + 2x1x%:ﬂ4

The two Hessian matrices are given by

2x2x3xi 2x1x3xi 21:1532303 4r12923T4
o 2$1$3$Z 2x§aﬁ4 x%xi + 61‘23?%.’)34 233%9533:4 + 2962:63 (35a)
T
2112913 2323 + 6222374 6237324 223womy + 32323
| 421222324 Qx%xgm + 2x2x§ 2x%x2x4 + Sx%x?} 2x%x2x3
235233%954 23@195?))564 + 390%37421 4r1T9X3%4 233130237% + 290%304
2 2,.2 2 2 2,.2 2
2o 2z1x374 + 32575 6z1T27] 2xiT3ws ri75 + 62120574 (35h)
xrxr
Ax1 200324 Zx%xgm 2x%x2x4 2x%x2x3
_2x1x2x§ + 2x§m4 x%x% + 6x1x§x4 2x%x2m3 2m1x§
Given x = [5, 3, 6, 4]T the following analytical solutions are obtained:
14976
£ = 112060 (362)

P, = 2880 7584 5088 5544 (36D)
4752 5760 3600 3780

576 960 480  1440]
960 1728 2992 2496
o 480 2992 1296 1572
1440 2496 1572 900 |

[ 864 1872 1440 1296]
F2 _ |1872 1440 1200 1980 (36d)
T 11440 1200 600 900

11296 1980 900 270 |

Numerical Solutions

The step-size for the Jacobian and Hessian calculations (both for complex-step approximation and numerical
finite-difference) is 1 x 107%. Equations (26) and (27) are used for complex-step calculations and Eq. (32) is

The largest row sum of a matrix A, |A|eo = max{>" |AT|}.

9 of 17

American Institute of Aeronautics and Astronautics



used for the finite-difference calculations. The absolute Jacobian error between the true and complex-step
solutions, and true and numerical finite-difference solutions, respectively, are

IA°F,| = 0.0000 0.0000 0.3600 0.0000 % 108 (37a)
0.0000 0.8000 0.0000 0.0000

IA™F,| — 0.2414 0.3348 0.0485 0.1074 % 107 (37h)
0.1051 0.4460 0.0327 0.0298

(37¢)

The infinity norms of Eq. (37) are 8.0008 x 1079 and 7.3217 x 10~%, respectively, which means that the
complex-step solution is more accurate than the finite-difference one. The absolute Hessian error between
the true solutions and the complex-step and numerical finite-difference solutions, respectively, are

0.0016 |
0.0009
0.0021
0.0004 |

0.0017|
0.0011
0.0019
0.0003 ]

[0.0000
0.0011
0.0040

10.0016

[0.0002
0.0010
0.0041

10.0017

0.0011
0.0010
0.0011
0.0009

0.0010
0.0009
0.0011
0.0011

0.0040
0.0011
0.0019
0.0021

0.0041
0.0011
0.0021
0.0019

|AF,,| = (38a)

[A"Fy,| =

(38b)

and

0.0064|
0.0018
0.0004
0.0029

0.0065 |
0.0021
0.0006
0.0025 |

[0.0018
0.0007
0.0030
0.0064

[0.0018
N 0.0007

o 0.0031
0.0065

0.0007
0.0016
0.0010
0.0018

0.0007
0.0015
0.0008
0.0021

0.0030
0.0010
0.0018
0.0004

0.0031
0.0008
0.0018
0.0006

[AF,| = (39a)

(39b)

The infinity norms of Eq. (38) are 9.0738 x 1072 and 9.1858 x 103, respectively, and the infinity norms of
Eq. (39) are 1.1865 x 1073 and 1.2103 x 1073, respectively. As with the Jacobian, the complex-step Hessian
approximation solutions are more accurate than the finite-difference solutions.

Table 2. Infinity Norm of the Difference from Truth for Larger Step-Sizes, h
h 1 x 10° 1x1071 1x107? 1x1073 1x107*

|A™Fy| 8.0004 x 107° 8.0554 x 107° 8.2664 x 107? 9.6984 x 107% | 7.3218 x 10~®
|ACF,| 8.0026 x 10~° 8.0004 x 107° 8.0013 x 107? 8.0026 x 107% | 8.0008 x 10~°

A" EL, | 8.0000 9.1000 x 1073 9.1000 x 1073 9.1000 x 10™% | 9.2000 x 10~?
|A°Fy,| 9.1000 x 10~* 9.1000 x 1073 9.1000 x 10~® 9.1000 x 1072 | 9.1000 x 103
|A™F2, | 7.9990 1.1100 x 1072 1.1900 x 1072 1.1900 x 1072 | 1.2100 x 1072
|ACFZ,| 1.1900 x 1072 1.1900 x 1072 1.1900 x 1072 1.1900 x 1072 | 1.1900 x 1072
|AME,| — |A°F,| | —2.2737 x 1072 | 5.5024 x 107 | 2.6512 x 107° | 1.6958 x 107° | 6.5217 x 1078
|A"FL, | — |A°Fp,| 7.9909 —5.0477 x 1071 | 3.5698 x 107° | 1.5272 x 107% | 1.1200 x 107*
|A"EF2,| — |A°F2,]| 7.9871 —8.0000 x 107* | —6.5184 x 1078 | —5.3940 x 10~% | 2.3823 x 10~*
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Figure 3. Infinity Norm of the Error Matrix for Different Magnitudes (Solid Lines = Finite Difference, Dotted

Lines = Complex-Step)

Table 3. Infinity Norm of the Difference from Truth for Smaller Step-Sizes, h

American Institute of Aeronautics and Astronautics

h 1x107° 1x107° 1x1077 1x1078 1x107°
|A™E, | 1.0133 x 107° | 6.4648 x 107° | 5.8634 x 107° | 5.0732 x 10™* | 3.5000 x 1073
|ACF,| 8.0026 x 107° | 8.0004 x 107° | 8.0026 x 107° | 8.0013 x 107° | 7.9995 x 107°
|A™Fp, | 1.0160 x 107+ 7.6989 9.5627 x 10? | 5.2882 x 10* | 2.2007 x 10°
|A°FL,| 9.1000 x 10™% | 9.1000 x 10™% | 9.1000 x 10™% | 9.1000 x 10™% | 1.4800 x 1072
|A™FZ, | 7.3500 x 1072 4.2094 3.1084 x 10? | 4.9658 x 10* | 7.6182 x 10°
|ACFZ,| 1.1900 x 1072 | 1.1900 x 1072 | 1.1700 x 1072 | 1.3500 x 1072 | 8.8000 x 1073
|A"E,| — |A°F,| | 1.0053 x 107% | 6.4568 x 107¢ | 5.8626 x 10™° | 5.0731 x 10~* | 3.5000 x 10~*
|A"Fr,| — |A°Fp,| | 9.2500 x 1072 7.6898 9.5626 x 10? | 5.2882 x 10* | 2.2007 x 10°
|AMF2,| — |A°F2,| | 6.1600 x 102 4.1976 3.1082 x 10? | 4.9658 x 10* | 7.6182 x 10°
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Magnitude of x 107 10 Step-Size, h Magnitude of x 107 10 Step-Size, h

(a) Jacobian - Finite-Difference (b) Jacobian - Complex-Step

Figure 4. Infinity Norm of the Jacobian Error Matrix for Different Magnitudes and Step-Sizes

Magnitude of x 0™ 10 Step-Size, h Magnitude of x 0™ 10 Step-Size, h

(a) Hessian 1 - Finite-Difference (b) Hessian 1 - Complex-Step

Magnitude of x 107 10 Step-Size, h Magnitude of x 107 10 Step-Size, h

(c) Hessian 2 - Finite-Difference (d) Hessian 2 - Complex-Step

Figure 5. Infinity Norm of the Hessian Error Matrix for Different Magnitudes and Step-Sizes

12 of 17

American Institute of Aeronautics and Astronautics



Performance Evaluation

The performance of the complex-step approach in comparison to the numerical finite-difference approach
is examined further here using the same function. Tables 2 and 3 shows the infinity norm of the error
between the true and the approximated solutions. The difference between the finite-difference solution and
the complex-step solution is also included in the last three rows, where positive values indicate the complex-
step solution is more accurate. In most cases, the complex-step approach performs either comparable or
better than the finite-difference approach. The complex-step approach provides accurate solutions for h
values from 0.1 down to 1 x 10~°. However, the range of accurate solutions for the finite-difference approach
is significantly smaller than that of complex-step approach. Clearly, the complex-step approach is much
more robust than the numerical finite-difference approach.

Figure 3 shows plots of the infinity norm of the Jacobian and Hessian errors obtained using a numerical
finite-difference and the complex-step approximation. The function is evaluated at different magnitudes by
multiplying the nominal values with a scale factor from 1 down to 1 x 1071%. The direction of the arrow
shows the solutions for decreasing x. The solutions for the complex-step and finite-difference approximation
using the same x value are plotted with the same color within a plot. For the case of the finite-difference Ja-
cobian, shown in Figure 3(a), at some certain point of decreasing step-size, as mentioned before, substraction
cancellation errors dominate which decreases the accuracy. The complex-step solution does not exhibit this
phenomenon and the accuracy continues to increase with decreasing step-size up to machine precision. As a
higher-order complex-step approximation is used, Eq. (26) instead of Eq. (7), the truncation errors for the
complex-step Jacobian at larger step-sizes are also greatly reduced to the extent that the truncation errors
are almost unnoticeable, even at large x values. The complex-step approximation for the Hessian case also
benefits from the higher-order approximation, as shown in Figures 3(b) and 3(c). The complex-step Hessian
approximation used to generate these results is given by Eq. (27). One observation is that there is always
only one (global) optimum of specific step-size with respect to the error.

Figures 4 and 5 represent the same information in more intuitive looking three-dimensional plots. The
“depth” of the error in log scale is represented as a color scale with dark red being the highest and dark blue
being the lowest. A groove is clearly seen in most of the plots (except the complex-step Jacobian), which
corresponds to the optimum step-size. The “empty surface” in Figure 4 corresponds to when the difference
between the complex-step solution and the truth is below machine precision. This is shown as “missing line”
in Figure 3(a). Clearly, the complex-step approximation solutions are comparable or more accurate than the
finite-difference solutions.

IV. Second-Order Kalman Filter

The extended Kalman filter (EKF) is undeniably the most widely used algorithm for nonlinear state
estimation. A brief history on the EKF can be found in Ref. 10. The EKF is actual a “pseudo-linear” filter
since it retains the linear update of the linear Kalman filter, as well as the linear covariance propagation. It
only uses the original nonlinear function for the state propagation and definition of the output vector to form
the residual.'™!2 The heart of the EKF lies in a first-order Taylor series expansion of the state and output
models. Two approaches can be used for this expansion. The first expands a nonlinear function about a
nominal (prescribed) trajectory, while the second expands about the current estimate. The advantage of the
first approach is the filter gain can be computed offline. However, since the nominal trajectory is usually not
as close to the truth as the current estimate in most applications, and with the advent of fast processors in
modern-day computers, the second approach is mostly used in practice over the first. Even though the EKF
is an approximate approach (at best), its use has found many applications, e.g. in inertial navigation,'® and
it does remarkably well.

Even with its wide acceptance, we still must remember that the EKF is merely a linearized approach.
Many state estimation designers, including the present authors, have fallen into the fallacy that it can
work well for any application encountered. But even early-day examples have shown that the first-order
expansion approach in the EKF may not produce adequate state estimation results.'* One obvious extension
of the EKF involves a second-order expansion,'® which provides improved performance at the expense of an
increased computational burden due to the calculation of second derivatives. Other approaches are shown
in Ref. 15 as well, such as the iterated EKF and a statistically linearized filter. Yet another approach that is
rapidly gaining attention is based on a filter developed by Julier, Uhlmann and Durrant-Whyte.'® This filter
approach, which they call the Unscented Filter'” (UF), has several advantages over the EKF, including: 1)
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Table 4. Discrete Second-Order Kalman Filter

X1 = fo(Xp) + Wi, Wi ~ N(0,Qx)
Model -
Vi = hp(xg) +vi, Vi~ N(0,Ry)
x(to) = %o
Initialize - -7
Po = E{X()XO }
%, =6&))+ 130 eTr
k+1 k\A g 2 =1 "1 :L’xk
. - + T +pi pt
Propagation Py = FonPEES + 5300 Y0 eie] Tr{ NN AN SN A }"’Qk
Vi1 =hp (X)) + 5200, eiTr{ oz, k+1 k+1}
P’:ﬁl = H$,k+1pk+1Hz k41 + 5 Zl 1 z"l 1 €; eTTr {Hia:,k‘+1pk+1sz k:+1Pk?_+1} + Rk_"_l
Gain oy 1
Kk+1 - Pk+1H.L k+1[Pk+1]
X =% + Ke1[Verr — Vi)
Update _
Pl =P, — Kin P KL

the expected error is lower than the EKF, 2) the new filter can be applied to non-differentiable functions,
3) the new filter avoids the derivation of Jacobian matrices, and 4) the new filter is valid to higher-order
expansions than the standard EKF. The UF works on the premise that with a fixed number of parameters it
should be easier to approximate a Gaussian distribution than to approximate an arbitrary nonlinear function.
Also, the UF uses the standard Kalman form in the post-update, but uses a different propagation of the
covariance and pre measurement update with no local iterations.

The UF performance is generally equal to the performance of the second-order Kalman filter (SOKF)
since its accuracy is good up to fourth-order moments.!® The main advantage of the UF over a SOKF is
that partials need not be computed. For simple problems this poses no difficulties, however for large scale
problems, such as determining the position of a vehicle from magnetometer measurements,'® these partials
are generally analytically intractable. One approach to compute these partials is to use a simple numerical
derivative. This approach only works well when these numerical derivatives are nearly as accurate as the
analytical derivatives. The new complex-step derivative approximations are used in the SOKF in order to
numerically compute these derivatives.

The second-order Kalman filter used here is called the modified Gaussian second-order filter. The algo-
rithm is summarized in Table 4 for the discrete models, where e; represents the i*" basis vector from the
identity matrix of appropriate dimension, F, and H, are the Jacobian matrices of f(x) and h(x), respec-
tively, and F!, and H!  are the i*® Hessian matrices of f(x) and h(x), respectively. All Jacobian and Hessian
matrices are evaluated at the current state estimates. Notice the extra terms associated with these equa-
tions over the standard EKF. These are correction terms to compensate for “biases” that emerge from the
nonlinearity in the models. If these biases are insignificant and negligible, the filter reduces to the standard
EKF. The SOKF is especially attractive when the process and measurement noise are small compared to
the bias correction terms. The only setback of this filter is the requirement of Hessian information, which is
often challenging to analytically calculate, if not impossible, for many of today’s complicated systems. These
calculations are replaced with the complex-step Jacobian and hybrid Hessian approximations.

A. Application of Complex-Step Derivative Approximation

The example presented in this section was first proposed in Ref. 14 and has since become a standard
performance evaluation example for various other nonlinear estimators.2? In Ref. 20 a simpler implementation
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of this problem is proposed by using a coordinate transformation to reduce the computation load and
implementation complexity. However, this coordinate transformation is problem specific and may not apply
well to other nonlinear systems. In this section the original formulation is used and applied on a SOKF
with the Jacobian and Hessian matrices obtained via both the numerical finite-difference and complex-step
approaches. The performance is compared with the EKF, which uses the analytical Jacobian. The equations
of motion of the system are given by

21(t) = —wa(t) (40a)
io(t) = —e "1 W a2(1)z4(2) (40b)
t3(t) =0 (40c)

where z1(t) is the altitude, x2(t) is the downward velocity, z5(t) is the constant ballistic coefficient and
a =5 x 107° is a constant that’s relates air density with altitude. The range observation model is given by

G = /M2 + (214 — 2)2 + 0 (41)

/5 %jy
r(t) l

/ Xo(t)
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Figure 6. Vertically Falling Body Example

1600

T T
— — Extended Kalman Filter
—— Second-Order Kalman Filter (Complex-Step)
Second-Order Kalman Filter (Finite Difference) |

[uny

N

o

o
T

=
N
o
o

=
o
o
o

o]
o
o

N
o
o

N
o
o

Absolute Error of Average Altitude Error (m)

30 40 50 60
Time (sec)

o
=
S
N
o

Figure 7. Absolute Mean Position Error

15 of 17

American Institute of Aeronautics and Astronautics



where v}, is the observation noise, and M and Z are constants. These parameters are given by M = 1 x 10°
and Z = 1 x 10°. The variance of vy, is given by 1 x 104,
The true state and initial estimates are given by

21(0) =3 x 10°,  1(0) =3 x 10° (42)
22(0) =2 x 10%,  29(0) =2 x 10* (43)
23(0) =1x 1073, 33(0) =3 x107° (44)

Clearly, an error is present in the ballistic coefficient value. Physically this corresponds to assuming that the
body is “heavy” whereas in reality the body is “light.” The initial covariance for all filters is given by

1 x 106 0 0
PO)=| 0 4x10° 0 (45)
0 0 1x 1074

Measurements are sampled at 1-second intervals. Figure 7 shows the average position error, using a Monte-
Carlo simulation of 10 runs, of the EKF with analytical derivatives, the SOKF with complex-step derivatives,
and SOKF with finite-difference derivatives. The step-size, h, for all finite-difference and complex-step
operations is set to 1 x 107*. For all Monte-Carlo simulations the SOKF with finite-difference derivatives
diverges using this step-size. For other step-sizes the SOKF with finite-difference derivatives does converge,
but only within a narrow region of step-sizes (in this case only between 1.0 and 1 x 1073). The performance
is never better than using the complex-step approach. From Figure 7 there is little difference among the
EKF and SOKF with complex-step derivatives approaches before the first 12 seconds when the altitude is
high. When the drag becomes significant at about 9 seconds, then these two filters exhibit large errors in
position estimation. This coincides with the time when the falling body is on the same level as the radar,
so the system becomes nearly unobservable. Eventually, the two filters demonstrate convergence with the
EKF being the slowest. This is due to the deficiency of the EKF to capture the high nonlinearities present
in the system. The SOKF with complex-step derivatives performs clearly better than the EKF. It should
be noted that the SOKF with the complex-step derivative approximation performs equally well as using the
analytical Jacobian and Hessian matrices for all values of h discussed here.

V. Conclusion

This paper demonstrated the ability of numerically obtaining derivative information via complex-step
approximations. For the Jacobian case, unlike standard derivative approaches, more control in the accuracy
of the standard complex-step approximation is provided since it does not succumb to roundoff errors for small
step-sizes. For the Hessian case, however, an arbitrarily small step-size cannot be chosen due to roundoff
errors. Also, using the standard complex-step approach to approximate second derivatives was found to be
less accurate than the numerical finite-difference obtained one. The accuracy was improved by deriving a
number of new complex-step approximations for both first and second derivatives. These new approximations
allow for high accuracy results in both the Jacobian and Hessian approximations by using the same function
evaluations and step-sizes for both. The main advantage of the approach presented in this paper is that
a “black box” can be employed to obtain the Jacobian or Hessian matrices for any vector function. The
complex-step derivative approximations were used in a second-order Kalman filter formulation. Simulation
results showed that this approach performed better than the extended Kalman filter and offers a wider range
of accuracy than using a numerical finite-difference approximation.
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