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Expanded Third-Order Markov Undulation Model

Mark A. Gerber*
The Charles Stark Draper Laboratory, Inc., Cambridge, Mass.

An expanded form of the third-order Markov undulation model is developed which includes undulation of the
geoid, vertical deflections, gravity anomaly, and the anomalous gravity gradients. First, the complete set of
autocorrelation and cross-correlation functions, as specified by the autocorrelation of undulation, is obtained.
Then, a time-domain approach is used to synthesize the corresponding linear system driven by white noise that
represents the anomalous gravity field behavior along a straight horizontal track. The resulting nine-state
Markov model provides a shaping filter for applying covariance analysis and optimal estimation techniques to
inertial navigation and gravity gradiometry systems analysis.

Introduction

ONTINUED mechanical refinement has brought inertial

navigation technology to the stage where unmodeled
variations in the Earth’s gravity field have become significant
and sometimes dominant error sources.! At the same time,
inertial navigation system analysts have been facing the task
of developing error models to evaluate the impact of gravity
uncertainties on navigation system performance. Ad-
ditionally, the development of gravity gradiometers has made
it necessary to model gravity-gradient signals to specify sensor
requirements and analyze gradiometer-aided inertial
navigation or gradiometry survey performance.

To apply the powerful tools of linear system theory and
Kalman filtering, it has become common to consider gravity
uncertainties random variables, and to model them as Markov
processes. Following the first treatment of vertical deflections
as a first-order Markov process, ? a succession of higher order
Markov models was proposed culminating with the third-
order Markov undulation model®>* which is fully self-
consistent; that is, the auto- and cross-correlation functions
of undulation, vertical deflections, and gravity anomaly obey
and are derived according to the mathematical relationships
of physical geodesy.

The motivation for using Markov models for gravity un-
certainties is that they can be cast in the form of linear dif-
ferential equations driven by white noise. This allows use of
the model as a shaping filter in covariance analysis of linear
dynamic systems, Kalman filters, and optimal smoothing
algorithms. The expanded third-order Markov undulation
model described in this paper is derived from the original
version, but it has three differences.

First, it was found that the original model could easily be
extended to include all the anomalous gravity gradients by
continued differentiation of auto- and cross-correlation
functions.

Second, the exact cross-correlation function between
undulation and gravity anomaly contains modified Bessel
functions. 4 Modified Bessel functions are solutions to a class
of differential equations whose coefficients are functions of
the independent variable. To obtain a Markov shaping filter,
it is necessary to substitute an approximate function which is
the solution to a linear differential equation with constant
coefficients. While the chosen exponential form did not
approximate the exact Bessel function as well as at first hoped
possible, it provides a suitable representation of the un-
dulation-gravity anomaly cross-correlation.
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Third, the synthesis of a set of white-noise-driven dif-
ferential equations from the auto- and cross-correlation
functions has been a difficult task for high-order models.
Usually, power spectral density functions are obtained from
the autocorrelation functions, and then factored into transfer
functions for which a linear system can be specified.’ In high-
order models, sheer complexity causes this approach to
become unmanageable. Cross-correlations must often be
ignored, or are unintentionally lost. At times, arbitrary ad-
justments must be made. In this paper, a different approach
to the synthesis problem is used, which for any order of
system uniquely specifies the shaping filter. Only matrix
manipulations are necessary, and the procedure has the
potential to be completely computerized once the
autocorrelation of undulation is given.

Auto- and Cross-Correlation Functions
for the Expanded Third-Order Markov
Undulation Model

The model is derived by proposing an autocorrelation
function for geoidal undulation, which is equivalent to a
description of the anomalous potential, and then deriving all
other correlation functions from it, using stochastic
relationships constrained by geodetic theory. The proposed
autocorrelation function for undulation is*

r r?
¢NN(")=012\/(]+;1+3672)8_Nd )
=E[N(X,Y)N(X+x,Y+y)] @

where ris radial horizontal distance (=vx?+y2), d is a
distance parameter, N is geoidal undulation, o, is the rms
value of undulation, and E[ ] indicates the expectation
operation. From this function, it is possible to derive the
complete set of correlation functions for vertical deflections,
gravity anomaly, and the anomalous gravity gradients.

Coordinate Frame and Geodetic Relationships

A local vertical coordinate frame, shown in Fig. 1, is used.
Then

n=—0N/dx £=—09dN/dy 3)
T, =—gin/dx r,, =—gdt/ay 4)
I, = —gdn/dy= —gok/dx %)

where N is geoidal undulation, 7 is the prime component of
vertical deflection, ¢ is the meridian component of vertical
deflection, and T',,, T, T',, are anomalous horizontal gravity

xx2 % xy?
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Fig. 1 Coordinate convention.

gradients. Also

I, =0Ag/dx I, =0Ag/dy ®
where Ag is the gravity anomaly, and I',,, T',, are anomalous
vertical shear gravity gradients.

Derivation of Correlation Functions

Random variable theory® provides the relations for
derivation of all other auto- and cross-correlation functions
from Eq. (1). All but one can be obtained by taking successive
partial derivatives. To obtain ¢ ., (r) from ¢y (1), the flat-
Earth form of the Vening-Meinesz equations must be used to
show*

62 2
Dagag (1) = _g<ax—2 + ay_z)quN(r)
)

Finding ¢y,, (r) is mathematically involved, and requires two
Fourier transform operations giving a solution of modified
Bessel functions.* Since modified Bessel functions are not
solutions of linear differntial equations with constant
coefficients, and it is necessary to have all correlation func-
tions of such a form to synthesize a nonvarying linear system,
this function is approximated by

2050 3r 3r?
Grng (1) = 53“ (1+§E+4—d—2)e-3~2d ®)

as shown in Fig. 2. Attempts to fit the exact function with a
third-order exponential that dipped below the r/d axis failed
to produce a positive-definite covariance matrix. Whether a
better approximation of some other suitabie form exists is not
known.

Now, it is possible to obtain all remaining correlation
functions by taking successive partial derivatives of Egs. (1),
(7), and (8).5 This procedure is facilitated by working in r, 6
coordinates, and using the differential formulas

ap(r,0) . d¢(r,0) cosb 3¢(r,6)
o =sinf P + p 20 ©))
ag(r,0) ¢ (r,0) sinb ¢ (r,0)
= -—— 10
3 cosf e P % 10)

The derivation process can be organized into three ‘‘trees’” of
partial derivative operations, as shown in Figs. 3-5.

These trees are symmetric about their centerlines in the
sense that one side can be obtained from the other simply by
replacing sin by cosf, or cosf by sinf, and changing the
subscripts on the variances. For example, ¢Ns(r,0) can be
found from ¢ Ny (1,0) by replacing sinf with cosf, and o, with

J. GUIDANCE AND CONTROL

0.8t

g
o
T

APPROXIMATION: SEE EQ. (8)

(bNAg(F)/aNaAg
o
F-Y

0.2
-0.0-
AN
EXACT BESSEL FUNCTION SOLUTION®
~0.2 L

| ) I 1 4 L
-2.0 0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0
NORMALIZED SHIFT DISTANCE (f = r/d)

Fig. 2 Geoidal undulation-gravity anomaly cross-correlation
approximation.

o, . This symmetry property provides an excellent check on the
derivation of the correlation functions. All correlation
functions are given in the Appendix.

Constant-Heading Time-Domain Form

In applying the third-order Markov undulation model to
navigation problems, it is necessary to express the correlation
functions in path-oriented variables (see Fig. 6) and convert to
the time domain.

A= £cosf + ysind u=mncosf — Esind (11)
where A\, p are the in- and cross-track components of vertical
deflection.

Also, applying the similarity transform rules to the
anomalous gravity gradients

Ty, =T,,c0s260+ 2T, sinfcosd +T',,sin 6 (12)
I‘)\M=I‘Xy(coszo—sin29)+ (T, —T,,)sinficosd (13)
I, =T,,sin20 2T, sinfcosf +T',cos 0 (14)
T, =T,.,cos0+T,,sinf 15)
r,,=T,.cos6-T, sinb (16)

Of course, N and Ag are unchanged by azimuth rotations.
Then, it is possible to obtain the constant-heading form by
evaluating all the correlation functions at =0, and making
the associations

N=N Ag=Ag TW=FXX
A=§ I‘)\)\.=I‘yy T\ =Fyz
p=n P)\p, =ny Fuz =TI,

The time-domain correlation functions are obtained from the
space-domain functions by making the replacement r=Vl7l,
where V is the vehicle’s speed and 7 is the time-shift
parameter. It is then possible to proceed directly to the
shaping filter from the correlation matrix of auto- and cross-
correlation functions expressed in the time domain.

Synthesis of Shaping Filter
Start with the correlation matrix

¢ (7) =E[lx(1)xT(1+71)] an

where, in our case, x is the state vector of anomalous gravity
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LA E[W(t)WT(l+T)]=Q5(T) (20)
3
ox The relationship between x at .a time ¢, and x at some future
¢ time ¢+ 7, is given by the solution to Eq. (19):
AgFxz
_¢FXZA9 rs ’ T
ax x(t+7) =<l>(7)x(t)+5~ $(r—0o)w(o)do 21
8 ' .
- 3
I‘yzrxz Y

‘¢ryzryz

Fig. 4 Correlation functions derived from ¢ g4, -

variables
xT=(NINTy (T, 1Ag) Ty, piTy, iT,)  (18)
It is desired to obtain an equation of the form
x(1) =Fx(t) +w(t) (19)

where F is the constant dynamics matrix having eigenvalues
with negative real parts, and w () is the vector of white noise
inputs.

where ® (7) is the state-transition matrix defined by

b (r)=F@(7) $(0)=1I 2)
Using Eq. (21) in Eq. (17) gives
o () =Elx(0)xT (1) 127 (1)
+ SHTE[x(t)wT(a)]<l>T(T——a)da (23)

The integral term in Eq. (23) is zero because the state at time ¢
is uncorrelated with the input at time ¢, or any future time,
t<o<7+t. This leaves®
(1) =P®7 (1)
P=E[x()xT(t)] =¢(0) =covariance of x 24)
Then, at steady-state (P=0),

S (1) =P®T(7)=P®T(7)FT (25)
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2. gvariance matrix.
Setting 7= 0, so that ®(0) =1, covariance propagation equation
. P=0=FP+PFT + (28)
$(0)=PFT @6 a ¢
) Q= —-FP—PFT 29
and solving gives the desired result of Fin terms of ¢ (7) or ) .
. , 0=—67(0)~¢(0) (30)
F=¢T(0)P~'=¢T(0)0(0) ' 27

@ may be determined from the steady-state form of the

Thus, it is possible to find the F matrix from Eq. (27). The Q
matrix can be found from Eq. (30).
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Resulting Linear System

The P, F, and @ matrices are given in Figs. 7-9. In the
dynamics matrix F, all the geodetic relations in Egs. (3-6) are
satisfied. Note that the cross-track variables u, I'y,, and T,
are not coupled to the in-track variables.

If the anomalous gravity field variables are to be expressed
in geodetic coordinates, the inverse transforms of Egs. (11-16)
can be applied to the outputs.
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Appendix: Auto- and Cross-Correlation Functions of the Third-Order Markov Undulation Model

Relations Between Rms Values

o= \/jdon

ag
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=or,, = (V3g/d) o,

Auto- and Cross-Correlation Functions

O, =0,

w = (8/d) o,

05, =V2g0,

or,, =op, =(2g/d)o,

2
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