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On A Simple Adaptive Tracking Filter1
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Abstract

This paper presents a simplified adaptive tracking filter for a maneu-
vering target. The filter is very simple and easy to implement. No prior
knowledge of the maneuvering characteristics is needed; the tracking errors are
quite small when the target maneuvers. While the target does not maneuver, the
tracking errors are a bit larger than others, but are still much smaller than
measurement errors. This method can be used either with linear measurements or
nonlinear measurements. Simulation results for various target maneuvers are
presented.
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ON A SIMPLE ADAPTIVE TRACKING FILTER

1. INTRODUCTION

The problem of tracking a maneuvering target has been discussed by many

authors [11 - [7]. For most of these filters, the maneuvering characteristics

of the target are assumied. When the actual target maneuver does not meet the

assumption, the tracking accuracy usually is poor.

Chan et al [6], [7] proposed a tracking scheme with input estimation, in

which a model of the maneuvering characteristics is not needed. They estimate

the acceleration (maneuver) inputs from the residuals and use a detector for

checking the magnitude of the estimated input. Only When the magnitude exceeds

the preset threshold level are the estimates used to update the Kalman filter.

However, there are some weaknesses in this scheme. The first one is that when

the target ,nanuevers significantly, the nss errors in position are very large.

The second is that when the target performs a small maneuver wtiich lasts some

time, the acceleration will be so small that the estimates will not exceed the

threshold level and will not update the Kalman filter; after a long time the

errors will get larger and larger. Lastly, the detector is somewhat

complicated.

A simplified adaptive tracking filter is presented here which uses a sim-

pl if ied target model. It is assumed that the target moves in a straight 1line

with constant speed. Also, smoothed residuals are utilized to control the gain

calculation of the Kalman filter. Then, based on the characteristics of the

feedback system, the filter decreases the tracking errors automatically. In

this method, neither the characteristics of the maneuver nor the assumptions

about the acceleration is required. The algorithm is very simple and easy to

impl mont. When the target performs a maneuver, the v'ms value of position



errors are much smaller when compared with Chan's results (61. When the target

does not maneuver, the errors are a little larger than Chan's but still less

than the measurement errors. This method also can be generalized to the case

of nonlinear measurements by using the extended Kalman Filter or a "bilinear"

type of filter [8], [9].

II. AN ADAPTIVE TRACKING FILTER

Consider the motion of a point mass in the plane with constant velocity as

the target model, which can be described by the linear difference equations,

i.e.,

XN+ 1 - FXN + GWN* (1)

where XW [x(NT), x(NT). y(NT), (NT)] with prime and dot designating trans-

pose and time derivative, respectively; x(t), y(t) are the target Cartesian

Coordinates; T is sampling time of measurements; WN is a zero-mean Gaus-

sian random vector with covariance EIWNWO = r. (in the experiments, it is as-

sumed that GWN 0), and

1 T 0 0

F 0 1 0 0(2F - (2 )
0 0 1 T

LO 0 0 1 J

At first, assume the measurements have been converted to rectangular coor-

dinates. The measurement noise is an additive, zero-mean, white, Gaussian ran-

dom vector, so that the measurement equations are

ZN- HXN + VN (3)
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where

H - 1 (4)
10 00 1 00

EIVNI - 0. EIVNV } A RNSNK, (5)

where &W is the Kronecker-delta function.

The estimates of the state at the time NT of the original Kalman filter

are [10)
A A A A
XN - FXN.1 + KN(Z N - HFXN. 1 ) - FXN- 1 + KNSNO (6)

KN - FPN.1F'H'[HFPN-1F'H' + RN3' 1 , (7)

PN " (I - KNH)FPN.1F'(I - KNH)' + KNRNKA . (8)

The residual s are

SN a ZN - HF-N - H(X N - FXN1) + VN (9)

When the initial values of estimates and covariance matrix (g0, Po) are

chosen, Equations (6) - (8) can be used recursively to calculate the

estimates.

If the target does not maneuver, the target model describes accurately the

target motion, and if the mean of the initial error equals zero, the mean of

the residuals should be zero. When the target maneuvers, the target model will

become inaccurate,.the mean of the residuals will no longer remain zero, and

tracking errors occur. The Kalman filter can be viewed as a feedback system.

If the gain KM has appropriate valdes, the errors can be reduced automat-

ically. But when GWN a 0, KN and PN will tend to zero so that the resid-

uals will no longer affect the estimates. (If GWN 1' 0, KN  and PN

eventually will tend to small values, and the residuals cannot significantly

affect the estimates.) The tracking errors could become larger and larger, and
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eventually the filter will fall in tracking. In other words, the Kalman filter

*tracks' the erroneous model rather than the maneuvering target.

From (9), it Is seen that the residuals contain two terms. One is meas-

urement noise, with mean equal zero. Another is due to the model error when

the target maneuvers. If a simplifled smoothing is performed, then the

smoothed values of the resiudals can represent in some sense the errors pro-

duced by target maneuvering. When the smoothed values exceed some threshold

values, the adaptive filter will reinitialize the previous value of the co-

variance PN-1 , then the gain KN can be appropriately adjusted to pro-

vide proper feedback and the estimated errors can be reduced automatically.

The block diagram of the presented adaptive tracking filter is shown in Fig-

ure 1. Here, the portion below the dashed line corresponds to the conventional

Kalman-Bucy filter.

The average of the residuals consisting of some previous time points and

including the present time point as the simpliffed smoothed values is chosen,

so that

[SN + SN.1 + ... + SN.i+ 1 ] / M. (10)

Now, the gain formula is given by

KN = FPF'H'[HFPF'H' + RN] 1, (11)

PO when* >1 S.
P j (12)P11-1 when SL
P- (I - KNH)FP'(I - KNH) + K.,j. (13)

When the values SL and PO are chosen appropriately the estimate errors will

be kept within a reasonable range.



This method can work for a variety of target maneuvers, even when the man-

euver is mall and lasts a long time. The weakness of this method might be

that when the target does not maneuver, the rms values of estimate errors are a

little larger than for the ordinary Kalman-Bucy filter, but they still will be

less than measurement errors. This is because the two factors in residuals

SN mix together, and using the simplified smoothing, the stochastic compo-

nents cannot be el tminated. So sometimes switching occurs even when the target

does not maneuver. This is the cost for simplicity and for keeping small

tracking errors when the target maneuvers.

III. THE ADAPTIVE TRACKING FILTER WHEN MEASUREMENTS ARE NONLINEAR

We can generalize this method to nonlinear measurements. When the meas-

urements are made using polar coordinates

ZNu [N . BFh(XN), (14)
r.

where b is bearing, r is range,

bN tan-1 YN(15)N XN

(x2 2~1/2

r. - xf + YN (16)

The extended Kalman filter (EKF), and other nonlinear filters, can be adapted

to this scheme. For the EKF, the measurement matrix HN is no longer con-

stant. With the target model in Cartesian Coordinates, it is a function of

estimates,

IN hiim 0 h13N 0 BhA(7. 2 N 0 ^h23 0h X (17)o h,. X - FX..l

b 5



h11N X - 1 (18)

. r _7 X = FXN 1

h 2N - x Xu177 (19)

h23N x2  (21)
(X +y I X FXN1

Similar to Equations (9), (11). and (13), the other formulae are

Na Z - BFh(FX N1) (22)

KN a FPx'%HNFPF1% + RN]1 (23)

Pe = (I - KNHN)FPF'(I - KNHN)' + KNRNKj • (24)

In this case, the estimates x, y can be used to estimate bearing and range as

well as the rms errors of bearings and range.

If the measurements are made using two bearings from two sensors in

separate locations, this method will result in larger tracking errors. The

problem does not arise from the filter scheme itself, but from the sensitivity

of the measurement method.

From the geometry, exhibited by Figure 2, it can be seen that, even when

the target does not move, with the two-bearing measurements, the range error

my be very large even if measurement errors are small. 1he geometrical

relationships are [11]

- r sin b (25)
b tan r cos +2



b2  tan'l r cosb-n b (26)

b1  b1 + Ab 1 , (27)

b2  b2 + Ab2, (28)

~d 1 + Cos ('62  ~b - 2cos(pb2 - 1 )cos( b + bij)]/2(9r- d , (29)
sin2 ( 2 -bl)

-t [c(2 - bi) "  c 2 + 3
1

0
=tan'1snb 1 (30)

n(i;2 b J
ab - b (31)

AAr z r - r. (32)
Here ab1 , M2, b, b2 are measurement errors and measurement bearings

respectively; b, r, t, r are real and estimated values of bearing and range

respectively. For a numerical example, if

x - r cos b - 2000 yds , y = r sin b - 4000 yds , d - 200 yds,

then r - 4472.14 yds , b - 1.1071 rad. (63.43*)

b1 1.0680 rad (61.19) , b2 - 1.1479 rad. (65.77*).

and the errors shown in Table I result.

Table 1. Position Error Sensitivity Relative to
Two-Sensor Locations

ab1  rad. +0.05 +0.05 -0.05 -0.05

b2  rad. +0.05 -0.05 -0.05 +0.05

"rad. 1.1572 1.1078 1.0542 1.1039

ab rad. -0.0501 -0.0007 0.0529 0.0032

yds. 4583.96 11887.93 4360.68 1984.56

Ar yds. -111.84 -7415.79 111.46 2487.58
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VI. SIMULATION RESULTS

In applying the simplified adaptive tracking filter, two factors need to

be considered. One is the number of residuals M used to get the simpl ifiled,

smoothed val ues. It is relevant to the accuracy of the smoothed residuals. If

the target does not maneuver and the measurement noise is white, then in (9),

the mean of SN equals zero and the standard deviation of the components of

the SM are inversely proportional to the square root of M. However, a large

M will reduce the "weight" of the recent measurements. So generally the appro-

priate value of M is 3-5. In this simulation M - 3.

The. second factor is how to choose the threshold level SL- If the

threshold level is low, tracking errors when the target maneuvers can be quite

small. However, at a low setting, tracking errors when the target does not

maneuver will tend to be large. This is due to occasional unexpected rein-

itializing. In practice of course, the filter would need to ignore certain ex-

traneous "outlyers."

For a fast-turn maneuver (see Figure 3(a)) different tins errors for dif-

ferent SL are shown in Figure 4 for linear measurements and in Figure 5 for

nonlinear measurements. The standard deviation of the measurement noise is 100

yds. (in x, y) for the l inear observation and 100 yds. in range and 0.035 rad.

in bearing for the nonlinear observation. The results are about as expected.

One and three tenths (1.3) times the standard deviation of measurement noise is

selected for SL as a compromise between transient error (due to maneuver) and

steady error. Of course, more analysis is necessary to "optimize" this

selection.

As a comparison with the method of Chan et al [6], [73 almost the same

target maneuvering and data is used. There is just a little difference. When

the target maneuvers it is assumed that the magnitude of the target velocity is
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constant and the direction of the target velocity changes uniformly with time

rather than discontinuously. The equations of the adaptive tracking filter are

as given in Section II with data T lOs, SL = 130 yds and

FiOOOO 5001
rN 0. RN ] , N = 1, 2, 3, ... , 100.

Soo 100001

The initial conditions of the target are given by xe - 1000 yds, xo - 0,

yo 10000 yds, yo - -15 yd/s. The mean of the initial errors is zero,

and

1W 0 0 01
0 100 0 0o

PO 0 0 10,000 0

0 0 10

For the first target motion (see Figure 3,a), the target mo,.o in a

straight line at constant speed until t - 400s (N - 40), it then makes a fast

turn moving with angular velocity ;a -W/100 rad/s until after 50s it has ex-

ecuted a 90 turn. It then continues in a straight line at constant speed on

this new course. The second motion (Figure 3,b) is much like the first, how-
a

ever the turn is slower with ;W -W/400 rad/s. In this case the turn takes

ZOOs. In the third motion (Figure 3,c), the target carries-out a turn iden-

tical to that in the second motion, then assumes a course parallel to its orig-

inal one by performing a fast turn with ;a = /100 rad/s. In the fourth motion

(Figure 3,d), the target performs a fast circular turn (;- -w/100 rad/s).

Completing it in 2OOs, it then continues on this original course. The last

motion (Figure 3,d) is a very slow 90 turn with 0 -W/1000 rad/s, which takes

S0M sec to complete. In all of these motions, the maneuver begins at t - 400s

(N a 4o).

For each kind of target motion, 50 samples are run and the rms errors are

computed. The standard deviation of the measurement noise is as given above

9
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with sample rms values about ±20% about this value. Figure 6 shows the ms

tracking errors for the corresponding motions with linear observations.

For nonlinear measurements,

RN . [0.0012 0.1751 ,2 0 0 0 0RN [017 ], N = 1, 2, ... , 1000,LO.175 1000

S 1 - 0.045 rad and SL2 - 130 yds.

Again, the standard deviation of the measurement noise is 100 yds. in range and

0.035 rad. in bearing with the sample rms values approximately ±20% about this

sample mean. The rms tracking errors of bearing and range for the trajectories

given in Figure 3 for the above are plotted in Figure 7.

According to these results, the adaptive tracking filter ATF is very ef-

fective, and the errors are significantly less than by the method of Chan, et

al [6], [7). A rough comparison with this popular method is made in Table II.

Table II. Comparison of Methods

Max. RMS Position Error, Yds.

Motion ATF [6] [7]

Figure 1(a) 91-121 180 260-350

Figure 1(b) 82-88 190 290

Figure 1(c) 91-121 215 300

Figure 1(d) 121-122 * 360

Figure 1(e) 89-90 * *

*Not available

Maximum velocity errors by the proposed method are approximately 10 to 50

percent less than the method of Chan, et al using their method as the base for

comparison.
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V. CONCLUSION

A simple adaptive tracking filter has been presented here. For each meas-

uremnent sample, the filter produces the residual sample and does very simple

smoothing. In turn, the smoothed residuals adapt the filter gain. This method

can be used for either linear measurements or nonl inear measurements. The re-

sulting tracking errors are small for all cases studied. Al so, the method is

very simple, robust and involves few computations. No prior knowledge of the

maneuvering characteristics of the target is required. If it is known how fre-

quently the target maneuvers, the threshold level can be adjusted to optimize

the method's performance. If there is an operator monitoring the smoothed

residuals, the threshold level can easily be adjusted to achieve better

tracking performance.

Since a class of "bilinear" filters has shown improved performance over

extended Kalman filters for typical nonmaneuvering cases and the above non-

linear observations [81 and 1, it is expected that the planned adaptation of

the present algorithm to the "bilinear" filter will yield even better perfor-

mance than that shown above.
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