
TTV17T, ,,7m7
AD-A271 334

DTIC_S....NSWCDD/TR-93/351 D0TIA93ULCTE
EL ECT

S OCT 26 19931
SATE

TRACKING WITH TIME-DELAYED DATA IN
MULTISENSOR SYSTEMS

BY RICHARD D. HILTON DAVID A. MARTIN WILLIAM D. BLAIR

SYSTEMS RESEARCH AND TECHNOLOGY DEPARTMENT

AUGUST 1993

Approved for public release; distribution is unlimited

. NAVAL SURFACE WARFARE CENTER
DAHLGREN DIVISION

DAHLGREN. VIRGINIA 22448-5000

93-25630

9 3 10 2'l



NSWCDD/TR-93/351

TRACKING WITH TIME-DELAYED DATA IN
MULTISENSOR SYSTEMS

BY RICHARD D. HILTON DAVID A. MARYIN WILLIAM D. BLAIR

SYSTEMS RESEARCH AND TECHNOLOGY DEPARTMENT

A;c~cesion For

NTIS CRA&IAUGUST 1993 DTIC TAB
- U, ,•Ut: mouwiced ._

t t ... .....

By ....................
DistA: ibution I

Availabl7ity Codes

Approved for public release; distribution is unlimited. Avail and / or
Dist Special

A-1

NAVAL SURFACE WARFARE CENTER

DAHLGREN DIVISION

Dahlgren, Virginia 22448-5000



NSWCDD/TR-93/351

FOREWORD

The introduction of intership data networking into the process of target trackirg by
multiple platform sensors has raised the question of how to deal wit~h remote sensor data
that has arrived for fusion processing after a delay due to network loading. Conditions
frequently arise wherein standard Kalman filtering formulations must be modified to be able
to accept and meaningfully process late data. This report presents results of research into
the relative efficacy of a complex, rationally derived modified Kalman filter update versus
faster and simpler but ad hoc Kalman filter modifications for accepting late data. This work
was conducted under the sponsorship of the Naval Surface Warfare Center Dahlgren Division
(NSWCDD) AEGIS Program Office.

This document has been reviewed by Dr. T.R. Rice, Senior Physicist, Combat Systems
Technology Group.

Approved by:

DAVID B. COLBY, Head

Systems Research and Technology
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ABSTRACT

When techniques for target tracking are expanded to make use of multiple sensors in
a multiplatform system, the possibility of time delayed data becomes a reality. When a
discrete-time Kalman filter is applied and some of the data entering the filter are delayed,
proper processing of these late data is a necessity for obtaining an "optimal" estimate of a
target's state. If this problem is not given special care, the quality of the state estimates
can be degraded relative to that quality provided by a single sensor. A negative-time update
technique is developed using the criteria of minimum mean-square error (MMSE) under the
constraint that only the results of the most recent update are saved. The performance of the
MMSE technique is compared to that of the ad hoc approach employed in the Cooperative
Engagement Capabilities (CEC) system for processing data from multiple platforms. It
was discovered that the MMSE technique is a stable solution to the' negative-time update
problem, while the CEC technique was found -to be less than desirable when used with filters
designed for tracking highly maneuvering targets at relatively low data rates. The MMSE
negative-time update technique was found to be a superior alternative to the existing CEC
negative-time update technique.
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CHAPTER 1

INTRODUCTION

When techniques for target tracking are expanded to make use of multiple sensors in
a multiplatform system, the possibility of time delayed data becomes a reality. When a
discrete-time Kalman filter is applied and some of the data entering the filter are delayed,
proper processing of these late data is a necessity for obtaining an "optimal" estimate of a
target's state. If this problem, which may arise whenever data from dispersed sensors are
fused, is not given special care, the quality of the state estimates can be degraded relative
to that quality provided by a single sensor.

The optimal solution to this problem of processing late data requires the filter algorithm
to return to the state estimate and error covariance that occurred just prior to the time
corresponding to the late measurement. Then the filter process is restarted from the time of
the late measurement. Thus, all the measurement information in the time interval between
the most recent measurement and the late measurement must be saved to complete this
filtering of past data. In order to bound the amount of information to be saved, a maximum
for the delay time must be declared. Thus, all measurements, state estimates, and error
covariances within the delay interval must be saved. This filtering approach that minimizes
the mean-square error may not be practical in many cases. For example, when a tracking
system is required to maintain current state estimates on many targets, storing the past
information can become cumbersome.

In this report, the problem of updating the state estimate with late data is considered
for the case where only the most recent state estimate and error covariance is saved. A
solution is derived for this problem using a minimum mean-square error (MMSE) criteria.
While the target state estimate provided by this approach will be inferior to that provided
by the optimal MMSE approach that is described above, this suboptimal approach involves
only mo•difying the state estimate produced with the most recent measurement using the
late wraeaurement.

Figure 1-1 illustrates a case wherein one of two sensors sends data to the site of fusion
by way of a data network. In the illustrated network, the input queue is susceptible to
being crowded by other traffic, causing measurements from sensor 2 to arrive at the site
of data fusion late. Due to the late arrival, a filter update is made using measurements
from only sensor 1, and if the measurement from sensor 2 is to be utilized, it will require
special treatment. In this report, the process of using late measurements to improve the
I 1-1
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Figure 1-1. A Kalman Filter Receiving Delayed Measurements

current state estimate will be referred to as a negative-time update; and the time interval
between the most recent measurement and the late measurement will be referred to as the
negative-time interval. Some authors refer to the subject-matter as "data senescence."

The need for management of negative-time intervals arises in the tracking techniques
used for implementation of Cooperative Engagement Capabilities (CEC). It was discovered
in the Software Requirements Specification (SRS) document of CEC [1], that an ad hoc
approach for handling negative-time measurements is used. A major motivation for under-
taking this study was to examine the efficiency and robustness of the ad hoc treatment of
delayed data within its environment - an extended Kalman filter of the sort described in
Appendix A. An MMSE approach for handling negative-time updates is derived and used as
a baseline for evaluating the specified CEC approach. The specified CEC updating method
will be simulated as a separate program and will not be tested within a full simulation of
the CEC system.

This report is organized in the following manner: Chapter 2 discusses the problem for-
mulation and background information. Chapter 3 presents the development and derivation of
the MMSE negative-time approach along with a simple numerical example of its implemen-
tation and an analysis of constant velocity tracking with a negative-time update. Chapter 4
discloses an interpretation of the CEC approach with a numerical example and analysis to
parallel that in Chapter 3. Chapter 5 contains details and results of Monte Carlo simulations
used to evaluate the performance of the ad hoc approach in a simplified but realistic context.
Chapter 6 presents conclusions of the analysis.

1-2
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CHAPTER 2

BACKGROUND AND PROBLEM FORMULATION

In this study, an extended Kalman filter is used to update a roultiple source track file by
processing measurements of range, bearing, and elevation. The study employs a simplified
two-ship communications scenario in which an own&,hp sensor is tracking a maneuvering
target while also receiving track contacts from a remote ship aensor tracang the same target.
The two ships are confined to the (East-West) x-axis in ord-!r to eliminate the need for
reference frame rotation; and the earth's shape is considered locally ffia for simplicity.

Background

In CEC, every Cooperative Unit (CU) platform maintains target tracks in its own local
coordinate system. Each CU uses its own sensors and broadcasts all of its sensor measure-
ments in its own coordinate system. Periodically, each CU broadcasts information on its own
position. When ownship receives a remote sensor measurement, it must take into account
the coordinate system conversion when formulating the Kalman filter innovation term for
tracking at ownship. The dynamics and measurement models assumed for the target in track
are given by

XA+l = FkXk + GkWk (2.1)

Zk = hk(Xk) + vk (2.2)

where wk - N(O, Qk) is the process error and vk , N(O, Rk) is the measurement error, re-
spectively. Matrix Fk is the state transition matrix, Gk is the process error input matrix, and
the target state Xk contains the position, velocity, and acceleration of the target. A linear
measurement equation can be defined by linearizing the nonlinear observation function. The
measurement equation, as a function of the actual target state, is given by

2-1
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[r) r k/~2()2 + (4I)2k
_+ V (2.3)

where

Xk = Xk• - Xob (2.4)

Yk = YI - Yl6 (2.5)
4Z = • - zb (2.6)

and (xk, Y,• zk) correspoAd to the (x, y, z) coordinates of the target in the ownship reference
frame at time k, and (zob, Yob, Zob) correspond to the origin of the remote ship in terms of the
ownship reference frame at time k. Since we are neglecting motion between the two ships,
rob, Yoh, and Z•b are constants. For ownship measurements, (zob, Yoh, Zob) = (0, 0, 0). The
rk, bk, and ek are the measured range, bearing, and elevation relative to the remote sensor
reference frame at time k. The vr,, vk, and ve are the measurement errors for the range,
bearing, and elevation at time k, respectively.

For a filter processing range, bearing, and elevation measurements,

/(X')2 + (y1)2 + (4)2

tan-' X1
hk(Xk) )k (2.7)

tan- ( (ys))

Using a first-order Taylor series to linearize (2.7) about the predicted state estimate re-
sults in the linearized measurement matrix given by

2-2
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Rkkl- 0 Rkjk- 0 RkIk- 0

-k -Yklk-I 0 klk-1 0 0 0 (2.8)
Rhklk-. Rhkik-1

RZkjk-1kklR- 0 RhklkRYkhlk-1 0 Rhlk..1 0

RkkI2Rhkjk 1k.Ri~k.... R~kjk-..

where
Xk=[Xik Yk ri Zk zk IT (2.9)

)= + (ylik__) 2 + )2 (2.10)

Rhkljk- = i(XklkI )2 + (ykil4 _1)2  (2.11)

The equations for the extended Kalman filter are given as follows.

Time Update:

Xkk1= Fk...Xk..ljk.1 (2.12)FTT

Pkjk-1 = Fk.-1Pk-.1-Ik-1Fk + Gk-lQk-,Gki (2.13)

Measurement Update:

Xkjk = X&.k-. + Kk[Zk - hk(XkIk-1)] (2.14)
Pk = [I - KkHk]Pklk-I (2.15)
Kb = Pkj,.,lHAT[HkPkjk, l-Hk + Rk]- (2.16)

The subscript notation (klj) refers to the estimate at time k given measurements through
time j. The PA1jk is the error covariance associated with the state estimate Xklk, and Kk is
the Kalman gain.

Problem Formulation

In Figure 2-1, a time line is given for a situation in which a negative-time update of
a discrete time extended Kalman filter is necessary. At tk.2, a normal filter update using
tirrely data Zk..-2, results in state estimate Xk-2_k.2. At tk._, a remote sensor obtains a
measurement Zk-.; appends these data with the relevant time tag tk',1; and submits a data
message to a data network where its transmission is delayed. At tk, another measurement

2-3
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Measurement Measurement Measurement Zkm
Zk-2 Zk-1 Zk arrives,

update recorded, data update update
Xk-21k-2 delayed Xkk Xklk+

T1  T2 time

t k-2 4-1 t

Figure 2-1. Time Line for Events Requiring a Negative-Time Update

Zk from the ownship sensor arrives on time and is used to update the state estimate from
Xk-21k-2 to Xklk. After this update takes place, at t+, measurement Zk-1 with time tag tk-1

arrives ttfter its delayed transmission. An approach to incorporate this delayed data into
an "improved" state estimate Xklk+ is developed in the next chapter. A related problem
has been studied by Thomopoulos and Zhang [2], wherein data reaches a fusion site after a
delay whose duration is known statistically but not exactly (that is, when no time tag tk-,_
is appended to the measurement). Their formulations bear some resemblance to the results
obtained in the next chapter.

2-4
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CHAPTER 3

MINIMUM MEAN-SQUARE ERROR APPROACH

This chapter undertakes the derivation of a negative-time update algorithm built upon
the problem formulation of the previous chapter. This approach will be referred to as a
minimum mean-square error (MMSE) approach. This chapter also includes a simple exampl,
to display the use of this approach, and compares its performance with other methods of
incorporating time-delayed data.

State Evolution

Referring to Figure 2-1, the illustrated intervals of time will be denoted as

T = tk- t-2 (3.1)

T1 t - tk-2 (3.2)
T2 = tk - tk-1 (3.3)

The error in a state estimate XkLj will be denoted by XkIJ and is related to true state Xk by

Xk = Xkyj + XA;j (3.4)

The discrete-time evolution of state Xk)& E IR' over the time interval T is represented as

"-X-- F(T)Xk- 2 + W(T) (3.5)

where F is the discrete time state transition matrix and W(T) is a vector representing the
effects of plant noise that accrued during T. Throughout the remainder of this discussion, it
will be assumed that state vector X, = [k Zk i] i'z one (uncoupled) dimension in a two-
or three-dimensinnal constant velocity filter. The state transition matrix then is

F(T)= 1] (3.6)

The plant noise for this mode! wil1 be a continuous-time, white noise acceleration. A unit
impulse acceleration 6(t -- a), wVith tk- 2 < a < tk, will bring about the response in state
space of [ (tk - a) 1 I". A whitc noise acceleration w(a) where

E{w(a)} = O, E{w(a)w(/3)} = .4(a - ) (3.7)

3-1
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applied throughout the time interval T brings about (by superposition) the plant noise

W(T) = It: -'k w(a)da (3.8)

The time projection of state estimate covariance from tk-2 to t4 is

Pki--2 = F(T)Pk-.2 1A.. 2FFT (T)+E {I: [ c- ] w(ct)dcxj1  [ tk Tw )d}_wac k , 1 w•d (3.9)

or
Plk-2= F()Pk- 21k- 2 F T (T) + Q(T) (3.10)

with 1- 3 iT2

Q(T) = 2 (3.11)

where q is a scalar parameter in units of (length 2)/(time3 ). This scalar quantifies the un-
certainty in the (constant velocity) model of target dynamics and will be referred to as the
"variance of acceleration error." Thus, when the time interval T1 is broken into two segments,
T, and T2, the state transitions are

•= F(T-)Xk[- 2 + [k- - w(a)da (3.12)

Xk = F(T 2 )Xk.l + j [ JI w(a)da (3.13)

and the projected covariance for the segmented time interval is given by

Pk-Ilk-2 = F(T1)Pk--2 k- 2F T (Tl) + Q(T1) (3.14)

Pklk-1 = F(T 2)Pk-llk-,F T (T2 ) + Q(T2) (3.15)

where

QI = 3 I (.2

Q (TO)= (3.16)
ST12 T,
3 T21 12 T22

Q(T 2 ) = 1 (3.17)

2 2 T2

Filter Update At tk With Zk

When the measurement Zk arrives at the filter for processing, the filter does not know
of the existence of the delayed measurement Zk-1. Therefore, the filter will proceed with a

3-2
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standard Kalman filter update processing using T = tk - t4-2, since t k2- was the time tag on
the last measurement that it received. The first stage of processing will project the previous
state estimate X-. 21•.- 2 , which is comprised of the actual state less the estimation error

Xh..21k-2 = XA.- 2 - .Xk-21k-2 (3.18)

using the standard time projection formula

XkIk-2 = F(T)Xk- 21k- 2  (3.19)

Equation (3.5) shows that the error in the projected state estimate is-~t -k -, [ a-
Xklk-2 = F(T)Xk-21&.- 2 + j h-2 1 1 ] w(a)dci (3.20)

Standard extended Kalman filter processing then updates the state estimate using gain Kk
and

Xkik ""= Xkf,- + Kk(Zk - HkXklk-2) (3.21)

Using (3.20) in (3.21) and isolating Xk to Xklk shows that

XkIA = (I - KkHk)F(T)Xk-21k-2 - Kkvk

+(I-- KkHk) it- [ t" - Ct w(a)da (3.22)

'- KkHk) tk a w (a))da (3.23)

To allow for the contingency that a negative-time update may be necessary at the time of
update Xk-21k- 2 --+ Xklk, it will I-be convenient to define the quantity

- E{_ jk 1 k ] W(P)dp} (3.24)

This quantity is the covariance between the state estimation error XkIk after the standard
update at tk and the plant noise error that accumulated over a portion (T2) of the previous
time interval T. This covariance is now identifiable by substituting (3.23) into (3.24). The
covariance is given by

Sk =E ((I - KAkHk)F(T)Xk.- 21k..2 ::[tk ~ Tw(,6)df

-- k_, 1 _,~ 1 w(/3)d1-Kv f ~ ft k'-3]
+(I -KkHk) tkA k -a a)dajt k T wPd

_K~ lh t w(P•)dg• (3.25)f t,~ I 1

3-3
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Distributing the expected value through (3.25) gives

+h= (I - KHk)()E Ij't& 1,-2 j h I k w( P~e~ [ d#+(I - KkH )E it-kWQd týt TwPd

+(I -KkHk)Eftwad tjIk(P#

-Kkv:E {J tk P 1 w(P)df3 (3.26)

Eliminating expectations of uncorrelated random processes and evaluating the single remain-
ing term yields

Sk = (I - KkHk)Q(T 2) (3.27)

which is the sought-after covariance that will appear in subsequent formulations.

Negative-Time Update Algorithm

When the occurrence of a delayed measurement Zkl- having error Vk-I -' N(O, Rk-1)
comes to light after the state estimate update Xklk, a second state estimate update Xklk+
using an as-yet undetermined Kalman gain Kk+ at t+ will be made. The form to be used is

Xklk+ = Xkjk + Kk+[Zk-1 - Hk--F-1 (T2)Xkl.k1 (3.28)

Note that the term F-1 (T2)Xklk iS used to compute the innovation of the update at time
tk-1 while keeping the time of the estimate Xklk+ at tk. Using Zk-. = Hk-.Xk-l + vk-I and
using (3.13). in (3.28) yields

YkIk+ = [I - Kk+Hk-1 F1 (T2)]Xklk + Kk+Hk.. 1F1 (T2) f:t tk CI ] w(at)dcx - Kk+Vk-..

The modified Kalman gain Kk+ is now found by

1. Using (3.29) to express Pkjk+ = Elyklk+XYk4,+l

2. Setting -9+trace(Pklk+) to zero
i9Kk+

3. Solving for Kk+

3-4
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In so doing, it is useful to note that [4]

-trace(BAC) = BTCT (3.30)

F-tra-(ABA = A(B + BT) (3.31)

The covariance PkjA+ = E{X'kI 7T ++}is found from (3.29) to be

Pklk+ = [I - Kk+H-,F-'(T2 )]Pkl,[I- K- +Hi-,F-'(2)]T

+[I- KA+ HkF-'(T2 )kF T (T 2)411 K+
+ Kk+H-,•F-'(T2)S[[I - Kk+Hk-.F-.2(Y)] T

+Kk+[Hk-. 1F-'(T2)Q(T 2)F-(T2 )H•_, + 'Rk-lJK+ (3.32)

where F-T = (F-')T. Setting the derivative of the trace to zero gives
8

i trac(Pklk+) = -2PklkF-T (T2)HT_ I#Kk+

+ 2Kk+[Hk-.F-'(T 2){Pkik - Sk - Sk +Q(T2)}F- 2HkI

+ Rk-1] + 2SkFT(T2)Hr_. = 0 (3.33)

Solving for the modified Kalman gain for a late measurement K1+ yields

Kk+ = (Pkh, - Sk)FT(T2)H-I, x

[Hk_ .F-1 (T2){P,,i,, - Sk - ST + Q(T2)F-T(T 2)H,_j + R,_..-J (3.34)

Manipulating (3.32) into the form

Pkk+ = K,+[H-,-F-'(T2 ){Pk, -5, -S•' + Q(T 3)}F-THr, + R,+,]K+

+Pkl - Kk+Hk-,,F-' (T2)[PIA: - SkT
-[Plk - TS,]F (T)HK (3.35)

and substituting (3.34) into the first Kk+ term of (3.35) gives

Pkj+ = [I - Kk+H,,_F-'(T 2)]PkIk + Kk+H-,_F-'(T 2 )ST (3.36)

which together with (3.34) and (3.28) completes the negative-time update. This negative-
time update algorithm will be referred to as the MMSE approach.

Simple Numerical Example

To compare the MMSE negative-time approach with the standard Kalman filter formu-
lation, when no negative times are encountered, a simple numerical example is presented

3-5
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that uses the Kalman filter for one coordinate of a target track. The filter parameters are

X = Xk. (3.37)

IFk(T) = [I T] (3.38)S= 0 1

Hi = [ o] (3.39)

Rh = 144.0 (3.40)

-= 5.0 (3.41)

where the plant noise is computed using (3.11). A useful parameter for characterizing this
tracking filter is the tracking index p, in [3] given by

p = T3•= 0.186 (3.42)

The tracking index is often useful for characterizing tracking filters since it defines an a,
filter having gains equivalent to the steady-state Kalman gains. For this example the initial
covariance was set at ~[79 321 (.3

0P1o= 32 26

A baseline case is now tabulated with four measurements, Zh, k = 1,2, 3,4, all arriving on
time at 1 sec intervals. Only the error covariance updates are tabulated. The equations used
are the standard Kalman filter equations given by

Phi h- = F(T)Pk-... 1 -.. FT(T) + QA-i(T) (3.44)

-- = PAilk-.1Hk [Hh Pk-i hHkT + Rk]-1  (3.45)
Pk = (I-KHk)Pkhk-j (3.46)

The results are presented in Table 3-1. Table 3-2 shows the evolution of the error covariance
matrix for the case of measurement Z3 missing altogether. The final measurement Z 4 retains
the subscript 4 to conform to the indexing conventions used in the previous section. Note
that the time interval T increases to 2 sec and that the elements in P412 are quite large. The
Kalman gain K4 is also high, causing the trace of P414 to increase significantly over that of
the baseline case.

The negative-time update formulations are now to be employed. It is supposed that after
the update, resulting in P414 with Z3 missing, has taken place (but before any subsequent
updates), Z3 arrives late. First, the covariance Sk is found by (3.27) to be

[0.6100 0.90001 (3.47)
S4 -- (I- K4 H4)Q(1) = 2.2000 4.5000

Using P414 and S4 in (3.34) yields

K4+ [ 03375] (3.48)

3-6
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Table 3-1. Baseline Result With All Measurements On Time

k T Pklk-.. Kk PkIk

[163.67 60.50] 0.5320 7660 28.32
1 60.50 31.00 0.1966 1 L 28.32 19.10

[ 1 154.00 49.92] [0.5168 1 r 74.42 24.12 12 1 49.92 24.10 0.1675 J [24.12 15.74 ]

3 140.07 42.36 [0.4931 1 [1.00 21.47
3 1 42.36 20.74 0.1491 21.47 14.42

4 1 130.04 38.40] [0.4745 1 [ 68.33 20.18 1
4 1 38.40 19.42 0.1401] 120.18 14.04 ]

Table 3-2. Filter Result With Measurement Z3 Discarded Altogether

kT PkIk-I Kk Pkjk

[163.67 60.50] [0.53201 [76.60 28.321

1 60.50 31.00] [0.1966 J [28.32 19.10]

[ 154.00 49.92 0.5168 74.42 24.12]

2 1 49.92 24.10] 10.1675 ] 24.12 15.74

3 --

[ 247.20 65.60 0.6319 91.00 24.15
4 2 65,60 25.74] [0.1677] [24.15 14.74]

"3-7
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Table 3-3. Traces of Covariances P414

CASE TRACE
All measurements on time 82.376
Measurement Z3 missing 105.734
Z3 processed negative-time 82.376

and using this result in (3.36) yields

P41+ [68.33 20.18 (3.49)
P414+ [ 20.18 14.04

Table 3-3 compares the traces of these three final P414 matrices. The performance of the
MMSE approach results in a nearly full recovery of the filter covariance achieved when the
measurement Z3 arrived on time.

Negative-Time Updates and Constant Velocity Tracking

To compare the MMSE negative-time update with other methods for processing mea-
surements with a negative-time increment, a scenario is considered in which there are two
ships transmitting constant velocity track information periodically, and one measurement ar-
rives after a delay that exceeds the sample period, as it does in the example of the previous
section. This situation results in an out-of-sequence measurement for which a negative-time
update technique must be utilized. A program was written to evaluate the effects on filter
covariance of this single negative-time update when tracking a constant velocity target with
various negative-time update formulations. Each evaluation includes a computation of filter
covariance similiar to the numerical example of the previous section.

To assess the performance of negative-time update techniques for various tracking sit-
uations, the standard deviation of the measurement errors will be fixed at 25 m, while the
standard deviation of the acceleration errors for the filter will be varied from 2 to 25 m//s2.
Sample periods of 0.25, 0.5, 1.0, and 2.0 sec will be considered. For this study, each of two
sensors provides data at a sample interval of 2T, with the data from one sensor skewed by
T relative to the other sensor. Thus, the measurements of the target's position are recorded
periodically with period T and the filter will achieve steady-state conditions. The filter is
assumed to be in steady-state conditions when a measurement from the remote sensor is
delayed by more than T, and a negative-time update is needed. The starting covariance
matrix for each computation is derived from the prevailing tracking index a, for each case.
For the constant velocity tracking filter defined by (3.11) and (3.37)-(3.39), the steady-state
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error covariance is given in [3] as

Pss = Pk-,k.-, = R [, (3.50)
T 2(l - a)T2

where

6 - 3a - '30 2 - 36a + 36 (3.51)

2 #2 r (3.52)

With Pss of (3.50) as the starting point, the usual Kalman filter equations were used to up-
date the covariance matrix using a sample period of 2T to represent a skipped measurement.
After the filter update with sample period of 2T is completed, the delayed measurement
arrives and this information can be used to correct the state estimate and associated error
covariance. Five techniques for processing the delayed measurement are considered. The
first three axe those illustrated in the previous section with the simple numerical example.
The first technique (no late measurements) is an ideal case in which the measurement is not
delayed at all. The second technique (discard late measurements) is put forth as a worst
case - the results one obtains from not trying to cope with delayed data at all. The third
technique (MMSE) is offered as a practical best case - the results one obtains when the trou-
ble is taken to fully implement an optimized negative-time update formulation. The next
two techniques illustrate the benefits and limitations of ad hoc techniques for negative-time
updates. The fourth technique includes plant noise Qk during the time update to the late
measurement and during the time update back to the current time. The fifth technique sets
the plant noise Qk to zero during the time update to the late measurement and during the
time update back to the current time.

The five techniques are compared using a plot of the normalized trace of the error co-
variance given by

S• ~~trace(Pklk+) 1 3.3{ Rk (3.53)

versus the standard deviation of the acceleration error. The results are given for each time
period in Figures 3-1 through 3-4. Using all late measurements discarded as a worst case
senario, it is seen that the technique using the plant noise throughout the negative update
breaks down for relatively low levels of acceleration error. Breakdown of a negative-time
update algorithm will be used to denote the condition at which the error covariance at
time t& is increased by processing a time-delayed measurement at time tk - A. However,
the technique that has the plant noise set to zero during the negative update seems to be
sufficient for shorter time periods, but becomes unrealistic for longer time periods in that the
trace of the error covariance is lower than the optimal case where all measurements arrive
sequentially (no late measurements). It is also noticed that the performance of the MMSE
negative update closely matches that of the sequential case.
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CHAPTER 4

CEC APPROACH

This chapter interprets the ad hoc CEC-extended Kalman filter updating technique as
specified in [1]. Analyaw- tamilar to that in the previous chapter is included for examination
of the technique's performance.

CEC Specification For Negative-Time Updates

Assuming the same situation as in the previous chapter, a measurement arrives late with
time tag, tk_ 1, just after the extended Kalman filter update has been made for a measurement
with time tag, th. This results in the time interval

T = tk-. - tk (4.1)

From this point, noting T < 0, the standard filtering equations are used to make a back-
wards update with the exception that the plant noise is set to zero, (i.e., Q(T) = 0). The
equations for this segment of the interpreted CEC negative-time update are given in the
following equations.

Time Update:

Xk._..1.- = F(T)Xklk- (4.2)

Pk-.lk- = F(T)PkIk-F T (T) (4.3)

Measurement Update:

Xk-ll+ = Xk-lIk- + Kp_[Z,•_. - h(Xklk-)] (4.4)

""k-ik = [I- Kk-lHk-,]Pk-lIk- (4.5)

= Pklk-Hký_l[Hk.lPk.llk-HIl + Rk.-11 1  (4.6)

After the state has been moved backwards and the state estimate, Xk,-.1,k, has been calcu-
lated, the state estimate is moved forward with the plant noise reintroduced by using the
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absolute value of the negative-time interval to project forward to the current track valid
time, tk, to form Xkhg. This segment gives the time updates as

Xkjk+ = F(ITI)Xk_.Ik (4.7)

Pkk+ = F(ITI)Pk-.lkFT (ITI) + Q(ITI) (4.8)

noting that now Q(ITI) is nonzero and the time interval ITI > 0. Having predicted for-
ward to the existing track valid time, tk, the filter resumes normal operations on the next
measurement.

Simple Numerical Example

A simpleexample that computes the covariance matrix is presented for comparison with
the results of the previous example in Chapter 3. The following parameters were chosen to
remain consistent with the previous example. Those parameters are given by

Xk = [ (4.9)

Fk(T) 1 T] (4.10)Fk() = 0 1

Hk = [1 0] (4.11)

Rk = 144.0 (4.12)

= 5.0 (4.13)

The initial covariance matrix is set to

Pl=[ 79]32 (4.14)

The CEC approach is used to calculate the error covariance matrix using (4.2)-(4.8) as
discussed earlier. The final error covariance matrix results are

P414+ [ 70.48 23.561 (4.15)
- 23.56 19.30 (.5

Recalling the results from the previous example found in Tables 3-1 and 3-2, a comparison of
all four cases is presented in Table 4-1. It is noted that although the CEC ad hoc technique
made a significant recovery from the negative-time interval, a nearly full recovery was not
experienced as with the MMSE approach.
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Table 4-1. Traces of Covariances P414

CASE TRACE

All measurements on time 82.376
Measurement Z 3 missing 105.734
Z3 processed negative- time(MMSE) 82.376
Z3 processed negative-time(CEC) 89.777

Negative-Time Updates and Constant Velocity Tracking

The program method used in the last section of Chapter 3 was used to evlauate the
performance of the interpreted ad hoc CEC technique. The worst case scenario, where all
late measurements are discarded and the sequential case where all measurements arrive on
time, were compared with the CEC technique. The performance was again evaluated using
a graph of the the normalized trace of the filter error covariance matrix versus the standard
deviation of the acceleration error. Time periods of 0.25, 0.5, 1.0, and 2.0 sec were used in
the evaluations. Figures 4-1 through 4-4 express the performance of the three techniques.
The ad hoc CEC technique does not always perform better than the worst case scenario of
discarding all late measurements. For longer time periods, the CEC technique was found to
perform poorly, even with relatively small standard deviations of acceleration error, while
the MMSE technique remained stable as shown in the previous chapter.

For each of the time periods used, the standard deviation of acceleration error at which
the CEC technique breaks down was evaluated. Using (3.42), the corresponding tracking
indexes were found in order to characterize the break down regions for the CEC technique.
Figure 4-5 shows a plot of the tracking indexes at which the CEC technique fails versus the
sample period. For a given sample period, the CEC technique will break-down for tracking
index values greater than the value denoted by the line.
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CHAPTER 5

SIMULATION RESULTS

The objective was to simulate an ownship sensor and a remote ship sensor tracking a
common manuevering target with the remote ship transmitting its tracking data to ownship.
This simulation enabled the performance of the interpreted CEC negative-time approach to
be compared with the derived MMSE approach in a practical situation where data being
transmitted from remote ship to ownship are delayed.

Simulation Setup

Figure 5-1 displays the scenario of the ships and target locations for this simulation.
The ships are separated by 15 km along the x-axis making the remote ship coordinates with
respect to the ownship reference frame,(x, y, z) = (15, 0, 0) km. To simplify the simulation,
motion between the two sensors was set to zero and the earth's shape was modeled to be
locally flat. The flow chart in Figure 5-2 is a basic outline of the program operations.
A single target trajectory, created using a trajectory generator program, was used for the
simulation. A profile of the trajectory is found in Figure 5-3. The target has a constant
altitude of 5 km. The target travels at Mach 2 for 44 sec making two 6g maneuvers bctween
12 and 21 sec and between 24 and 33 sec, respectively. When the target is not manetvering,
it maintains a constant velocity. The trajectory generated is in the form of a data matrix
with even columns representing measurements from the ownship seneor and odd columns
representing the measurements obtained by the remote ship sensor. The odd columns are
offset by (15, 0, 0) km, since every other measurement received by the ownship is a remote
sciisor measurement. Measurements from each sensor are received every 2 sec resulting in a
received measurement every 1 sec when the data from each sensor are skewed in time.

The same trajectory was ued in the simulation to study and test each of four cases. For
the first case, the ownship uses its own measurements plus measurements from the remote
ship to track the target, with all measurements arriving on time. The oecond case is similar to
the first case except all the measurements received by the ownship from the remote ship are
delayed and are discarded. The third case resembles the second, but the late measurements
from the remote ship sensor are processed using the MMSE negative-time update approach
derived in Chapte" 3. In the fourth case, the delayed measurements received by the ownship
from the remote ship are processed using the interpreted CEC approach of Chapter 4.
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Results

The simulation output for each track filter is an average of 100 Monte Carlo experiments.
The Root-Mean-Square-Errors (RMSE) in position and velocity are used to measure the
performance of the negative-time update techniques implemented in the simulations. In
the four cases, the combined measurements received from the two multiplatform sensors
had a data rate of 1 Hz with a standard deviation in range of oa, 12 m, and standard
deviation of angles 6b = a,. = 2.5 mrad. The arrival of measurements from the remote
sensor are delayed slightly more than I sec. The results of the first three cases are given in
Figure 5-4. The top and bottom graphs are an average RMSE of the position and velocity,
respectively. Comparing the first two cases displays the improvement experienced with the
concept of CEC, when all measurements from the remote sensor arrive on time, as opposed
to using only the ownship sensor measurements. In the third case, the late measurements are
processed using the MMSE negative-time update approach derived in Chapter 3. It is seen
that the result is almost a complete recovery from the late measurements. The jagged lines
that occur during the maneuvers for the case where all measurements arriveý sequentially are
the result of receiving data from multiple sensors with varying degrees of accuracy. Since
the remote sensor is closer to the target than the ownship sensor, as shown in Figure 5-1,
measurements from the remote sensor are better than the measurements from the ownship
sensor. Since the measurements between ownship and remote are skewed in time, every other
measurement being utilized will result in a better estimate. During the constant velocity
portions of the track, this effect goes unnoticed, but during maneuvers where the mismatch
of motion model is greater, the effect is seen. Since the MMSE approach does not compute
a state estimate that corresponds to the measurement time of the remote sensor, RMSE
were not computed at those times, and hence, the lines denoting the RMSE for the MMSE
approach are not jagged. The results comparing the RMSE of position and velocity for cases
three and four are found in Figure 5-5. Comparing the two techniques, it is seen that the
CEC approach does result in a recovery from the late measurements, but the results are not
as precise as the recovery experienced from the MMSE approach.
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CHAPTER 6

CONCLUSIONS

An MMSE approach for processing time delayed data was developed and compared with
other techniques for processing time delayed data. One of those techniques for processing
negative-time data uses the plant noise Qk throughout the entire negative-time update in-
terval (Q-on). Analysis of the Q-on technique showed that it is unstable and performs very
poorly. Another technique involved setting Qk to zero throughout the entire negative-time
update interval (Q-off). Analysis of the Q-off technique showed that it performs better than
the Q-on technique, but for larger levels of plant noise and longer time intervals the filter
covariance is "too good" in that it is smaller than that achieved by sequential processing
of the data (all measurements on time). The interpreted CEC approach was found to abe
more desirable approach to negative-time updates than either the Q-on or Q-off technique.
However, when the MMSE approach was compared with the CEC approach, the CEC ap-
proach was found to be the inferior technique. The CEC approach may have problems when
used with filters designed for highly maneuvering targets at low data rates, while the MMSE
approach is rather stable with respect to levels of plant noise and sample periods.

The possibility of experiencing delayed data causing negative-time intervals has added
complexity to the CEC concept. More analysis of the issues associated with negative-time
updates is desirable. Issues revolving around the negative-time update that need to be stud-
ied include status of target maneuvers, data association in the presence of clutter and false
alarms, and an on-line technique to assess the value added if a negative-time measurement is
utilized. This study involved only a constant velocity Kalman filter. Other problems could
arise if other tracking techniques such as multiple model filtering are used. For example, at
the beginning of a target maneuver, a multiple model filter may undergo a model change just
prior to receiving negative-time data. In this situation it would be useful to have a method
for deciding which model would be used for processing the negative-time data. Also, an
on-line technique is needed for evaluating the need and benefit of using delayed data during
a tracking process. In a situation where good data on a target has been attained recently,
the delayed data can be ignored, while on the other hand, if very little data on the target
have been attained recently, the delayed data may be critical to maintaining a good track.
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APPENDIX A

NOTE ON F. R. CASTELLA'S MULTI-SITE, MULTI-SENSOR TRACKING FILTER
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The proposed tracking algorithm described in this appendix first appears in the Applied
Physics Laboratory internal memorandum F2A-92-1-002 dated 16 January 1992. Its principle
features are as follows:

(1) A discrete time Kalman filter with state vector

X =[X ,

and a constant velocity model O(T) is used.

(2) Measurements from various sites, including ownship, are received for processing. A given
measurement may come from one of several types of sensors. One may be from a radar that
can measure elevation but not doppler, whereas another may come from a radar that can
measure doppler, but not elevation.

(3) Measurements Mk arrive as "raw data"; that is, individual measured parameters such as
bearing or slant range each appear accompanied by a time stamp, a standard deviation, sen-
sor location (as latitude-longitude), and sensor ship's heading, pitch and roll as required. The
Kalman updates are accomplished one measured parameter at a time with an appropriate
output matrix Hk computed for each measured parameter at each update.

(4) Each Kalman filter within the Cooperative Engagement System operates from the point
of view of a local, stabilized (xl, Yl, z1) coordinate system. Data from other sensors are ref-
erenced to a remote, stabilized coordinate system (x 2, Y2, z2) with a known, remote latitude-
longitude.

(5) The Kalnan filter with its state X E V6 has the usual covariance matrix P E V"x6
representing accumulated measurement errors and plant noise. There also is a measurement-
noise-only covariance matrix Ps E IV6x6 that is carried to facilitate decision processes outside
the Kalman filter proper. The matrix Ps does not otherwise affect the operation of the filter.

The Kalman filter equations used are stated below. The notation used here is XkIlk-

for projected state (as opposed to 61, used originally) and Xk1k for filtered state (as opposed
to 6b in the original). 1

Xklk-, = )Xk_1k1 (A.1)
Pklk-1 = '(T)Pk-1 1k-10(T) T + Qk (A.2)

Ps,klk-1 = *(T)Ps,k-11k--1(T)T  (A.3)

Kk = Pklk-lH T(HkPkIk-IIHT + Rk)-1 (A.4)

Xklk = Xklk-1 + k[Mk - Mg(Xklk-1)] (A.5)

Pklk = (I - KHk)Pklk-I (A.6)
1The original document treats state as j(O), the state at track initiation, plus a summation of incremental

corrections 6 za. This convention is not used here.
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PS,&lk = (I - KkHk)PSklk-1(I - KkHk)T + KkRkKkj (A.7)

The specific means by which these Kalman filter equations are employed to effect track
filtering will now be explored.

Plant Model and Plant Noise

Since the Cooperative Engagement Processor (CEP) tracking algorithm is a constant-
velocity Kalman filter, the transition model for the chosen state vector X is given by

1T 0 0 0 0
01O0000
00 1T 0 0

O(T) 0 0 0 1 0 0 (A.8)S0 0 0 10 IT

L0 0 0 0 0 1J

where T is the time increment between updates.

In this particular realization, measurements Mk are each scalars that reflect some pre-
dicted function of the state vector Mp(X), rather than just one of the elements of X. The
'innovation' (the bracketed term of (A.5) above) is now the difference between measurement
Mk and 'predicted' Mp(Xklk-1). Thus, the measurement matrix HP becomes a row vector of
partial derivatives given by

[ aMv OMp OMp OMp ap Map aMp
k j- - x j - ] (A.9)

evaluated at Xklk-i.

The plant noise Qk is represented by the formulation

q, 02X2 02X2
Qk = 02X2 q 2  02X2 (A.10)

0 2x2 0 2x2 q3
T 3  T 2

qi = qi 3,2 i=1,2,3 (A.11)-T

02X2 = [0 0 (A.12)

Each scalar qi is a plant noise spectral density in units of length 2 /time = acceleration 2/Hz.
This parameter will be supplied based upon a separate determination of the existence of
a target maneuver. Further details of maneuver detection and acceleration estimation are
not given in the memorandum under discussion and must be treated in further commentary
notes.
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Coordinate Systems

With the role of the CEP tracking algorithm being to accept measurements from many
different sensors at many different locations, coordinate conversion plays a very important
part in its formulation. This section will set out coordinate system notation conventions,
drawings of the various ccordinate systems, and the relationships used to express measure-
ments that are made in one system in terms of another.

Figure A-1 illustrates worldwide coordinate systems expressed in longitude L (positive L
=• East from Prime Meridian), latitude i (positive 1 =; North from the Equator), and in the
earth-centered rectangular coordinate system (:o, Y0, Zo). Any vector Ri can be expressed as
an earth-centered vector (X,0, Yo, z0) in terms of Li, pi, and its length R. by the well-known
relationship [ x 1 ccs Li Cosp 1i

R 1 - y0 =Y R1  sinLicospI (A.13)[ zO •in yJ

In Figure A-i, the head of vector R, is shown as the origin for a 'stabilized' coordinate system
(i/, j, ii); that is, one for which i is local East, ýj is local North, and ii is local vertical. In
the CEP tracker, R1 points to ownship and state estimate X is maintained in the (, , ii)
coordinate system. Measurements received from another ship located at (L2, J2) and at the
head oi vector R--2 may have been made in either stabilizeýd local coordinates as (x2 , Y2, z2) or
in 'deck coordinates' as (X2 2�'- z')

Figure A-2 illustrates the relationships among earth-centered coordinates (xo, yo, Zo),
local stabilized coordinates (xi, yi, zi), and remote stabilized coordinates (x2, Y2, z 2). An
ownship sensor makes measnrements on a target in terms of vector T1 , while a remote sensor
makes measurements on the same target in terms of vector T 2. The vector displacement
between remote and local coordinates in earth-centered (xo, y0, z0 ) is

[ Rlcs iccos L, - IR2 cos A2 cos L 2 ]
ARo = R, - R2 = R, Icospii sinL, - R21 cos 2 sinLL2  (A.14)

JRI! sin pi - IR 21 sin pi 0

The well-known matrix
[ -sinLi cosL 1  0 1

M(i° - sin pi cos Li sin pi sin Li cos pi, (A.15)
cos yj cos Li cos y, sin Li sin pi I

rotates any vectoi (X0, Yo, z0) into the i-th coordinate system from the earth-centered system.
Coordinate rotation in the opposite direction is achieved via the inverse matrix

M(Oi) =. [M(io)]-i = [M(iO)]T (A.16)

which is equal to the transpose since these matrices are unitary. Thus, the displacement
between local (xi, yi, z1 ) and remote (X2 ,,y2, z2) in local coordinates is

AR, = M 1O°)ARo (A.17)
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Figure A-3. Converting Stabilized CoordiAates to Deck Coodinates

Hence, any attribute of a target measured in terms of vector T 2 by a remote sensor at (L2 , p2)
as stabilized (x2 , Y2, z2) is expressable in terms of the ownship system state vectors

[ =] M 2 °)M° 1 ) y] AR, (A.18)
Z2 

( 1

Some ship sensors, such as the SPY-i, will produce their measurements in stabilized
coordinates (i as East, etc.), while others, such as the SPS-49, report in 'deck coordinates'
(ý' is toward the bow of the ship). Figure A-3 illustrates the three angles by which a
stabilized system is iotated into a deck system. The Navy convention for coordinate rotation
differs from the mathematical convention in the order and in the sign convention of the
individual rotations. In the Navy convention, positive angles represent clockwise rotations.
In going from the stabilized system (xi, yi, zi) to the deck oriented system (4'. y", 4'), one
first rotates about zi by heading hi (which is positive for clockwise from North) into (xý, y, Z•)
by way of

rx:] cos hi -sin hi 01 [ x1S= !t(')Xi- sin hi cos hi 0 Yi (A. 19)

0 0 1 zi

Secondly, one rotates about xý by the pitch angle pi (which is positive for the bow going, YY, ZY)ýywa o

down) to get into (x2', y', ,') by way of

x j 1 0 '1

=P(x - 0 cos P -sinpi ' (A.20)
zi" 0 sinpi cos Pi -Z

A-7
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Finally, one rotates Pbout y4' by roll angle ri (which is positive for roll to portside) into the
final deck system (x"', i'4", zý') by way of

[i cos ri 0 sin ri 4
Yll = R(V 0 1 0 Yý' (A.21)
ZT-l -sin ri 0 cos ri

Thus measurements made by an ownship sensor in deck coordinates are expressed in
ownship stable coordinates as

y I R(-)PO)H1:) Y1 (A.22)

and a remote sensor using deck coordinates makes measurements expressed in ownship stable
coordinates as

fit R R(2)P(2)H1 2)M(20)M() + ARI) (A.23)Z2( 1+Z
For convenience, the following products of coordinate rotation matrices will be designated.

U !- R(')PO)H(1) (A.24)

N A M(20 )M( 0 1) (A.26)

V R(2) (2)H (2)N (A.26)

Measurement Functions Mp and Matrices H

The CEP tracking algorithm is configured to handle four kinds of measurements from
two different kinds of sensor (radars), neither of which alone can make all four kinds of mea-
surements. One kind of radar, the SPY-1 type, produces measurements in local stabilized
coordinates whereas other types, bearing-only sets, produce their results in deck coordi-
nates. Moreover, a given processor my be resident on a ship having either type of set. The
measurement types are

Bearing

Slant range

Elevation

Doppler

A-8
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In order to process the parameter M1 characteristic of each kind of measurement, the fol-
lowing steps must be undertaken.

(1) Evaluate Mp(Xklk..) for predicted parameter.

(2) Evaluate the partial derivatives needed to complete matrix Hk.

(3) Execute the Kalman filter formulas (A-1) through (A-7).

The formulas needed to carry out Steps (1) and (2) will now be discussed.

Ouf
Formulas for M,(X) and "-'c , c = Xz, , y, j, z, i, for each measurement type are given

in Tables A-1 through A-4. Table A-1 gives M,(X) and - for processing local stabi-

lized coordinates (xi, yl, zi), while Table A-2 gives those results for local deck coordinates

(', t-Y14", z'). Table A-3 gives M(X) and MP for processing remote'stabilized coordinates
(X2, Y2, z2), while Table A-4 gives those results for remote deck coordinates (x', y'2", z"). As
an example of these formulas' derivations, the bearing measurement will be treated in detail.

Bearing in Local Stabilized Coordinates

While bearing may be defined in terms of the tangent function tan B1 = (Yi), in using

the inverse BI = taxV= () the programmer must, of course, make provisions for cases

where yh _< 0. Since these provisions involve adding a constant to BI(xi, yi), the formulas
for partial derivatives need no such modifications.

Using the general formulation for the derivative of tan- 1 ,

Ou Ov0 vOx1 - O-x1
-tan-' (u -= u,+v2 (A.27)
Ox1  kv u2 + V2

With u = x, and v = yj it follows immediately that

a , += Y1 (A.28)
OxB 1  2 + Y2

and that
aB -= 9 x (A.29)

A-9
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Bearing in Local Deck Coordinates

Now bearing is defined by "I"
tan B" = __(A.30)

Off

Using the coordinate rotation matrix U A [Uij] of (A.24), z' and y" are found to be

Y0 (A.31)

Zl

- x1U11 + YIU 12 + zIU 13  (A.32)

and

Y" 1 0 ]U Y1 (A.33)

= xiU21 + YU 22 + zIU 23  (A.34)

Again using (A.27) with u = x'" and v = y4" the derivatives become

B,,, ,,U11 - X1 U21  (A.35)
aqX1  (X",) 2 + (y,,)2

with and -- following similarly.

Bearing in Remote Stabilized Coordinates

In this instance
tan 82 - X2 (A.36)

Y2

where X2 and Y2 are found from (A.18) and (A.25) as

X2 = [I 0 0]N yj+ARP, (A.37)
z, + ARjI

= N11(X1 + AR,1) + N12(YI + ARv) + N13(zI + AR.1) (A.38)

Y2 = [0 1 0]N yj +AR/i (A.39)
,-, + A R j I

= N21(x1 + AR.,) + N22(y, + A14 2) + N23 (z1 + AR.1) (A.40)

A-i0
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Derivatives also follow from (A.27) with u = x2 and v =f 2 so that

192 y2Nii - z2 N21#z-• 2= r (A.41)
7Bi 02+sY

with B and 2 following similarly.

|Ozj

Bearing in Remote Deck Coordinates

For this final instance, where

tan •2 (A.42)

(A.26) dictates that

X2 = V11(xi + AR, 1 ) + V12(YI + ARv2 ) + Vis(z1 + ARA1 ) (A.43)

Y'2" = V21(X + ARpW) + V22(Y, + ARv2 ) + V23(z1 + ARA1 ) (A.44)

Thus, the derivatives take the form

8 ý = 2"'V I + X"V2 I (A.45)

COX, (xh,)2 + (y2,) 2

with "•- and 2?.'ý following similarly.

Tables of M, and H

Tables A-1 through A-4 formulas cover the four coordinate systems that have been
introduced. It is assumed that when a remote coordinate system is used that

AR, = [AP I AR11  AR,1 I T (A.46)

and coordinate rotation matrix N have been precomputed. Also, when a deck coordinate
system is used, precomputation of the appropriate coordinate rotation matrices lei), pP(,
and H(O is assumed.

The user should also Pote that these formulations involve coordinate transformations of
[... i ... i ... i that do not use platform velocity as input. This means that it
is implicitly assumed that the target velocity is much larger than that of the ship. While
usually true, this assumption may noticeably degrade the otherwise high accuracy of doppler
radar measurements.

A-1I
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Table A-1. Formulas for Local Stabilized Coordinates

(A) Bearing

Mp =B, tan-'1 H OBI 0 B 000

Bti z?+ OBI -21u

(B) Slant range

r x ___ Oei

1081 _ I 49801 _ i

(C) Elevation

Mp =El-tan-1  [I H oE E 0 OEE1 .

OEI (IfT

(D) Doppler

Te '9e Tx71 7 ('i I Oz, Ozl

051 3I i_ iziyii )o~il $ I

0s1 _ i1 _l YI(xi~i~i+Yli+ Zii) oil _ N
O Si Oy1 83

8z1 .881
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Table A-2. Formulas for Local Deck Coordinates

(A) Bearing

Mp= BIT" ta'n - H= L 0 B1 '~O' 1

Zito =zlU+1/ 1 YU 12 +zlUis Y£4"=X1U2 1 +Y1U22+x1U23 9011 =x1 3  yU 2 +is

= I/"i - S'i"U. i ME = Vj"U12 - -z'1
1U22 ME~ = Y'JV 13 - 'U2

O, (X,'1
1)2 + (y411)2 011 111~ i1) 0 1  (II)2 + (y, I)

(B) Slant range

MP =81= JI+ l".-I[ 0 ýý 0 0
XIV_ -~'Ii + Y4"U 12 + A'J"Ui 88f1 -Z~'IU 21 + Y4"U22 + z'l"U23 4981" -" z~U31 + 31A"U32 + AllU3 3

Ox1  01/1 8 OZI 8-

(C) Elevation

yi-C1M)2T-1-1 + (j41) 
0aTi &I1 z

(z1192 + (y4I1)2 + (ZlI1)2 OEI" ..!1(3 LzjU 1 +"(2)
of0: I I 3 - + Y'Ti j

7Y = V(:7'1)2 + -(y4")2  LEE" I !'U 32 - 1L1(ZollU 12 +"'(1f22)1

0z U (33 - I(II 3+ 111/ 23
7 7

(D) Doppler

M , Is 1 ' (z 1 1 2 ( 4 t 2 (zlI I)2 H = " - -L~ L s L ý L 01 1
L Ox Oii 41 O~ z, 09i j

"'If'1=kU11 + iLU12 + i1U3VI 1"=U21U+i U22+ iIU23 "I '=I U31 + viU32 + iU33

= 8'"Zi"l + oA"t'" + 4'4"ol

X_ 17i 49iOs'1" _Y1 _ 'ni O*9'I' 81 7Zi

0z 1S 81/ i0:81 8
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Table A-3. Formulas for Remote Stabilized Coordinates

(A) BeabinL

M, =B, tan X2 H= 0.2 0 0.82 0OB2 0
Y2 LX Ovi OXI j

x2 = 1V11(z + AR. 1) + N12(YI + ARv1 ) + N13(ZI + AR51 )
Y2 = N2 1 (xi + ARxi) + N22(YI + A.%,1 ) + N23(z1 + AR8 1)
Z2 = N31(XI + AIR, 1) + N32(YI + AR,,1 ) + N33(ZI + ARA1 )

0.83 = YNII - ZIN2 1  0.82 Y IN12 - x32N2 2 083 = YIN 1 3 - XN

(B) Slant range

"T-H- 98; 0 82 0 82
Mp = 82 =V +z +4+ 4 ax, 0111 ax,

082 --1i + AR,,1  0982 Y I + 4!4I 082 z,: + AR, 11
a, 82 0-Y 82 K-2 82

(C) Elevation

Mp E = tn- X2 O[ 0 0E2  OE 0
-7 = ta Oyi 0 - 0

0E2 2 Z3 I2Ni

2 ~~ ~ E Y2 1 Z2 N31 2 (X2N1 + y2N23)]
ax/TWO,i a 1 7

'L 2 = [IfN3-L (zN3 + Y2N23)]

(FD D-oppler OI aL 711

d 2 [h 0 02 0N2 0N2 Oh08 1h
M,=a V=-2 + Y2+4 [2 0:,, 0- 0ýz- J

*2=.i~jj+jN12ijI i=-iIN 2 1+i~iN 22+iIV2 3 i2 =iCN3 + 1 N32 + iN 3 3

11= -T2 i 2 + YV3 + Z3 *

0&2 _i xl t1(x + AR,1 ) Oh~ = ii i(sI +A&'vI) Oh = ii - 17Z + AR,1 )
T 82 83 OYI 832 832 0&1 82 832

0i2  --I1 + AR,1  083 = 111+ AR.,1  ah~ = z1 + AR,1
TI, 82 7!I 82 TIi 83
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Table A-4. Formulas for Remote Deck Coordinates

Al B = t~-1 !TI H *12 M

Y2 or, 0il 0:

X' = Vtt(x 1 + AR.1 ) + V42(111 + ARyl) + Vis(Zi + ARx1 )
A4" = V21(X1 + AR.I) + V22(111 + ARVI) + V230-1 + AR51)

2" = V3,(*1l + AR.1) + V32(111 + ARv1 ) + 1'3s(zj + AR5 1 )

A"2
1 = I I1211 - -'V2" Vi12 -OB' ' YV 12 - X'2" V22  Y' ;" y' 1Vjs-*2 2

40:1 (X:"')2 + (y2'1) 2  Oypi (_12"1)2 + (y2'11)2 ": *21)2 +~ (y2'I1)2

--B Slant range

MP=4 81,=VX"91) + (y"'2) 2 + (Z211)2 H R' !ai ~ '~' 1z
O x, Opl OZI

z * + AR.1  04 _11 + ARY, 0as_: + AR. 1

283 8 Z 821

__ () Elevation

Mp= E12"' = tan-1 
____2___ H = ý E2 E1 0 !E12. 0V(z'3")2 + (yz'12")I * y z

=~~ 2~') L~x Oy + 43)0 1 " _ 1 "

(-11 / + Iy'l2 + iII'\2 0*"'1- [YVsi--- 4 -(ZIIVII + Y .. V21)J
Ox____ __ ^f I

7Y = /(*2" )2 + (Y'2")2 O -f VW3 2 - -Z(4V 12 + Y12"V2

at,2 a 1- [7 33  2 5( 4 V13 + Y2 2)

(D)_Doppler________________

2 dtV(Z2' +(Y2' + Z2"Oxi ~i Oyi ft, O9zil~

2' =I I~V + ill" VI 2 + i'j"VI3 y3 = z V21 + VI' V22 + i'11' V23 i2" 4 4V 31 + Y1
1" V32 + 4'"V33

X111,0 + Y1p0'l'l + Mill,

04" - V (*i + AR.1 ) 04" = aj, - (yj+ ARy1 ) 04 i- q(zj + AR51 )

194" _xi + AR.1  0 "T = yj + AR111  04i" = z1 + AR31

82 OJ 82 Oz 2
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