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The Preferred Ordering Theorem

* Enables the EKF to be used directly
— Allows defective detections to be used (R only or 4 only; also E)

* Most convert to Cartesian and update there

— Not possible with defective detections, or Doppler

* For EKF, most prefer R, E, A
— Actually, the preferred ordering is 4, E, R

 Efficacy wanes, however, as track converges
%, =%, +K,[R-r&,)] and P, =|I-K b, |P,

Kz = A(_)hZR/I:hARPAhZR T Gzi:|
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Extensions: Current Research

* Extending Theorem to Retain Efficacy as
Track Converges

—Performance 1s now independent of track accuracy
(or measurement accuracy)

* Extending Theorem to Include Preferred
Ordering of

—Range Rate and
—Phase-Derive Range and Rate Measurements

* Results 1n a forthcoming paper (Winter 2007)

—Today, the motivation and context
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Real TWS Radar Systems ...

* A compromise solution to surveillance and tracking
— Two systems 1n one
— Slow, mechanical scan 1n azimuth; electronic scan 1n elevation

« Examples:

AN/TPS-59 (V) 3B3IE FIEIA B ARFIZEETFZZFPS-117800w #2851k M gE
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Radar Tracking — The Big Loop
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Initialization (1 of 2)
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Initialization (2 of 2)
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2 DOF CV Case: Effect of Nonlinearity
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Track in Radar space

Truth and Measured Data (Radar Coordinates)
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Convergence (No Maneuver)
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Maneuvering Example
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Truth and Measured Data (Cartesian Coordinates)
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Total Tracking Error (Maneuver Case)

11/9/2007

TN A O —

90

80 —

70

60 -

50 -

401

30 -

20 -

Linear Validity

& Convergence

wking Bor Need to Detect and
Adapt to Maneuver

Recovery &
Convergence Again

20 40 60 80 100

Donald M. Leskiw and Hong Wang (Fall 2007)

|
120

140

12



Effects of Nonlinearity
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The Coordinate Transformation Effect
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Estimate the State Vector
in Radar Coordinates

Given Two Independent Measurements

(R.,A ) and (R, A4,) with AT =¢,—1,

Estimated State Vector
in Cartesian Coordinates

Qo Q» o

 (R+R)/2
(R —R,)/AT
(Al.+AV)/2

_(Ai _Av)/AT_

|

Method 1
Transform the measurements

Y R; cos 4, Y R, cos A,
= _ and = _
X, R sin 4, X, R sin 4,

Then estimate the state vector

3] [ (x+x,)/2
x| |(Xx,-X,)/AT
Pl ()2

5] L (X-T)/AT |
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Method 2
Transform the estimated state vector

Fcosa V' cosa -sinal| r
~ . ~ and ~ = . ~ ~ ~
Fsina 3 sina cosa || 74
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No Linearization Errors (25 Realizations)

All Data
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Commutativity (Linear Case) — 1

 G1ven a prediction and two measurements
(scalars or vectors)

— All unbiased
— All statistically independent

* The BLUE (as a Kalman smoother)
2=M|M"(-)z(-)+P"'H':+Q'G"y |
M'=M"'-)+HP'H+G'Q'G
* The BLUE (as a linear operator)
(@M7) = [(EOMIO):(2P) :(5.Q7),
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Commutativity (Linear Case) — 2

* BLUE (recursive form)

— First update with one
(2.M), = [(Z< LM (- >) (%

)]:

/—\

(.
(2,,M'), = | (2).M° <>) 5.Q"), }
= | (2,

—Then update with the other

(M) = | [EOM' )P, [(5.Q"),}
(M) = | [EoM'O)(3.07), (=P, ]
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Commutativity (Linear Case) — 3

« The BLUE as a Filter

—The smoother form
2, =M|M'(-)2(-)+P'H'% | and M,' =M '(-)+ H'P"'H
—The filter form
z, =2(-)+MH' P [x—HZ(-)| and M, =(I-K H)M(-)

=z(-)+K, [x-Hz(-)]

K, =M(H [HM(OH' +P"' |
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The Non-Linear Case (Batch) — 1

* The coordinate transformation

r=4x"+y> and a=arctan(y,x)

y=rcosa and x=rsina

 The Measurement Model
PRkt EES
A a(y,x)| |n, 0 aj
 The linearized BLUE (Extended Kalman Filter)

— State estimate update

s (0]

« Note: varx=X =P
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The Non- Linear Case (Batch) — 2

* The EKF State Vector Update 1s essentially a
differential

N A e B )

—The total derivative of the measurement model is

H - J(l/r)U(a)P } =2 {’”(X)} U7 (a)d ()

a X a(x)

 where

UT(a):[""S“ ‘Sm“} and J(r):[(l) 0}

sina cosda 2
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Non-Linear Case (Sequential R then A)

* First update with range (linearize with respect to the
more accurate measurement first)
X, =X(-)+K,[R-r(X(-))] and P, =|I-Kh} |P(-)
— With

K, = P(—)hﬁ/[hRP(—)hﬁ +Gf\,] and h, = dr(f((T—))

dx

* Followed by
Xy, =%, +K,, [4-a(X,)] and P, =[I-K b}, |P,

— With

K = R(_)th/I:hRAPRth +(7j] and h,, = da(XR)

dx’

* Note: X,,~X and P,, =P
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Non-Linear Case (Sequential 4 then R)

* First update with range (linearize with respect to the
more accurate measurement first)
%, =%(-)+K,[4-a(X(-))] and P, =|I-K_ h] |P(-)

— With

K, = P(_)hZ/[hAP(—)hZ + Gfl] and h, = da(%(-))

T

dx

* Followed by
X, =%,+K,[R-r&,)] and P, =|I-K ,h’, |P,

— With

(%
KAR = A(_)hZR/[hARPAhZR +G§] and hAR = F(XA)

dx’

* Note: x,~x and P, ~P,, »P=varx,,

11/9/2007 Donald M. Leskiw and Hong Wang (Fall 2007) 22



References

Brian D. O. Anderson and J. B. Moore, Optimal Filtering, Prentice-Hall, Inc. New
Jersey 1979

Samuel S. Blackman and R. Popoli, Design and Analysis of Modern Tracking
Systems, Artech House, Norwood 1999

Frederick E. Daum, ‘“Nonlinear filters: beyond the Kalman Filter”, Aerospace and
Electronics Systems Magazine, Vol. 20, IEEE, August 2005

Oliver E. Drummond, A. J. Perrella, Jr., and S. Waugh, “On Target Track Covariance
Consistency”, Signal and Data Processing of Small Targets, Proceedings of SPIE,
Vol.-6236, 623615 (pp. 1-14), 2006

Arthur Gelb (ed), Applied Optimal Estimation, MIT Press, Cambridge, 1974
Simon Haykin (ed), Kalman Filtering and Neural Networks, Wiley, New York, 2001

Donald M. Leskiw and K. S. Miller, “Nonlinear Estimation with Radar Observations”,

Transitions on Aerospace and Electronic Systems, AES-2, pp. 192-200, IEEE,
March 1982

Kenneth S. Miller and D. M. Leskiw, An Introduction to Kalman Filtering With
Applications, Krieger, Malabar FL 1982

Branko Ristic, S. Arulampalam, and N. Gordon, Beyond the Kalman Filter; Particle
Filters for Tracking Applications, Artech House, Boston 1995

11/9/2007 Donald M. Leskiw and Hong Wang (Fall 2007)

23



	Extensions to the Preferred Ordering Theorem for Sequential Radar Updating
	Outline
	The Preferred Ordering Theorem
	Extensions: Current Research
	Real TWS Radar Systems …
	Radar Tracking – The Big Loop
	Initialization (1 of 2)
	Initialization (2 of 2)
	2 DOF CV Case: Effect of Nonlinearity
	Convergence (No Maneuver)
	Maneuvering Example
	Total Tracking Error (Maneuver Case)
	Effects of Nonlinearity
	The Coordinate Transformation Effect
	No Linearization Errors (25 Realizations)
	Commutativity (Linear Case) – 1
	Commutativity (Linear Case) – 2
	Commutativity (Linear Case) – 3
	The Non-Linear Case (Batch) – 1
	The Non- Linear Case (Batch) – 2
	Non-Linear Case (Sequential R then A)
	Non-Linear Case (Sequential A then R)
	References

