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I. INTRODUCTION

‘This final report is presented to Wh%fe Sands Missile Range/;; B
//J‘;uifiilment of Contract DAAD07-7b-6b024ngThe~major thrust of the contract
to develop a state-of-the-art hardware and software configuration for
a real-time video (RTV) tracking system and to investigate the feasibility
of the system by testing its major components. The result of the research
effort is the design of a video processor g, a structural tracker ¥,

and a control processor ﬁ;f for a RTV tracking system._The video processor

¢
synchronizes and digitizes the video signal from a TV camexa, performs

a statistical analysis of the digitized image, and separates the image into
" - A 2= AT
target, plume, and background components. The structural tracker locates
the position and determines the orientation of the target and plume images
in the field-of-view (FOV) of the TV camera. The structural characteristics
of the located target are then analyzed to establish a structural confidence
weight which describes how well the structure of the located target fits
the object being tracked. By having this structural confidence weight,
the tracking algorithm can discriminate and track a large class of targets
[5] with increased performance and reliability. It is the structural
tracking feature that significantly distinguishes the proposed structural
tracker from the contrast trackers that are currently available. The
control processor closes the loop between the structural tracker and the
tracking optics control system to keep the tracking optics pointed at the
target. The control processor utilizes the structural confidence weight
to combine current target coordinates with previous target coordinates to
orientate the optics toward the next expected target position, forming a

fully automatic system.
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The structural confidence weight allows the control processor to rely
more heavily on the previous target coordinates when the structural weight
is low. This structural weight feature is very important when the tar-
get passes through noisy backgrounds such as the mountain/sky interface.
The major components of the RTV tracking system have been breadboarded and
tested [2] in the image processing laboratory at New Mexico State University
using a standard TV camera as the sensor input. A dynamic simulation of
the complete RTV tracking system, including the Contraves F Cinetheodolite
tracking mount, has been developed to test and evaluate the performance
of the entire RIV tracking system, including the target and tracking opéics
dynamics. The results of these investigations demonstrate the feasibility
of the structural tracking method at frame rates of sixty frames per second

and higher.

The hardware configuration of the RTV system is shown in Figure 1.1
and consists of the tracking optics, video processor, structural tracker,
control processor, and a control monitor. The tracking optics interfaces
the TV camera to the optics track of the Contraves Model F Cinetheodolite
mounts. An image rotating element is used to rotate the image for V-angle
tracking, a zoom lens to enlarge the target image, and a CCD camera to
provide video signal outputs to the video tracker. Position control is
required for the image rotating element and the zoom lens. The position
control signals are provided by the control processor during automatic
track. The problem of interfacing the rotating element and the zoom lens
into the optics track of the Contraves Model F Cinetheodolite and designing
the control system is a significant design effort that is currently being
investigated by WSMR personnel. The video signal from the TV camera is
digitized and separated into target, plume, and background components by

the video processor. The structural tracker locates the target and plume
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images and computes the structural confidence weight for the control
processor. The control processor computes the control signals for the
tracking optics.

The system has two modes of operation. In the first mode, the system
locates the target in the field-of-view of the camera, provides the bore-
sight correction signals for automatic track, and records the video output
of the TV camera along with the tracking data by using a video tape recorder.
A TV monitor is provided to show the real-time tracking performance, and a

manual joystick is available to override the fully automatic tracking system.

.In the second mode of operation, the recorded video data can be played

back at a reduced frame rate for further detailed study and evaluation.
After the mission, the recorded video tape can be played back through the
system at reduced frame rates to provide better quality tracking data by
using more sophisticated analysis techniques. This playback feature will
be used in the initial development of the system to test the video tracker
and to characterize and match the RTV traciing system to the dynamics of the
control systems. Having the recorded video tape of the target flight along
with the estimated coordinates of the target provides an interesting
augmentation of the current optical film processing techniques.

The results of the research performed under this contract have focused
the solution of the RTV tracking problem on three significant problems.
These problems are:

¢ Real-time Image Decomposition
¢ Real-time Structural Recognition and Location
¢ Real-time Control

Some solutions of these problems are discussed in Chapters II, III, and

IV of this report. The first problem concerns the separation of the target




images from the background. The second problem concerns the structural

characterization and location of the target image. The last problem
concerns the prediction of the control signals to point the tracking
optics toward the target.

A pre-prototype hardware configuration for the RTV tracking system has
been developed in the light of present technology, and the critical elements
of the system have been breadboarded and tested. A dynamic simulation of
the entire RTV tracking system has been developed to test and evaluate all
parts of the tracking system (Chapter V). Resulting from this effort,

a state-of-the-art RTV tracking configuration has evolved which utilizes
the high performance LSI processing chips. Four separate LSI processors
will be used to perform the image decomposition, the projection computations,
the structural tracking, and the control processor. These processors will
be running in parallel, performing their designated functions. By
utilizing the programmed logic design method to realize these functions,
much of the complex control logic is stored in the control store memory and
executed by a microprocessor system. The hardware structure resulting from
the programmed design method resembles a computer architecture composed of
a microprocessor for the control unit, a memory unit for its control pro-
gram, and peripheral interface units to connect the microprocessor to user
devices. Due to the speed requirements of this project, the high speed
Schottky bit slice mnicroprocessors are required. To assist in the design
of the microprocessors structure and the writing of the required micro-
programs, a significant effort was devoted to the development of a micro-
processor oriented design and simulation program. This‘brogram will be
used in the design of the processors required for this project, and it is

described in Appendix A.




The results of this research have been published in four papers «

(Appendix B) and two more papers have been submitted .for publication. [31],

(32] It is anticipated that other publications will result from these

studies.
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II VIDEO PROCESSOR

The video processor receives a standard composite video signal from
the TV camera and provides binary (TITL level) target, plume, and back-
ground signals for locating and tracking the target image. The video
processor consists of a video acquisition module (VAM) and an image
decomposition module (IDM) (Figure 2.1). The video acquisition module
receives the video output of the TV camera by phase locking to the vertical
sync signal and performs a high speed analog-to-digital conversion (ADC)

of the video signal into L discrete intensity levels. The output of the

video acquisition system consists of a timing strobe and the corresponding
digitized intensity level. The image decomposition module receives the ?
digitized video signal; statistically anslyzes the target, plume, and

background components; and provides binary target, plume, and background

signals to the structural tracker.

goro—

2.1 Video Acquisition Module

The purpose of the video acquisition module (VAM) is ¢~ generate a
precise digitized picture of the scene in the FOV of the TV camera. The
VAM generateszn1N3 X N2 intensity pixel grid representation of the scene in
the FOV of the camera. Each intensity pixel is digitized into L levels.

The VAM consists of a master timing generator that is phase locked to the

o

vertical sync signal for providing the basic pixel timing, and a high

speed analog-to-digital converter to provide the pixel intensity levels.




COMPOSITE
VIDEO
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Figure 2.1. Video processor module
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Master Timing Generator

The master timing generator (MIG) provides the basic timing signals

for the RTV tracking. It is designed with a modular structure to be easily
adapted to different cameras. The MIG uses the field rate clock (C)) of the
TV picture as a master clock for deriving all other required timing signals.
The output clocks from the MTG are:

« field rate clock (Cl)

« frame rate clock (C2)

+  line rate clock (03)

« pixel rate clock (C4)

The master clock (Cl) can be derived from the composite video, from an

external clock, or directly from the vertical sync signal from the camera.
The MTG consists of a phase locked loop with three counters, (Nl’
NZ’ N3), operating at the desired harmonic (Figure 2.2). The first counter

, N,, counts the number of fields-per-frame. The second counter, Nz,

1

counts the number of pixels-per-line. Finally, counter N3 counts the number

of lines-per-frame.

C2 (FRAME CLOCK)

l. - l | )
Gy ! ¥ N ‘.___._,.__A_;' ! ! ’ VOLTAGE

8 1 - PEASE . LOW-PASS .
VERTICAL COMPARATOR *|  FILTER CONTROLLED c,
— 0SCILLATOR
ST PIXEL
P CLOCK

+ N + N

2

o C. (LINE CLOCK)

Figure 2.2, Master timing generator




The frequencies of the clocks shown in Figure 2.2 are derived from

fl by

|us

&

w
zZ =
N =

e |
4 Nl
Since there is always an integral number of lines in one frame, the inclusion

of the counter Nl insures that the N3 counter divides by an integer.

Two examples are given to show the flexibility of the MTG.

Example 2.1.1: Let C, be a 60 Hz clock, N, = 1, and N, = N, = 512. Then

1 1 2 3
! the frame rate is

f2 = f1 = 60 Hz
the line rate is f3 = 30.72 K Hz
and the pixel rate is 54 = 15.72864 M Hz
Example 2.1.2: Let C1 be a 60 Hz clock derived from the camera vertical
sync, N1 = 2; and N2 = N3 = 512. Then the rrame ratio is

f2 = 30 Hz
the line rate is f8 = 15.36 K Hz
and the pixel rate is f4 = 7.86432 M Hz

ADC Design

A high speed analog-to-digital converter (ADC) is designed to digitize
the video into L levels. The ADC consists of a precision resistor ladder
network with high speed voltage comparators differentiating the intensity
levels (Figure 2.3). The video input (vin) is compared to the voltage
‘ developed at each level of the resistor ladder network with a voltage
|

comparator and the output of the nth level is a logical 1 when

- 10 -
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This yields an L-level conversion with the level detection occurring at the
midpoint between the (n-1)th level and the nth level. Signetics 521 dual
comparators are used to differentiate the intensity levels. These com-
parators can operate either with or without a strobe. At this time, the
comparators operate unstrobed, and their output is simply analyzed by
combinational logic to provide the intensity level information. The
output of the combinational logic is strobed with the pixel rate clock C4
to define the pixel intensity level. The 521 comparators have a maximum
delay time of twelve nanoseconds and are usable at up to 40 M Hz.

The basic circuit diagram of the ADC is shown in Figure 2.3. It is
in' This

signal is normally one volt peak-to-peak, and it is d.c. restored so that the

assumed that a standard composite video signal is applied at V

video information is contained in the top 70 percent of the signal, which

is the part that is above ground. The remaining 30 percent is below ground
and contains the synchronization information. In Figure 2.3, the lower
comparator acts as a sync stripper, and the upper comparators differentiate
the intensity levels. The resistor Ro represents the equivalent impedance of

the source and terminating resistor on the transmission line (Ro oY 37.5Q)%
The ladder network divides the reference voltage into the desired number (L)
of intensity levels.

The total resistance of the lader network is RT=2LR, and the voltage
difference between any two consecutive comparator inputs is V = VR/L.

Figure 2.4 shows a normalized transfer curve of the ADC .

o 3T -
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Figure 2.4. Normalized transfer curve of ADC

There are four major sources of errors that need to be considered in
selecting the ladder resistor R and defining an upper bound on the
digitization error. These are:

* Dbias currents
* offset bias currents

*» offset input voltages

* resistor tolerance

Bias Current Error

Experimental studies indicate that the bias current error is the most
significant, and it is a function of the value of resistance R. By assuming
that n-1 of the comparators are on (Figure 2.5), the voltage developed
across the input terminals of the nth comparator due to the bias currents
is given by

V. =~(2-Q I R
E B




7= (21'1-1)_[11-(L-i-1)]2

where oL
and
T _(n-1) R _ n-1 P
i- ( ’% R Q - R 0= Tl (K R/RO)
\'/
L
—» I
% 2R B
i . VL-l
—
[2 (L-n) + 1]R é 2R B
$2R
b v
‘—~_..
i — g3y B v
2R B En
\'
. r (n-1) IB
(2n-1) R \)
% 2R —=lo) Ro
Y

—»(0) )
54 v
3

Figure 2.5. Circuit for analyzing errors

The error voltage V, which represents an apparent input voltage due to the

En

bias currents is a direct function of the difference between Z and Q. Z is
a cubic equation in n with three real roots, and Q is a linear equation in n
with parameter K. Figure 2.6 shows the general form of these equations for
L = 8 and two different values of K. The normalized error y is defined

Y=2 =Q.

e e
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Figure 2.6. Plot of Q and 2 (K2 > Kl)

The maximum differencesY+ and Y are clearly functions of K, and there
is an optimal value of K = R/Ro that minimizes the maximum error. The
maximum value of |Y | occurs at n = L, and the maximum value of |Y+| occurs
near n = (L+2)/3, where Z = Zmaxg (2L + 1)3/54L. 1t is clear from Figure 2.6
that when K increases |Y+| also increases and |Y | decreases. It can be

shown that the minimum bias error voltage is obtained when |Y+| = Y|

and
36L (L -1)

413 + 6L2 + 30L - 13




This value of K gives a maximum error

413 + 6L2 - 6L + 5

!Y,max i 36L
where
vE
el =2
max IBR
max
Letting
VEn
IXImax= TRl 5 IYlmax
B
we obtain
(L-1) 1 - _L_S__ ]
x| . 2.2 (2L +3) < L-1, for L > 8
max .
[1+ 30L - 13 ]
2L2 (2L + 3)

Finally, the relative step error due to bais currents when the resistance

R is selected optimally is

Bias Current Error Voltage

IEI = " One Half Voltage Step
or
2LI R 2L (L-1) I, R
B = 22 Ixl,, s ——2—2
R R

Note that if |E| is small, then I .Ro must be small and VR large. Further-

B
more, the error |E| increases with L2.

This result may be used in several ways. For example, if IB’ Ro’ and
VR are known, then the maximum number of levels L can be determined for a
normalized bias error |E| < 1, that is, for an actual error of less than one

half a step. In particular, if VR = 1 volt and R, = 37.5 Q then L < 25.8.

1f VR is increased to 3 volts then L < 44. Thus, it appears that 32 levels

- 16 -




represent a theoretical upper bound on the number of levels.

The above calculations are tested experimentally and the results are
shown in Figure 2.7. The experimental procedure consists of a 32 Jlevel
ADC driven with a ramp voltage. The outputs of the comparators are
connected to a simple resistor summing network to form a digital-to-analog
converter. The circuit is then run at slow speed and the input and output
are connected to an x-y recorder. The difference between the actual value
of the input voltage for which transitions occurred and the ideal values
is established as a percentage of the half-step size. The experimental
error curves given in Figure 2.7 show that the maximum error is, in fact,
significantly less than the theoretical upper bound. Obviously, the error
curves include all the other sources of errors attributable to the ADC.
Since the curves do follow the shape of the theoretical curves for the bias
current error, it is reasonable to conclude that the major source of error

is due to the bias currents.

Offset Bias Current Lrrors

The error due to the offset currents is caused by a difference in
bias currents in the two halves of the differential input amplifier. The
worst case occurs when all the offset currents are added to (subtracted
from) the current at node V of Figure 2.5 and subtracted from (added to)
node Vn' This model can be handied. However, since :IB is less than IB
and since the maximum error produced occurs for a different value of n
than the one previously determined, it is reasonable to simply add AIB to

IB and use the previous calculation to determine the error. Thus, we obtain

the error due to the offset bias currents

Is R AIB Ro

VR

E, = 2L(L-1) 4 + 2L(L-1)
R
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Figure 2.7.
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Offset Voltage Error

Due to device mismatches, the comparator will not switch precisely at

the point where the differential input is zero.

offset voltage (Vb) is given by

S S N
E, ﬁg Ve

Resistor Tolerance Error

The error due to this

The tolerance of the resistors in the R-2R network causes an error in

the voltage Vn at which the comparator switches level. The worst case occurs

if all the resistors below node n are high (low) and all the rest are low

(high). The resulting resistor tolerance error is given by

E3 = Lx .

where x is the resistor tolerance.

Total Error
Finally, the total error is boun 'ed bi

ET = E1 + E2 + E3

or
g o iblied) |, fhem) 5
T M AM Vv
R
where
M= b -
% IB R°
‘.
I V.
| R
AM =
? AIB Ro
\ L = Number of Levels

X = Resistor Tolerance

-19 -




The Signetics 521 comparator has the following specifications:

Maximum Typical Unit
IB 20 7.5 : Y amps
AIB 5 1.0 Y amps
v, 7.5 6.0 m volts
For L = 32, VR =1, and X = .01 one obtains
ET(MAX) = 149 + 37 + 48 + 32 = 2667

and

ET(TYP) 56 + 7 + 38 + 32 = 133%
where the error is given as a percentage of a half step. If VR is intreased
to 3 volts then

ET(MAX) = 50 + 12 + 16 + 32 = 110%
and

ET(TYP) =19 + 2 + 13 + 32 = 66%
Experimental studies indicate that these results are quire pessimistic and
that the actual total error is often much less than the theoretical error.

By comparing the experimental results of Figure 2.7 with the theoretical

results, it is clear that the theoretical results are pessimistic. There are
several reasons for the discrepancies.

« It is highly unlikely that IB’ AI_, and V° will attain their

B

e

maximum values.

V * Since the sign of AIB
to have cancellations in its effect of El.

+ The sign of V, is also random and it may decrease rather than

is a random occurence, it is possible

increase E2 at any given level.

* The assumptions made involving the distribution of high and low

resistance values in the ladder network is certainly most

: pessimistic.

-3 -

e wen B




The theoretical bounds do, however, provide error guidelines and also

provide a method to establish an optimum ladder resistor network.

2.2 Image Decomposition Module

The purpose of the Image Decomposition Module (IDM) is to separate
the digitized scene generated by the video acquisition module (VAM) into
binary pictures of the target and plume images. A method is developed for
statistically characterizing the target, plume, and background intensity
distributions and deciding for a given input intensity whether it came from
the target, plume, or background distributions. The method demonstrates the
ability to rapidly and reliably separate target images from noisy back-
ground scenes. The problem of separating target images from a picture is
approached in several ways with varying degrees of success on the
Automatic Programmable Film Reader (APFR) at White Sands Missile Range
[331, [34]. The most successful method on the APFR provides the basis for
the development of the video image decomposition module.

As the TV camera scancs the scene, the VAM provides a digitized
intensity value for M pixels across each horizontal line. A video picture
with N lines results in a discrete N x M matrix representation of the
scene. At standard television frame rates, a resolution of 512 pixels per
horizontal line results in a pixel rate of about 100 nanoseconds per pixel.

The basic assumption for the initial implementation of the IDM is
that the target and plume images have some video intensities not
contained in the immediate background - an assumption that based upon
APFR studies is fairly reasonable.

A parallelogram frame is placed about the target image, as shown in

Figure 2.8, to sample the background intensities immediately adjacent to

e A ot e -"I‘““i‘,..x..'. o - B 2 i o L Aok any




the target image.

Figure 2.8. Parallelogram frame

The parallelogram frame is partitioned into two regions, B,and P, Region
B is used to provide a sample of the background intensities, and region
P is used to samplethe plume intensities when it is visible. Using the
sampled intensities, a simple decison rule is developed to classify the
pixels in region T as follows:
* Background points - All pixels in region T with intensities
found in region B are classified as background points.
* Plume points - All pixels in region T with intensities found in
region P, but not found in region B, are classified as plume

points.
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* Target points - All pixels in region T with intensities not

found in either region B or P are classified as target points.

The classification can be illustrated with the Venﬂ diagrams shown in
Figures 2.8 and 2.9. Let IS be the set of all possible intensity values

occurring in the digitized picture, IB be the set of intensities sampled in

region B, and IP be the set of intensities sampled in region P.

ATy Is
L

Figure 2.9, Image decomposition logic

All pixels with intensities contained in IB are classified as background.
Pixels with intensities in I{WTB are classified as plume. Finally, pixels
with intensities not contained in IﬁjIB are classified as target. The
resulting classification is shown in Figure 2.10. The figure illustrates
that the target classification is based upon the assumption that the target

image is contained within the parallelogram frane: (T) and has some

intensities not found in regions P or B.
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Figure 2.10. Intensity classification

A variation of this classification method is used successfuily on the
APFR with actual mission films. It is demonsrated in a hardware realization
at NMSU that the algorithm is capable of operating at speeds exceeding
standard TV rates. The algorithm is also successfully implemented in a digital

computer simulation model of the entire tracking system.

RTV Pre-prototype Implementation

The purpose of the pre-prototype implementation is to demonstrate and
test the feasibility of the basic IDM algorithm for separating the target
and plume from the background at fast pixel rates. Although standard video
rates and bandwidths are used, it is shown that significantly faster input
rates are easily achievable.

The pre-prototype IDM consists of a parallelogram frame controller to
define the parallelogram frame, a counter array to accumulate the sampled
intensities, and a pixel classifier. The frame controller is realized by
an array of counters defining the region boundaries of the parallelogram

frame. A detailed description of the pre-prototype IDM is given in
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reference [35].
The counter array is composed of three banks of counters: ome for

region P of the current frame, one for region B of the current frame, and

one for region B of the previous frame. Each bank of counters has a counter
for each intensity level. Each counter is initially loaded with a noise
rejection threshold that is adjusted to provide immunity to random noise in
high contrast regions of the picture. When the counter underflows, the
intensity has occurred a sufficient number of times to decide that it is

part of the region being characterized by the counter bank. The contents

of a counter bank can be viewed as a histogram of the intensities. A typical

intensity histogram for region B is shown in Figure 2.11.
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Figure 2.11. Typical counter histogram
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Figure 2.12 shows the ith intensity level counter in each counter

bank and defines the logic that separates the picture into the target, plume,
and background components within region T inside the parallelogram frame.

The oufputs of all the counters in each bank are wired-ORed together to

three output buses. When the TV scan is in region T, the three buses define
whether the measured intensity occurred in the background region B of the
current frame (BC), the background region of the previous frame (BP), or

in the plume region P of the current frame (PC). The logical expressions
that define the target, plume, and background pixels are:

BP - BC - PC

Target pixel

Plume pixel PC - BC + BP

Background pixel Target v Plume

Although the target separation method demonstrates the ability to separate 1

the target and plume images from noisy and low contrast backgrounds,
additional research is required to optimize the method for WSMR applications

and to add a:ditional target separation powers.

Image Decomposition Module

The purpose of the image decomposition module is to separate the scene
into target, plume, and background components, providing binary pictures
of the target and plume images. Knowing that the purpose of the IﬁM is to
discriminate the target and plume images from the background, the pixel
features utilized should be chosen to optimize the discrimination ability
of the system. A very promising choice utilizes a monochrome or color
camera with optimally selected optical filters to emphasize that portion of
the specturm (including infrared) which provides the best separation of the
target and background images. In addition, there are many features that can
be functionally derived from relationships between pixels.
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Initial investigations are concerned only with the intensity levels
generated by the VAM and the results are satisfactory. However, the
addition of more discrimination features should significantly improve
the image decomposition module. In particular, the infrared information
should help in discriminating rapidly moving objects from the background.
Target proximity and linearity measures should reduce noisz problems. The
optimal selection of the discrimination features is an open problem that
is being presently investigated at New Mexico State University. Throughout
the discussion of the IDM, pixel intensity is often used to describe the
pixel features chosen.

A parallelogram frame placed about the target image provides a method
for sampling the pixel features associated with the target and background
images. The background sample should be taken relatively close to the target
image, and it must be of sufficient size to accurately characterize the
background intensity distribution in the vicinity of the target. The
parallelogram frame also serves as a bandpass filter by restricting the
target search region to the immediate vicinity of the target. Although
one parallelogram frame is satisfactory for tracking missile targets with
plumes, two parallelogram frames provide additional reliability and
flexibility for independently tracking a target and plume, or two targets.

Figure 2.13 shows typical tracking situations with two parallelogram frames.

Having two independent parallelograms allows each one to be optimally
configured and provides reliable tracking because either parallelogram

can track.

If the object to be tracked requires only one parallelogram, then the

other parallelogram can be expanded to include the entire field-of-view (FOV).
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Figure 2.15. IDM Structure

The outer parallelogram provides additional reliability since it can locate
the target image as long au it is in the optics FOV. However, the outer

: parallelogram is subject to more noise due to its larger size.

The structure of the IDM (Figure 2.15) consists of region definition f4
logic, input histogram memory, accumulated histogram memory, learning

classifier, and classification memories. The region definition logic

defines the parallelogram frame in the FOV of the camera. The input

histogram memory accumulates histograms (hB’ hP’ hT) of the sampled intensities
for the background, the plume and the target. The learning module accumulates
knowledge on the target, plume, and background intensitj"density functions
from the input histograms, classifier output, and structural confidence i1
weight from the tracking algorithm. The accumulated histogram memory

provides the accumulated target, plume, and background intensity density

functions (fT, fP, fB) for the classifier. Based upon these density




functions, the classifier decides whether each pixel intensity comes from
§ the target, or background density function and stores the results from

the classification memories.
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Region Definition Logic

The region definition logic generates a set of digital signals that

define the parallelogram regions shown in Figure 2.16.

Two counters are

required to count the number of pixels per line and the number of lines

per frame. These counters are available to the IDM from the master timing

generator (Section 2.1).

The size, position, and orientation of the

parallelogram frame is specified by the tracking algorithm on a frame-

by-frame basis.

Input
X

Y

Tan(0)

These inputs are given below:

Description

x-coordinate of pixel

y-coordinate of pixel

x-coordinate of parallelogram center
y-coordinate of parallelogram center
x-coordinate size dimension
y-coordinate size dimension

tangent of orientation angle ©

sample region width

- 32 -

Source

timing generator
timing generator
tracking module
tracking module
tracker module
tracker module
tracker module

tracker module
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The parallelogram regions are defined in terms of
X, = {x: lx—xcl < X} Y, = {Y: IY-Ycl £%.1
: X, = {x: {x-xc[ < X +s_) Y, = {Y: |Y-Yc{ < Y +5 }

s S

Y. = {¥: IY-Yc|<0}

Figure 2.12 describes the implementation of the region definition logic for
the y coordinate; the x coordinate logic is similar. The parallelogram
frame orientation is realized by adding offsets derived from tan(@) to Xc in

order to produce a rotation of the parallelogram center line.

Region Histogram Memory

The counter approach used in the pre-prototype system to accumulate the
intensity information consumes a significant amount of power and is very |
costly to implement, due to the large chip count required to realize the %
counter arrays for the target, background, and plume regions. A better |
approach is developed utilizing large-scale integration (LSI) memory z
components. The accumulation of intensity data does not lend itself to
memory interleaving techniques, due to the random nature in which intensities

occur. Instead, dual-port read-while-write LSI memory chips such as

Signetics' 82S21 are used. Simultaneous reading and writing at the same
memory address is not permitted. The structure of the region histogram

memory is shown in Figure 2.19.
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Figure 2.19. Inpﬁt intensity buffer

As each new pixel intensity value arrives, it is loaded into the
current address register where it is compared with the pixel intensity
value of the previous pixel. If the two intensity values are not the
same, then the location containing the number of occurences of that
intensity value is read from memory into the temporary register and
incremented by one. At the same time, the previous contents of the tem-
porary register are stored back into its proper location in memory, as
indicated by the previous address register. If the two pixel intensity
values are the same, no memory read or write occurs; the temporary

register contents previously read from memory are incremented by one.
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This implementation can replace the current counter bank implementation with

a substantial reduction in chip count and also allows considerable additional

processing flexibility.

Learning Classifier

The purpose of the learning classifier is to examine each pixel
intensity in region T, as it occurs, and to classify it as either a target,
plume, or background pixel. Therefore, the classifier must be capable of
accurately classifying the pixels at a pixel rate of 100 nanoseconds or
faster. The pre-prototype classification method is quite sensitive to the
assumption that the target image must have some pixel intensities not
contained in the background. When much overlapping occurs between the
pixel intensities of the target and background, the classification tends
to be conservative - classifying actual target points as non-target points
much more frequently than classifying non-target points as target points.
This effect is primarily caused by the fact than no explicit knowledge of
the target intensities is used by the cla-sifier. Initial studies indicate
that significant improvements in the classifier can be obtained by using
learning concepts to characterize the target intensities.

The Learning Classifier accumulates probability intensity histograms for
the target, plume, and background components by using the frame-by-frame
input intensity histograms, the classifier output, and the structural
confidence weight from the tracker module. The confidence weight provides
a direct feedback of the performance of the IDM in terms of how well the
structure of the IDM-generated image matches the target.;mage being
tracked. Using the structural confidence weight to evaluate the classifier

and to control the rate of learning provides an adaptive method to establish




the intensity histograms for the target, plume, and background images.
These intensity histograms are stored in the accumulated histogram memory.
The classifier can then utilize direct knowledge of the target, plume,

and background intensity density functions to make a simple and fast
Bayesian decision [36], [37]. For example, given the intensity histograms
fT, fP, and fB (Figure 2.20) and equal misclassification costs, the’
classification rule decides that the pixel intensity y is a background
pixel if

£.(y) > fT(y) and fB(y) > fP(y)

a target pixel if
£.(9) > £5(y) and £,.(y) > £,(y)
or a plume pixel if

fP(y) > fB(y) and fP(y) > fT(y)
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Figure 2.20. Intensity histograms




The classification results are stored in a separate classification
memory so that the learning classifier can utilize the entire frame interval
to update the accumulated intensity histograms and classify the pixel
intensities for the next frame. Having two classification memories allows
one of the memories to be used to classify the pixels for the current frame
while the other is being used to store the pixel classifications for the
next frame. After the pixel classification is stored in the classification
memory, the real-time pixel classification is performed by simply letting
the pixel-intensity address the classification memory location containing
the desired classification. This process can be performed at a very rapid
rate with high speed bipolar memories (under 50 nanoseconds per pixel). A
50 nanosecond pixel rate allows the processing of a 512 x 512 pixel scene
at 60 frames per second or allows a coarser resolution at a higher frame rate.
Storing the pixel classification in a memory allows the learning and
classification to be performed simultaneously with the real-time classification.
The only constraint is that the classification process must be completed
and the new classifications stored in the other classification memory
by the beginning of the next frame. This provides the time required to
implement the learning classifier with high-speed bipolar microprocessor
components. Furthermore, this allows the flexibility of programmable

algorithms to implement the learning classifier.
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III STRUCTURAL TRACKER

The structural tracker receives the target binary pictures from the
video processor, locates the target and plume images, and establishes
their structural characteristics. Binary projections are generated and
used to structurally identify and precisely locate the target image. A
confidence weight is generated that describes how well the located target
fits the target being tracked. Adaptive algorithms continually update the
structural characteristics of the target to allow the tracker to track the
desired target through different spatial perspectives. The weight is a
significant parameter used by the control processor to generate the control
signals for the tracking optics. Having the confidence weight allows the
control processor to intelligently follow the target through noisy back-
grounds. The problem of locating the target in the TV window is complicated
by the fact that the background is not uniform and changes initially from
a desert to a mountain scene and, finally, from a mountain to a sky scene
during the flight of the target. The interfaces between these background
scenes have traditionally caused many problems for tracking systems. The
diversity of target shapes such as missiles, helicopters, airplanes, and
balloons, as well as the ability of one target to exhibit various shapes
at different view angles, further complicates the problem. This requires
the algorithm to adapt to the changing target structure and distinguish the
target structure from other patterns in the background.

The structural tracker consists of a projection computational module
(PCM) and a tracking algorithm (TA). The PCM generates horizontal and ver-
tical projections of the target and plume images and comﬁutes the structural
parameters that are used to locate and describe these images. The TA

computes the target boresight correction variables, computes the confidence
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weight, and updates the stored structural characteristics that are used to
compute the confidence weight.

3 The targets are structurally identified and located by using the
theory of projections. A projection in the x-y plane of a picture function
f(x, y) along a certain direction w onto a straight line z perpendicular to

w is defined by
PW(Z) = ff(x,y) dw

i as shown in Figure 3.1. 1In general, a projection integrates the intensity
levels of a picture along parallel lines through the pattern, generating a
function called the projection. For binary digitized patterns, the pro-

jection gives the number of object points along parallel lines; hence, it

is a distribution of the target points for a given view angle.

/M \\
f(x,y)
V4
P (x)
y P (2)
£

Figure 3.1 Projections
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It has been shown that for sufficiently large numbers of projections
a multi-gray level digitized pattern can be uniquely reconstructed [6].
This means that structural features of a pattern are contained in the pro-
jectiohs. The video processor described earlier reduces a multi-gray level
picture to a binary pattern where 0 is used for the background and 1 is
used for target points. This simplifies the construction of projections
and eliminates interference of structural information by intensity
variation within the target pattern; consequently, fewer projections are
required to extract the structural information. In fact, any convex,
symmetric, binary pattern can be reconstructed by only two orthogonal
projections [4], proving that the projections do contain structural infor-
mation;

Much research in the projection area has been devoted to the recon-
struction of binary and multi-gray level pictures from a set of projectionms,
each with a different view angle. In the real-time tracking problem, the
ho;izontal and vertical projections can be raﬁidly generated with
specialized hardware circuits that can be operated at high frame rates.
Although the vertical and horizontal projections characterize the target
structure and locate the centroid of the target image, they do not provide
sufficient information to precisely determine the orientation of the target.
Consequently, the target is dissected into two equal areas and twol
orthogonal projections are generated for each area.

To precisely determine the target position and orientation, the target
center-of-area points are computed for the top section (XE " Yz) and bottom
section (X: » Y:) of the tracking parallelogram using the projections.
Having these points, the target center-of-area (xc,Yc) and its orientation

can be easily computed.
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The top and bottom target center-of-area points are used, rather than the
target nose and tail points, since they are much easier to locate, and more
importantly, they are less sensitive to noise perturbations.

It is necessary to transform the projection functions into a parametric
model for structural analysis. Area quantization offers the advantage of
easy implementation and high immunity to noise. This process transforms a
projection function Pw(z) into k rectangles of equal areas (Figure 3.3),

such that

z z
1+1 1 [+
fz Pw(z)dz K fz Pw(z)dz
i 1

for £.2 0524 o o ogk




Figure 3.3 Projection parameters

Another important feature of the area quantization model for a projection

function of an object is that the ratio of line segments

A -:-:—:'1-, for i # j, k# 1
!

is object size invariant. Consequently, these parameters provide a measure
of structure of the object which is independent of size and location.

The structural model has been implemented in NMSU's image processing
laboratory and used to recognize a class of basic patterns in a noisy
environment. The pattern class includes triangles, crosses, circles, and
rectangles with different rotation angles. These patterns are chosen
because a large class of more complex shapes can be approximated with

them [5].
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Four projection functions are initially generated for each input pattern;
however, only two projections are area quantized and used in the classification
algorithm. The widest projection and its 45° counterclockwise neighbor are
selected to reduce the rotational effect. Six parameters Al,....,A6 , as
defined in Figure 3.5, along with a symmetry measure of the projections
are utilized to distinguish between rectangles, circles, crosses, and
triangles. For a given pattern, these structural parameters are computed
and compared to the standard reference values for each basic pattern
(Figure 3.5). The object is classified in the category, with the best

match utilizing a minimal distance decision rule.

RECTANGLE CIRCLE CROSS
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vy
o
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6 are similarly defined

Figure 3.5. Area quantization data for k=8
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A simple minimal distance classification algorithm is used to classify
a get of test patterns. No attempt is made to design a sophisticated
classification method; rather, the objective is to test the discrimination
powers of the structural projection parameters. The test patterns are
generated with random orientations, and more classification errors are due
to an insufficient number of projections to handle the rotations. Most
classification errors occur for pattern rotations midway between computed

projections.
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Figure 3.6. Classification algorithm
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The results of the classification algorithm for a hand-generated test
pattern set are given in Figure 3.7. The i, j entry of the matrix is the
; percentage of test pattern i classified as pattern j. \
When noise is added to the same test pattern set, the experiment
yields the results given in Figure 3.8. The added noise does not
significantly reduce the effectiveness of the algorithm, demonstrating the

noise immunity property of the global structural features.
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The results of this study demonstrate that the projection parameters

Some typical test patterns

have a remarkable discrimination ability.

used in the study are shown below.
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3.1 Pre-Prototype Method

In the pre-prototype system, the binary target data from the image
decomposition module arrives serially for each horizontal scan and is shifted
into an eight bit shift register. When the shift register is filled, the
data is stored in a high speed buffer memory in such a manner that images
over 4 x 8 windows are directly word addressable by the image processor.
The image processor is implemented with a HP21MX minicomputer which accesses
the 4 x 8 windows in the buffer memory and performs the projection computations
and structural analysis required to recognize and locate the target
image [2]. Each 4 x 8 window consists of two adjacent 4 x 4 windows called
scan windows. The contents of each scan window are analyzed in parallel
using scan window logic, producing discrete control signals that define
the contents of the window and enable the computer's response. There are

six different outputs from the scan window logic. These are:

* null window

¢ full window §

¢ left window E:
e right window N\
LN

* upper window A\\Y

. )
lower window

The scan window logic is implemented with combinational logic. When the
computer accesses a scan window in the buffer memory, the contents of the
scan window are latched to the window logic which in turn enables the proper
computer response. By sequentially processing the scan windows, the com-
puter forms the projections and locates the target of interest.

A scanning algorithm sequentially scans a target image by accessing the
scan windows in the buffer memory without stepping over to neighboring images

within the parallelogram frame. The projections are computed while the

.~




target image is being scanned. When the target image is completely
scanned, its structural parameters are established and its location and
orientation are computed. A detailed description of the tracking algorithm
is given in reference [1].

The main advantages of this approach are the speed of execution and
the ability to locate multiple targets in the parallelogram frame. The
major disadvantage is the loss of resolution caused by the scan window
logic. For the target images to be tracked at WSMR, the loss of
resolution is considered to be serious; a new approach was taken to obtain

better resolution, using a separate projection computational module (PCM).

3.2 Projection Computational Module

The Projection Computational Module (PCM) is a specialized processor
for accumulating the projections as the filtered video image arrives from
the image decomposition module, and it computes the structural parameters
which locate and characterize the target shape during the vertical retrace
interval. The PMC retains the resolution -f the TV camera by accumulating
the projections for each pixel in the parallelogram frame. By processing
the video image on a field-by-field basis, rather than a frame-by-frame
basis, the incoming video data can be considered to form anN x M grid of
pixels, with a new grid being generated at a rate of sixty frames per second.
In anticipation of better CCD cameras, the PCM hardware is designed to
process a 512 x 512 grid on a field-by-field basis.

The PCM accumulates the projections only within the target and plume
parallelogram frames. However, the target and plume parallelogram frames
can be made as large as the field-of-view of the camera without losing
any resolution. The output of the image decomposition module can be

considered to be anN x M binary matrix T whose entries are defined as
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] t tij = 1, if i, j pixel is a target (or plume) point

tij = 0, if i, j pixel is a background point

As the TV camera scans the field, the elements of T are produced on a
row-by-row basis. As the image decomposition module (IDM) produces

the entries t,,, a strobe is generated to the PCM only if the (i, j)

ij
pixel is within the parallelogram frame. Consequently, if the window size
within the parallelogram frame is n x m, then the PCM serial input con-

] sists of n bursts of m values of t The bursts are separated from each

i1
other by the horizontal synchronization signal which is stripped from the
raw video signal by the video acquisition module. Therefore, the PCM

handles only a subset of the entire grid, namely, a smaller grid of n rows

and m columns represented by the n x m binary matrix G defined by

31j = ) if the i,j pixel is a target (or plume) point

8ij = 0 if the i,j pixel is a background point.

PCM Computations

The main task of the PCM is to compute several parameters describing

14" These i

the projections of the target (or plume) points within the grid G
parameters are:
« the coordinates of the "center" of the top "half" of the target
* the coordinates of the "center" of the bottom "half" of the
target

* a set of percentile points of the X- and Y-projections of target

(plume) points within the entire grid

q The division of the window into top and bottom halves furnishes the

structure tracking algorithm with the information necessary to estimate the

- 8% -

i et S e s A
. . M calgh il |i‘|ll & e 2 S/ 2 . > - .J

it i SRR NESPINIEI= = WY . 1 S SR o




inclination of the target to the edges of the window. The division of the
grid into top and bottom "halves" is done on the basis of equal numbers

b of target (plume) points in the top and bottom halves. The "center" of
the top or bottom half is defined to be the median of the appropriate
projection.

3 ] The distributions which must be computed are discrete integer-valued
functions whose domain and range depend upon the size of the tracking

n_n

window (i.e., the dimensions of the matrix G,., which are "n'" rows and

ij
"m" columns). These are:
Dx(i) distribution of target points in the entire window as
a function of X

Dy(j) distribution of target points in the entire window as

a function of Y

Dxt(i) distribution of target points in the top half of the
window as a function of X
Dxb(i) distribution of target points in the bottom half of the

window as a function of X

1 Depending upon which tracking window is being processed, the word target
; may be replaced by the word plume. The domain and range of these distributions
E
3 are:
Range Domain
| D [0,n] (1,m]
| D, [0,m] [1,n]
: Dxt {0,n'] (1,m]
| iy
i Dy (0,n-n"] (1,m]
|
‘ where the n' specifies the "middle" of the target. Thus, n' is the value
|
of the first index of Gij at the center of the target and is the smallest
positive integer which satisfies the relation
- 55 ~

L-——_m_- p— e it e, i i S it BT e




1 n mn n' m |
& B Ee e T B e |
& 4wl 4w1 23 T pey gey EE ‘

Notice that the target points in the row Gn'j are defined to be in the top i

half of the window. i

The domains of the X-projections are the same, so that

R TR TR YR

Dx(i) - Dxt(i) + Dxb(i)

Also, the origin of the x-y coordinate system is defined to be the top left

corner of the grid (the G osition), and x increases to the right, while

1P

y increases downward.

The distributions are computed as follows:

Dx(i)=£G 4 @ X, 2, 5 o o M

D (1)= I G

(]
™~
(2]

Dxb(i)

Z G j o~ 1’ 2.0 « o N

Inspection of the above equations shows thaﬁ if G,, is geherated serially

ij

by rows and if the value of n' is initially known, or can be estimated,
then the distributions can be accumulated without requiring a memory for

the matrix G1 A quantity which is inherently a more stable estimate is the

j.
left side of the implicit relation for n'. The technique used in this

implementation is to replace the left side of that relation with the value

computed from the previous field, that is
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This says than one has reached the center of the target in the field when
the number of target points that have been counted (starting at the top of
the field) is equal to half of the total number of target points in the
previous field. This approximation seems reasonable, considering the
high correlation between successive fields of video data. Of course the
top and bottom distributions are meaningless for the first field that is
processed when the system is initially started.

The target parameters which are described in the opening paragraph
of this section are computed from continuous integer-valued functions
corresponding to the above distributions as follows:

fxt(x) = Dxt(i), if i-1 <x <1

fa'® = B

fy(y) . Dy(j), Il 2y =

Figure 3.10. Function of a distribution
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The range and domain of the continuous functions are:

Range Domain
£L.(x) [0,n] (0,m-1]
£ 00 [0,n'] (0,m-1]
£ [0,n-n'] [0,m-1]
fy(y) (0,m] [0,n-1]

The coordinates of the center of the top half of the target are denoted by
]
(xy, YL) and are computed as
X
Nl =f fxt(x)dx
-2— (o]

Y
No= f £_(y)dy
R

2

where
m-1
“1 =f° fxt(x)dx

The coordinates of the center of the bottofn half of the target are denoted

by (xl", Yé) and are computed as

X
% ‘f £, (X)dy

—2— o
Y
N, = [ may
2
where
m-1
N =
2 fo fxb(x)dx




The following percentile points on the X and Y projections for the entire

grid (Gij) are computed as follows:
iN =fp"1
=193
8 xS fx (x)dx

P
iN, =jyi
8 o By, 1=1,2, .. .,6,7

where

n-1 m-1
e Sl Bt 'f £_(y)dy =f £ (x)dx
o y o -

PCM Description

This section describes the architecture of the projection computational
module (PCM). Programmed logic design is used to implement the operations
described by the equations in the previous section. The projecéions are
accumulated during the video horizontal scan, and the structural para-
meters are computed during the vertical retrace interval. The architecture
is capable of perforwing all processing functions for two tracking windows

(target and plume) each of up to 512 x 512 pixels in size. The processing

time required to compute the structural parameters requires less than one
millisecond of the vertical retrace interval. |
The architecture of the PCM, as shown in Figure 3.11, consists of a
microprogrammable control unit (MCU), central processing unit (CPU),
interlaced target and plume projection memory (PM), a parameter communication

memory (CM), and timing and control logic.

The MCU is implemented with a control store memory, microprogram
counter (MPC), microinstruction register (MIR), and conditional branching

logic, having the following characteristics:




PR T —

e 64 x 36-bit word control store

* 70 nanosecond maximum cycle time
« conditional branching capability
» overlapped CP/MCU processing (optional)
* Schottky TTL implemented
The CPU consists of a 20 bit parallel processing unit implemented with
ten Intel 3002 processing chips and a flexible bus structure, having the
following characteristics:

* dynamically changeable bus structure

13 bit address bus width

20 bit data bus width
¢ 70 nanoseconds maximum cycle time
¢ Schottky TTI implemented
The CPU operates in conjunction with a main memory of 4K by 9 bit
words with a 35 nanosecond read cycle and a 40 nanosecond write cycle,
that is used to store the target and plume projections. The memory is
interlaced to provide the required 96 nanosecond read-increment-write
cycle time. When the structural parameters are computed, they are passed
to the structural tracker by the 64 x 18 multiport RAM. This RAM can be
accessed by the structural tracker.
The timing and control logic interfaces the target (T), plume (P),
and strobe from the image decomposition module (IDM) to the PCM. Further-
more, the horizontal and vertical synchronization signals are required from
the video acquisition module (VAM). Using these signals along with a 10
M Hz master clock, all timing and control signals are generated form the PCM.
It is recognized that a hardwired control unit would have certain
advantages over microcoded control, but, for reasons detailed below, a

microprogrammed configuration was chosen. Quoting Husson's [27] definition:
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"Microprogramming is a technique for designing and
implementing the control function of a data processing
system as a sequence of control signals, to interpret
fixed or dynamically changeable data processing
functions. These control signals, organized on a word
basis and stored in a fixed or dynamically changeable
control memory, represent the states of the signals
which control the flow of information between the
executing functions and the orderly transitions between
these signal states."

By inspection of the proposed CPU architecture, it is apparent that this

task lends itself easily to microprogramming, since

1. the CPU (which is designed to optimize performance on this
particular application) is synchronous, with precisely-defined
timing points;

2. the CPU implementation has a minimum of control lines, which are
encoded wherever possible;

3. the majority of the control lines form mutually-exclusive
sets which can be encoded efficiently in the microcommand
format, and which can be performed simultaneously during a
single microcycle;

4. certain time-critical control sequences are implemented as
hardwired control cycles which are initiated by the micro-
coded control unit, or an external strobe line;

5. 1in this application, the vast majority (over 99 percent)
of the executed microcommands are single-microcommand loops,
which allow the control store read cycle to be omitted. Thus,
during these loops, the microcoded control unit is just as fast
as hardwired controller would be.

In view of (5) above, pipelinning is not employed in the control store,

since it would not increase performance significantly. Also, the main

memory accessing is not overlapped with computations, since the decision
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to increment the MIR and fetch the next word of data from memory depends
upon the results of the current microcycle's computations. An incorrect
fetch requires a correctioncycle to update the MIR to tﬁe correct value.
A microprogram-controlled processor has several advantages when
compared to a hardwired-controller/processor configuration. One such
advantage is flexibility. If the computational needs of the algorithm
change, modification of the microprogram is often all that is required

to perfornm any new arithmetic functions, whereas a hardwired controller

may require extensive modifications. Of course, the degree of flexibility

depends heavily upon the CPU architecture.

In addition, microprogramming gives uniformity and modularity to the
control unit design, similar to that of the arithmetic and logic unit
in the CPU. The CPU and the control unit are two complete and distinct
entities which can be debugged separately in a systematic manner.

Finally, it is simple to obtain system diagnostics at any time by
loading one or more diagnostic micro-routines which verify the correct
operation of each data patu and each portion of the CPU and memory by
placing test patterns on the appropriate bus. Without this capability,
debugging a parallel processing unit is very tedious.

Two possible disadvantages of microprogramming are cost and loss of
performance. However, microcoded control units often cost less in terms
of the sum of the actual hardware requirement, the design and debugging
time, and their flexibility. As discussed below, the performance of the
proposed microcoded controller is well within the required performance
specifications of the control unit; thus, performance dégradation due to
microprogramming is noﬁ a pertinent consideration in evaluating the

merits of microprogramming.
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The CPU and the MCU constitute a unit into which the following signals
are fed:

« the filtered video signal from the IDM, which indicates the
presence of either a background point, or depending upon
whether this is a target or a plume window, a target or
plume point, respectively

e a sampling strobe for the video

* the horizontal and vertical synchronizing signals which are

stripped from the raw video output of the camera by the VAM

The output of the unit is a set of 18 parameters for each tracking
window that is defined. These parameters specify several characteristics of
the distributions of target points in three regions of each tracking window:

* the top half of the window
¢ the bottom half of the window

« the entire window

These parameters are described more fully in the preceding section. They
are guaranteed to be computed by the end of the vertical retrace interval
following the field of interest and are stored as pseudo-floating point
(integral portion and fraction, but no characteristic) binary data in a
multi-port random-access memory (RAM). This RAM is accessible at any time
by the structural tracking algorithm, although the data for a particular
field is guaranteed valid only during the period of time between the end of
the vertical retrace interval following that field and the start of the
vertical retrace interval after the next field of video data (15.3 milli-

seconds later).
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There are several trade-offs made in choosing the size and speed of
the read-only memory (ROM) or RAM which holds the microcommands. It was
found in the trial-and-error attempt to encode the ncc2ssary functions with
various CPU architectures, that this structure is reasonably efficient for
the operations that must be performed and requires a microprogram control
store of approximately 35 words of about 30 bits each.

In order to provide a 64 x 35-bits contrc. store, the memory chip
best suited for the RAM implementation is the N82509, which is a Schottky
TTL RAM organized as 64 words of 9 bits. A total of four of these chips

will provide 64 words of 36 bits, which are enough for both diagnostic and

computational routines. The access time (address valid to data outputs

valid) is 45 nanoseconds maximum.

Since the above mentioned chips are RAM, it is necessary to provide
some means of loading the microprogram code into memory. This is
accomplished by the following scheme:

* bus all "Data In" lines for the four chips in parallel
tie all address lines for the four chips in parallel and
drive them via a two-to-one line selector
use two additional "write address" lines to multiplex the
memory write pulse to one of the four memory chips via a
one-to-four-line encoder
¢ leave the chips enabled at all times to reduce access times.
Thus, the data source for the microcode sees the control store as 256 words
of nine bits, while the MCU logic sees the control store as 64 words of 36
bits.
Obviously, the data source could be one of many devices, such as a

paper tape reader, magtape, or a computer. If a minicomputer is to be




used elsewhere in the overall tracking system, it could be easily adapted
to perform microcode loading too. After system checkout, the RAM can be
replaced by a read-only memory, eliminating the microcode loading step but
reducing the system flexibility by preventing loading of diagnostic routines.

The performance requirements of the CPU and MCU are fairly rigorous.
It is anticipated that the operational version of the tracking system will
require two tracking windows of different sizes. The design goal calls for
a maximum of about 8 x 10° bits of video data per window. It is required
that the CPU/MCU process this data on a field-by-field basis or at an effective
rate of 4.8 x 107 bits per window per second. Since a single CPU/MCU can
handle two windows concurrently, the effective data rate is 9.6 x 107
bits/second.

The video data is actually generated during a 15.3 millisecond
interval at a maximum rate of about 96 nanoseconds per bit per window.
As the data arrives, it is added to the current contents of the appropriate
location in the main memory. At the end of the 15.3 millisecond interval,
a dead time of about 1.3 millisecond occurs (the verticai retrace interval),
during which the CPU/MCU must perform all the remaining computations and
then clear the memory in preparation for the next field.

It is anticipated that the CPU and main memory are able to operate
at a combined cycle time of 70 nanoseconds. This speed is obtained by
restricting the number of levels of logic through which a signal must
propagate in a single cycle and by using Schotty-clamped TTL logic
wherever possible.

The 40 nanosecond cycle time of the RAM that is to be used for micro-
code storage, and other logic delays, contribute to yield a minimum MCU
cycle time of about 70 nanoseconds. Thus, the effective MCU and CPU cycle

time will be about 150 nanoseconds.
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Instruction look-ahead during sequential instruction processing or

single-instruction loops could be implemented, allowing the RAM access time
to be effectively reduced to zero. In this case, the limiting factor for
over-all speed would be the settling time of the CPU components. However,
look-ahead increases the complexity of the branching hardware in the MCU.

The worst-case computational requirements call for about 3,500

microcontroller cycles per window. The computation time is about 525
microseconds per window, or 1,050 microseconds for two windows, which is

within the 1.3 millisecond vertical retrace interval time slot.

b The four distributions (Dx' Dy’ Dxt’ Dxb) that are defined previously
are stored in a single, linearly-organized memory, with both n and m

equal to 512. Thus:

Mem. Address Contents

0 - 511 Dy(j), 3 =3, . « « 512
512 - 1023 Dx(i), i= 1, v v o D82
1024 - 1535 Dxt(i), £ w L, o s o0 22
1536 - 2047 Dxb(i), £=0: . « =« 512

Note that the data Dx(i) is redundant, since

Dx(i) = Dxt(i) + Dx (1).

b

b when the data is being

acquired in the window. Depending upon how the algorithm is microcoded,

In fact, the hardware only stores D , D ., and D
y xt X

the memory reserved for Dx may be used for other purposes.
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The reason for the particular memory address assignments for the
distributions is the optimization of the computations. In fact, when
computing, say xt. the CPU accumulates the values in memory locations
1024, 1025, 1026, etc., until the accumulated value exceeds Nl/2, at
which point the current value of the nine least-significant bits of the
MAR is the APL ceiling of xt.

Each memory word is 9 bits wide and contains a positive integer. Thus,
the main memory's data bus is 9 bits wide, and the address bus is 11 bits
wide. The cycle time is of the order of 50 nanoseconds.

In addition, there are two 18-bit counters whose control is implemented
entirely in hardware and which contain N1 and NZ’ the total number of target
points in the top and bottom halves of the window.

The microcontroller provides facilities for asynchronous and
synchronous gating and timing signals, and conditional branching on the
status of the ALU or the status of one of several external lines.

The microcommand words are organized as follows:

¢ asynchronous select fields which specify th¢ operation of
several data selectors in the CPU, allowing the bus con-
figuration of the CPU to be dynamically altered during
operation

« synchronous control fields which gate the MCU clock into
several clocked elements in the CPU (such as counters and
latches)

¢« an index field which contains either a branch address or
a value loaded into the memory address register (MAR) for
main memory accesses, which can also be preset to a particular

value and then incremented or decremented to provide a loop

counter
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a branch condition field which specifies the condition under

which a conditional branch is to be executed

enable fields which are used to selectively disable various

external data inputs (e.g., from the Video Filter)

The above fields are independent and may be specified in any combination,

with one exception: when an index value is specified as a preset input to

the MAR, a branch cannot be specified.

The microcontrol unit consists of the following components:

an instruction address register (IAR) of six bits containing
the address in control store of the next microcommand to be
executed

a read-only memory (ROM) or random-access memory (RAM) of up to
64 words of 36 bits

a microinstruction register (MIR) which latches the output of
the ROM (or RAM)

a 16-to-1-line selector which allows conditional branching,
based upon the current CPU status or the status of any one of

several external data lines

A single microinstruction is executed as follows:

The microcommand is fetched from the control store at the
address specified by the MPC and is loaded into the MIR.
The asynchronous selects are made immediately available to
the CPU to reconfigure the bus structure.

If the select field S4 is one, the index field is made
immediately available to the preset lines of the MAR.

The branch condition field is used to select one of sixteen
branch condition lines. Two of these lines are always zero

and one and allow no-operation and unconditional branches to




be specified. The output of the selector is ANDed with the
complement of S4, such that branching is impossible if the index
field is being used as a preset value for the MAR.

« After all CPU buses have had time to settle, the next micro-
controller clock occurs. At this time all the synchronous
control fields are gated simultaneously onto their respective
output lines for the duration of the clock.

« After the control store access time has elapsed, the next

microcommand is loaded into the MIR.

When the branching condition is specified by an external line, branching
occurs if the line is a logic "one" at the time fo the succeeding MCU clock.
If the branching condition is an arithmetic/logic test in the CPU, the branch
is taken/not-taken based upon the status of the CPU immediately prior to the
next MCU clock; i.e., before any of the synchronous control fields have been
used by the CPU.

The Signetics 8x02 Control Store Sequ~ncer will neither help nor
hinder the implementation. It merely replaces the MIR and performs the

clear, increment, and branch functions required for incrementing the

projections and for data processing. The stack operations (subroutine calls

and looping facilities) can be useful at some later time, but are not

necessary for the algorithms currently defined. If used, the contrecl store
word width would need to be increased by a minimum of three bits, and the %
MCU cycle time would increase by up to 20 nanoseconds. For this application,

the IAR and the branching capability can be implemented equally well with a

six-bit synchronous binary counter with clear, load, and-increment. A single

array of ten Signetics 3002's provides a 20-bit wide CPU which has the speed
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to process two windows, concurrently. This assumes a 45 nanosecond typical

cycle time (Signetics).

3.3 Adaptive Tracking Algorithm

The objectives of the tracking algorithm are to maintain track and
provide high resolution tracking data. These two objectives are often
competitive, since higher resolution is obtained by increasing the zoom
setting which augments the probability of losing the target due to the
decreased camera FOV. When these objectives come in conflict, the tracking
algorithm gives the highest priority to maintaining track.

The inputs to the tracking algorithm are the structural parameters for
the target and plume images obtained from the PCM. The structural parameters
are:

Target Parameters

 number of target poirnts (NT)

coordinates of center of top half of target (XTT, YTT)

coordinates of center of bottom half of target (XTB, YTB)

target projection percentiles in x direction {TPXili =

target projection percentiles in y direction {TPYili =

Plume Parameters

number of plume points (NP)

coordinates of center of top half of plume (XPT, YPT)
coordinates of center of bottom half of plume (XPB, YPB)

plume projection percentiles in x direction {PPXili = 1,2,0047}

plume projection percentiles in y direction {PPYili C 3 1P B 1)

The number of target and plume points is used to define the existence

and size of the target and plume images. .The coordinates of the top and

bottom halves are used to define the orientation and location of the target
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and plume images. The target projection percentiles are used to describe
thé shape of the target image and define a measure of confidence of the
target location and orientation data. The plume percentiles are used to
locate the tip of the plume and define a measure of confidence in the plume
location and orientation data.

The inputs to the tracking algorithm characterize the size, position,
and shape of the target and plume images and define a measure of confidence

in the data as shown in Figure 3.12.

PP(y)

PTT(x)

Pr(y)

PTB(x)

Figure 3.11. Typical tracking configuration




The tracking algorithm establishes the proper tracking strategy,
outputs boresight, zoom setting, and orientation correction signals along

with the confidence weight to the control processor, and controls the

positibn and shape of the target and plume parallelogram frames for the

image decomposition module. The outputs of the tracking algorithm are:

OQutputs to Control Processor

« target X displacement from boresight (DX)
target Y displacement from boresight (DY)
target angle from vertical boresight (DY)
desired change in zoom (DZ)
confidence weight (W)

Outputs to Image Decomposition Module

e target parallelogram position
target parallelogram shape
target parallelogram orientation
plume parallelogram position
plume parallelogram shape

plume parallelogram orientation

The outputs to the control processor are used to predict the target

location, size, and orientation for the next frame. The boresight corrections
signals are used to predict the azimuth and elevation pointing angle of the
telescope. The rotation angle DR is used to rotate the image rotation

element to keep the image vertical. The desired zoom change controls the
zoom lens to keep the target visible within the FOV of the camera. The
confidence weight is used by the control processor much like a Kalman weight
to combine the measured and predicted values. When the confidence weight

is low, the control processor relies more heavily on the recent trajectory

to predict the location of the target on the next frame.
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The outputs to the IDM define the size, shape, and position of the tar-
get and plume parallelogram frames. Two parallelograms are used so that the
size, shape, and position of each parallelogram can be optimized for the

image being tracked. Furthermore, the two parallelogram approach allows the

target to be tracked when one of the images is lost. The parallelogram
corresponding to the lost image can simply be expanded to the full FOV until
the image reappears. There is no loss in resolution when the parallelograms
are made larger; however, the parallelogram frames act like bandpass

filters and reject unwanted noise outside the frame. The improved per-

formance provided by the two parallelogram frames and the added flexibility
of being able to track two different images in the FOV is considered as
sufficient justification for the additional control logic necessary to
implement two tracking parallelograms. When there is only one image in

the FOV, one parallelogram frame can monitor the entire FOV while the

other is tracking the target with a smaller view. If the target image
escapes the smaller frame, the larger frame locates the target and directs
the smaller frame back to the target. The size of the parallelogram
frames is adjusted on the basis of the size of the target image and the

amount of jitter in the target image location.




Some typical tracking situations are shown in the following figures.
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Figure 3.13. Missile tracking

)

Figure 3.14. Two independent targets

-8 a




Figure 3.15. One target

Confidence Weight W

A confidence weight W is computed foi the target and plume images
based upon how well they measure up to some desired features or properties.
With WT and WP as the confidence weights characterizing the target and plume,

respectively, we can define W as:

W=GTWT+QPWP

with contraint equations

uT + op =1

0<W, W, W

p> Op» % 21




The values of G and ap are dynamically adjusted by the tracking algorithm

to give a realistic W under different tracking situatioms.

Target Confidence Weight W
i

The purpose of the target confidence weight WT is to measure the
probability that the located image is the desired target. An adaptive
tracking algorithm updates the stored reference target image parameters
dynamically so that the target can be tracked through different perspective
views.

For each frame, the PCM computes the x and y projection percentile

points xl, xz, ey x7 and yl, y2, D .,y7, respectively. The target

weight associated with a particular frame is given by

6
1= Fle. 2x.l, if ¢ e, -y, <1
P o gy
T
o, else
where
y. - ¥.
+1 ~°
21='—1—1——1-, diast e s e elsiB
T
b 5 ¥ S

The reference parameters Yy i=1, . . ., 6 are computed in a manner
similar to the computation of li during initialization and continuously

updated by the tracking algorithm using the formu:la

N-1 1
\ N Y1+Nzi’ GRSl s v ey O

Thus, WT satisfies the constraint equation because for any frame, we have

6 6
d Y,= ¥ R,=1
ge] * ga3 1




Plume Confidence Weight w?
The purpose of the plume confidence weight is to measure the probability
that the located image is the plume image.
The plume in the FOV is often not an enclosed object. The shape of the
plume within the plume window often varies significantly from frame to
frame. Hence, two other features of the plume are used:
* plume density
« existence of a high density core

The plume weight is computed by

where

a +a, =1; 0 j_WD, WC, ay, ac <1

and WD and W, are measurements of the two above features.

c

To compute the two values wD and Wc, the plume x and y percentiles

points (xl, CUIRIEIRTIES T AEED ST .,y7) computed by the PCM are used.

NP
7 b xl) (Y7 = Yl)

L Rl T

X - X
1, If —Z—:—;l <3
b

0, otherwise

It is easy to show that WD can only have values between O and 1.
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The Tracking Algorithm as a Finite State Machine

The basis for an intelligent tracking algorithm is the ability to
respond to a current input based upon the sequence of inputs that lead to
the current state (or situation). A sequential machine possesses such a
property because each state represents the collection of all input sequences
that take the machine from the initial state to the present state (Nerode's
tape equivalence). By defining an equivalence relation R on the tape set
L* as

xRy if 6(30, X) = 6(50, y) ¥x, y e L%

the tape set I* can be partitioned into equivalent classes
[x] = s; = {y|xRy ¥ y € £*}

Consequently, a state represents all input sequences that produce.a given

tracking situation. This interpretation of input sequences transforms the
development of the tracking algorithm into a problem of defining a finite

state machine

TA = (S, I, Z, &, w)

The states of the mackine S = {s 5 i sn} define the different

1! 82’ s3!
tracking situations that must be handled by the tracking algorithm. The
input I to the finite state machine is derived from the image parameters and

characterizes the size, shape, and location of the present target and plume

images. The output set Z defines a finite set of respenses that the

tracking algorithm employs for maintaining track and retaining high resolution

data. The next state mapping §:S x I - S defines the next state 6(81, ij) =g

when an input i, is applied to state s The output mapping w:S + Z is a

3 1’
Moore output that defines the proper tracking strategy (response) for each

state.
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Input Set I

The inputs to the sequential machine discretely measure the value and
rate of change of the size, location, and confidence weights of the target
and plume images.

The important target and plume input variables are:

+ image sizes (NT,NP)

¢« target and plume confidence weights (WT, WP)

+ 1image displacement from boresight (AxT, AyT, AxP, AyP)
 rate of change in target size (ANT)

+ rate of change in weight (AW _, AWP)

e rate of change in AxT, AyT, AxP, AyP

State Set S
The sequential machine TA has three major classes of stateé. The
first class corresponds to a set of normal tracking states which require no
modification in the tracking strategy. The second class corresponds to a
set of states which indicate that the target image is moving out of the FOV.
The third class is a set of states corresponding to situations when the
image under track goes through abrupt changes in the shape and/or size within
the FOV.
There are three major macro-states in the normal tracking state set:
¢ plume and target both under track (Sl)
* only one image (target or plume) under track (Sz)

* neither target nor plume under track (83)
The state S1 corresponds to the most desirable tracking state for
missile targets where both the target and plume images are being tracked.

The second state S, corresponds to the situation where only one image is

2

being tracked. For targets without plume, state S, is the normal tracking

2
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state. The third state 83 handles the situations where the target and plume
images are lost and tracking is guided by previous trajectory data.

There are two major macro-states in the FOV state set corresponding to
one or both images leaving the FOV. Each macro-state can be further
resolved into several states with different output strategies for driving
the tracking algorithm back to the normal tracking state set. The first
macro-state S, corresponds to the situation where one of the two images under

4

track is leaving the FOV. The second macro-state SS corresponds to the
situation where the only image under track is leaving the FOV.

There are two major macro-states in the abrupt change state set which
correspond to the situation where the images are abruptly changing in the
FOV. These macro-states can be further resolved into finer states with
differgnt outputs strategies to bring the tracking algorithm back to the
normal tracking state. The first macro-state, S6, handles the situation
where one of the two images changes size or shape rapidly in the FQOV.

The other st:-te, S7, handles the situation where the only image under

track is changing rapidly.

Output Set Z

The output set Z defines a finite set of responses that the structural
tracker (i.e. the tracking algorithm) can make to maintain track while
retaining high resolution data. Several of these responses are internal
to the digital IDM and the structural tracker; hence, they are performed
at electronics speed. However, the zoom lens operation is mechanical in
nature and requires interaction with the control processor.

The output set Z contain the following responses:

* sghape variation of the parallelogram windows

¢ location variation of parallelogram windows
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N and ap value settings

* zoom setting variation

* structural parameters update procedure control

Next State Mapping §

The structural tracker's view of the world is only a restricted version
of what the control processor sees. However, it does have a higher resolution
in that it can examine in detail what is inside each window; whereas the
control processor receives only the information of Ax, Ay, W, etc. from the
tracker. What the control processor does (to the optics train) is not fully
known to the tracker ~ due mainly to the time limitation for the tracker to
perform its tasks. Consequently, the tracker often has to, at best, guess
at the situation it encounters and enter an appropriate state whose output will
produce inputs that provide more information on the current situation.

The motivations of the next state mapping § for the tracking algorithm
TA are:

1l. To enter a state in the normal tracking set with the best track.ing

condition attainable under current input conditions.

2. To enter a state whose output corresponds to strategies that will

produce an input to achieve 1.

Qutput Mapping w

The motivation for the output mapping is to associate with each state
an intelligent strategy that will:
¢ maintain track and high image resolution
¢ achieve a desirable mapping to a next state that best describes

the current situation

« provide accurate data for the Control Processor and the IDM
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Figure 3.16. Tracking algorithm
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For example, within the normal tracking state set, the different states

require different values for o and Gpe In state S1 where both target and

plume images are under track, the values aT and aP would be set to 0.5 each.

For state SZ’ where only one image is being tracked, either aT or ap will

be set to 1 and the other to 0, i.e., either W = WT or W= WP. When

neither image is under track in S3, both an and ap will be set to O,

resulting in W = 0.

Once the finite state machine TA has been defined, a standard ROM
realization can be used to implement the tracking algorithm. The simplicity,
modularity, and speed of the ROM realization make the finite state machine

approach very attractive for the RTV tracking system.

o P =
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IV. CONTROL PROCESSOR

TR

The control processor closes the loop between the structural tracker
and the optics and mount control system. The purpose of the control
proceésor is to keep the tracking optics pointed at the target through
launch and during flight. There are three sources of information available
to the control processor: optiéal coordinates from the structural tracker,
radar coordinates, and a manual override. The optical input to the control
processor consists of target position boresight correction coordinates
(Ax, Ay), zoom lens correction (Az), orientation correction (Ad), and a
structural weight (W) associated with these values. The optical data is
available to the control processor every TV frame. The radar data comes
from the range radar at 200 Hz rate (every 50 ms) and consists of azimuth
(GAZ), elevation (GEL), range (R), and range rate (ﬁ). There is, however,
a 200 millisecond delay associated with the radar data that is caused by

radar processing time.

There are several inherent differences between the optical and radar
data. First, the optical system tracks the target in real-time with a two

dimensional pointing vector; while the radar tracks the target in three

;. dimensional space with a 200 millisecond delay. Secondly, when the target

3 is visible, the optics data should be an order of magnitude more precise

than the radar data. The radar data, however, is available when the optical
data is lost due to clouds or poor visibility. The control processor must
take these differences into consideration and generate the "best" estimate
control signals to point the optics towards the target. The situation is
similar to having two hunters, one with open sights and the other with a high
power scope, track a moving target and direct the other to the target when

the target is lost.
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4.1 Control Structure

The control structure of the video tracking system is depicted in
Figure 4.1. The tracking optics feeds the target image to the video
processor which establishes the target coordinates with respect to the
optics boresight. The control processor combines current target coordinates
with previous target coordinates to point the optics toward the next expected
target position forming a fully automatic tracking system. Furthermore,
the control processor receives data from the tracking radar that can be
utilized to continue track during poor visibility conditions. A manual
override capability is provided to reacquire track if necessary.

The control processor configuration is shown in Figure 4.1. It
: consists of separate predictors for the optics and radar data. A decision
module is also included which decides which predictor should be used or
whether both should be neglected in the case of a manual override. Both the
optical predictor and the radar predictor run simultaneously, solving the

1 two and three dimensional tracking problems, respectively. Since the

optical data is generally more precise, it is used as the primary tracking
predictor and also to provide periodic updates for the radar predictor which
is used during periods of poor optical visibility. This technique of using
the more precise optical data to update the radar predictor is similar to
the Cruise missile problem where the inertial navigation system is
initialized in flight using radio position fixes. Using this technique,

the radar tracking predictor error is perfodically calibrated with the
optical tracking system. If the optical data is lost, then the radar

| predictor can assume control with the benefit of a recent optical calibration.
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The purpose of the optical predictor is to generate the primary con-

trol signals: O_ and OA for the tracking mount, Zi for the zoom lens,

E
and ¢1 for the r:tating :1ement. The derivation of the optical predictor
utilizes previous tracking data to predict the target location.

The optical data received from the structural tracker is illustrated
in Figures 4.2 and 4.3. Figure 4.2 shows the measured values relative
to the camera field-of-view, and Figure 4.3 illustrates the effect of the
image rotation element by showing the camera FOV rotated relative to the

vertical reference.

Let GA and eE
o o

the camera boresight, ¢0 denote the camera rotation angle, and (Ax, Ay)

denote the azimuth and elevation pointing angles of

denote the target displacement from boresight. The azimuth and elevation
pointing angles of the target (0A ; OE ) can be established by rotating

t t
the axes and comparing the target displacements to the camera FOV,

eFOV/zo’ which gives

e
% bx Ay FOV

eA OA i (X o ¢0 b Y &in ¢0) Z cos 0
t o o] EO .
|
/ 0 ]
- :él - A§ A \ FOV l
OEt OEO + Y cos ¢° X sin ¢o? ~—E;—— |

The cos OE term in the azimuth equation is required, since the azimuth
(o)
displacement is measured at OE elevation and the azimuth gimbal is in the
o

horizontal plane as shown in Figure 4.4. The azimuth angle da measured at

an elevation angle Eo is related to the azimuth angle in the horizontal plane

by
Rda = R cos (OE) d¢
and ey
da
d¢ cos OE

(]
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Figure 4.2 Target location parameters
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Figure 4.3 Camera rotation angle

- 89 -

o et e b b it



R Cos O, —

CAMERA
BORESIGHT
d¢ :
4 4 TARGET
v

A
~R Cos(@,_)d¢= Rd=x
Eo

- 90 -

R

\

i

/

o

~ AZIMUTH
GIMBAL

Figure 4.4. Azimuth computation




4.2 The RTV System Model

This section presents the analytic models of the dynamical systems to
be controlled by the control processors. These models describe the dynamics
of the TV camera mount azimuth and elevation gimbals, the zoom lens, and

% the image rotation element.

TV Camera Mount Dynamics

The camera mount control system provides a position tracking system
capable of being directed by digital pointing data at an input rate of up
to 200 samples per second. The azimuth and elevation gimbals are uncoupled
and their transfer functions have the general forms

er(s) g a, r a,s + azs2 + a3s3 + aas4
eAi(S) by + b;s + b,s® + b3s3‘4 de‘

0

and

3 4

2
cy + c12 + cyS + cys + c,s

° =
0. (s) 2 3
Ey

6p (s)

4
d0 + dls + d2s + das + d4s

Using actual engineering data from [25] and [26] the specific transfer

functions are

S8 g7sp (8558 + 834k, ) ® + 4321k, s
0 % 34/ 3A

GAi(s) 28758 + 8867 s + 1606 8 + 32 &> + 5"
%
3
o, (s) ( | 2 |
B 47168 + (10483 + 1060 ky i + 5467 kyps |
ezi(s) 47168 + 1087 & + 2031 s> + 36 8> + &° - |
where k3A and k3E are the gain constants for the rate feed-forward loops in the i

azimuth and elevation channels. They have not been sepcified at this time,

but will be determined through parametric analysis.
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xl—] 0 1 0
i2 '= 0 0 1
X 0 0 0

%
o]
and for elevation
B2 0 1 0
X o 0 i
X, 0 0 0
Lﬁs -47168 -10876 -2031

Zoom Lens Dynamics

The zoom lens control system has not been designed.

L
l:xb_j -28758 -8867 -1606

In terms of state-variables one has for azimuth

0 x1 0
o || x, ; 4321 kg, i ]
& | &0 8558 - 137439 ks, Ay
-32|| x, ~245098 ~ 2541478 ky, | 1
X
[1000] 1
X0
s
0 x5 0
o || xg # 5467 K,y ;
1 || x, 10483 - 195752 kyp E,
-36) | xg ~330225 - 4056405 kqp
X
[1000] x5
6
7

However, for the

present, assume the transfer function has the general form of a second

order system

zo(s)

1

z,(s)

- 9e =

2
qa + qls + qzs
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The corresponding state-variable form is
r~ - — oy

x9 0 1 { 89 0

+ i

2 Lq° o LJ
o 8

Since this project involves the specification of the zoom lens dynamics,

the parameters will be established to meet the tracking requirements. At

this time, assume a critically damped system and a natural frequency of

‘around 20 Hertz Gince the camera mount control system provides digital

pointing data at up to 200 samples per second.)

The specific system equations are

3 ey
0 1 Xg i 0
37 + | zy
-15791 -178 X0 1
r 1'rx9 o
z, = 1 0
kL o xlg

Image Rotation Element Dynamics

The control system for the image rotation element has not beer

designed. However, assume that the transfer function has the general form

¢o(s) e 1

+r + r.8
i

L M e




The corresponding state-variable form is

| """
‘_"‘11 ’1 1 l"n‘{ 10|

] Lo e

X o | s
$. % I3 01;11!’ ;

| ﬁfj

The parameters for the image rotation element dynamics will also be

by

chosen to meet the tracking requirements. Assuming a critically damped

system and a natural frequency of around 20 Hertz, the state equations are

e TEg

1 i nell
Pat N ! ke oy
Lxlz J -15791 -178 Lxlz 1
1L
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4.3 The Control Processor Development

The purpose of this section is to formulate the control processor
problem and present some initial studies toward the solution of the problem.
The control processor receives inputs from the structural tracker on the
target location (Ax, Ay), orientation (A¢), and length (Az), measured
relative to boresight (Figure 4.2) and a confidence weight (W) that measures
the reliability of the measured data. Using these inputs, the control
processor predicts the desired tracker azimuth and elevation pointing angles
(GA(k+1), GE(k+1)) the zoom lens setting (Z(k+l)), and the image rotation
setting (¢(k+l)) for the next frame denoted by (k+l).

Several considerations of the tracking problem make the development

of the tracking estimator unique. First, the real-time constraint of

providing the control signals between frames at frame rates up to sixty
frames per second eliminates many lengthy computational methods. Secondly,

a confidence weight derived from the structural shape of the target that

Ml bontiints e, s L ldead,

measures the reliability of the measured data is available. Finally, the i
large class of targets and tracking environments require the estimator to
be adaptive to the tracking environment. Based on these considerationms,
a predictor method has been developed that uses the confidence weight,
much like a Kalman weight, to combine the measured and estimated values
to predict the control signals for the next frame. Several simple
predictors are defined and the "best'" estimate of the predictors is used
to define the control signals for the next frame. The "best'" estimate

is based upon how well the predictors predicted the last frame.




Since the form of the estimator equations is. similar for the azimuth,

elevation, zoom, and image rotation variables, the following notation will

.
be used in the development. \
3 frame index 1
3 time of predictor index
o(k) variable to be éstimated or predicted (azimuth, elevation,
rotation, or zoom)
Om(k) measured value of 0(k)
0(k) estimated value of 0(k) using measurements through kth
frame
éj(k+1|k) predicted value of O(k+l) using measurements ihrough kth
frame and k index type predictor
é(k+l|k) predicted value of 0(k+l) using combination of set predictors
W(k) confidence weight

Using the confidence weight in a manner similar to that of a Kalman
gain [29 - 30], the estimated value is obtained from the measured and

predicted values by

where the confidence weight is normalized such that 0 < W(k) < 1. Then the

predictors having the function form

rely more heavily on the estimated values when the weight is low. Thisis
very important to continue track when the target passes through clouds or
noisy backgrounds such as the mountain/sky interface.

The next step in the development is to establish a set of simple

8(k+l|k) = F(O(k), O(k-1), . . ., 8(k-1))

6(k) = (1-W(k)) O(k|k-1) + W(k) ©_(k)
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targets through the tracking environments of interest, yet simple enough

to be performed in real-time. Due to the time constraints, only linear and
quadratic predictors have been investigated; however, any predictor that

can be performed within the real-time tracking constraints can be utilized.

Linear N Point Predictor

Assuming that the variable to be predicted is linear in time

fﬂ
8t) = 1 t]
q

@l
TJ
and minimizing the mean square error

N ~
MSE = I (0

2
(k|k-1)-a_-a_t,)
S 0 "1k

over the last N frames, we obtain the solution

)

i
a

- _ 0';'
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and all summations are from k=1 to k=N. For N=2 and equally spaced points

tk-k we obtain the standard two point linear predictor

éj(k+1|k) = 26(k) - 6(k-1)

For N=3 and equally spaced points tk-k we obtain a three point linear

predictor

éj(kﬂlk) = % [40(k) + O(k-1) - 28(k-2)]
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The linear predictor with N=2 has the advantage that it requires only two
points (measured values) to initiate the prediction. This is importanc in

initially acquiring track.

Quadratic N Point Predictor

By assuming that the variable to be predicted is quadratic in time

i a
o(t) = [1 ¢t t2] l;aﬂ
az

and minimizing the mean square error over the last N points, we obtain

the solution
-
2 ..
ke Spal) o
a

6, (ktl]k) = [1 ¢t S
£ 3 1
2

| 558
where
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Iy i z:zk Hiréw

0
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For N=5 and equally spaced points tk=k, we obtain the five point quadratic

predictor

6,1k = (9B(Kk) - 46(k-2) + 3(6(k-5) - B(k-4)))/5

3
?
{
i




Predictor Combination

The final step in the derivation of the predictor is to combine the
estimates from the different predictors into a combined estimate of the
variable for the next frame. If there are n different predictors, then the

combined estimate is given by

n y n
6 (kt1) = I a, 0,(k+l) where I a,=1 1
soi 1 e

The weights o, are determined on the basis of the errors

3

E, (k) = | éj(k[k-l) - 0(k) |

3

made by the predictors on their estimate of the last frame. Initially,
the linear two point and the quadratic five point predictors are utilized

and the weights are chosen to be

E, (k) +1
a, = l-a = 2
1 2 El(k) + Ez(k) +2

The resulting combined predictor is given by

~ -~ a -~ ~ ~ ~
o(k+l) = aI[ZO(k) - 0(k-1)] + ?% [96(k) - 40(k-2) + 3(0(k-5) - 0(k-4))]
Having the uj weights established for each frame on the basis of how well
the predictor estimated the last frame, provides a real-time adaptive
method for predicting the desired azimuth, elevation, zoom, and image rotation

response.

The N point linear and N point quadratic predictors are shown here for
illustrative purposes. However, initial investigations show that the com-
bination works quite well. The estimation scheme is set up so that it is not
restricted to any certain prediction, and the use of other types will be

investigated in future efforts as the need arises.
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V. SIMULATION MODEL

The purpose of this simulation model is to provide a method for
testing new design concepts and evaluating the performance of the RTV
tracking system under realistic tracking conditions. The simulation model
includes dynamic models for the target trajectory, the Contraves Model F
Cinetheodolite tracking system, the RTV tracking system, and the control
processor. The target is initially located at the launch site, f = (0, 0, 0),
and its trajectory is computed in three space from acceleration profiles
(Ax, A, Az) in the x, y, z orthogonal directions. The tracker is located

y

at T = (Tx’ Ty’ Tz) and it is initially positioned so that the target will

pass through the FOV of the tracking optics.

Boresight
9
Tracker
T X
N
/i L=(0,0,0)
i ik ///' '
Ol RE A ) I
o v %
! y Launcher
» L 4 z
]
y gt

Figure 5.1. Tracking configuration

When the target passes through the FOV of the optics, the RTV tracking
system locates the target image and provides the boresight corrections to
the control processor, which provides the signals that direct the tracker
into the automatic tracking model. The target image as seen by the tracker

is established by placing a three dimensional target image onto the target
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trajectory and projecting the target image onto the plane normal to the
camera FOV, thus simulating a realistic perspective of the target from the
view of the tracking optics. :

The optical image is statistically generated with intensity distribtuions
for the target image FT

and the foreground images F

, the plume image FP’ the background image FB’

FG" The characteristics of these distributions
were established through studies on the automatic programmable film-reader
(APFR) at WSMR; however, experimental studies are planned to establish the
characteristics of these distributions with a TV camera on the range. The
intent of the simulation is to make the models as realistic as possible in
order to evaluate the performance of the tracking system with the nasty
realities of the tracking environment. Some of these are:

¢ Initial target acquisition problems.

* Rapid changes in the target intensity distribtuion caused by

sun glare problems.
e Loss of target image due to foreground objects such as clouds.

+ Structural chcnges in target image caused by target orientation

and/or noisy background.

e Dynamics of the tracking optics which includes tracker, zoom

i cbaci

lens, and image rotation control system.

The simulation model provides a method to evaluate the performance of
; the total tracking system for different targets and acceleration profiles.
Tracking accuracy can be established by comparing the actual target location
with the estimated target location determined by the RTY.tracking system.
The simulation model (Figure 5.2) is written in Fortran IV language
and utilizes an interactive Textronix graphics terminal to display the per-

formance of the tracking system. The target and plume images are plotted
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with respect to the boresight of the camera FOV. When the target image is

located by the structural tracker, the located target position and orientation

are plotted relative to the actual location. The control processor estimates
the location of the target on the next frame and provides the control

signals to place the camera boresight at the target. The performance of

the control processor can be evaluated by comparing the target position

relative to the camera boresight.

The basic steps in the simulation model are:

Step 1: The program begins by initializing the target and tracker dynamic
models. The target model is used to generate the target position
and orientation from the specified acceleration profiles, and
the tracker is initially positioned so that the target will pass
through the FOV of the camera.

Step 2: When the target position and orientation are established, the tar-
get and/or plume image shapes are generated and projected onto the
plane normal to the FOV of the camera, taking into account the zoom
lens and image rotation systems.

Step 3: Having established the shape of the target, plume, and foreground

images, the intensity distributions F FP’ and Fpr are used to

T
simulate the digitized output from the TV camera.
Step 4: The image decomposition module (IDM) places parallelogram frames
about the target and plume images; analvzes the target, plume, and
f background intensity distributions; and classifies the points inside
the target and plume parallelogram frames as either target, plume,
f or background. The resulting target and plume images are plotted

' ; beside the actual images to provide a visual display of the per-

formance of the image decomposition algorithm.

| 02 -

L—-——m-——‘- it it i s v it i & 2 2 RPN NP VRS W o PV A NE N, =6 ST .S S




Step 5:

Step 6:

Step 7:

Step 8:

Step 9:

The binary target and plume outputs from the IDM are processed
by the projection computation module (PCM) to establish the hori-

zontal and vertical projections of the target and plume images.

When the projections are completed, the structural parameters which

locate and describe the structure of the images are computed.

The structural tracking module utilizes the structural parameters
to locate the target and plume images and computes the structural
weight. An adaptive algorithm is used to update the stored
structural characteristics of the target image.

Using the location of the target and/or plume images relative to
the camera boresight and the structural weight, the control
processor computes the boresight correction signals to place the
target image at boresight on the next frame. The performance

of the control processor is established by comparing the position
of the target image relative to boresight.

The boresight control signals are used by the tiacking optics
model to establish the orientation of the tracking optics, the
zoom lens setting, and the orientation of the image rotation
element.

The simulation continues by looping back to the target model to
establish the location of the target ima2ge on the next frame

and generate the image in the FOV of the camera.
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Figure 5.2 Simulation flowchart




The simulation model is implemented with a modular structure using the

Fortran IV programming language. With the modular structure, the tracking

algorithms can be easily changed and evaluated relative to the performance

of the complete tracking system, which includes the tracking optics dynamics.

The major modules of the simulation are:

The first four of these modules are general enough to evaluate other
state-of-the-art video tracking algorithms relative to the WSMR tracking
system. The last four modules are required for the structural tracking
algorithm; however, they represent the major problems that must be solved by

an intelligent tracking algorithm.

Main Driver (DRIVR)

Target Trajectory Generator (TRJEC)
Tracker Dynamics (TKRDY)

Picture Generator (GENR)

Image Decomposition Module (IDM)
Projection Computation Module (PCM)
Structural Tracking Module (STM)

Control Processor Module (CONTR)

PRSPPI rap e e e
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Main Driver (DRIVR)

The main driver routine initializes the common area and calls the

f other modules to form the simulation structure. During the initialization
( phase, the operator defines the target and/or plume shapes; the target
acceleration profiles; the tracker initial position and orientation; and
the statistical distributions for the target, plume and background images.
These data are used to simulate the target shape, trajectory, and image as

‘'seen by the camera mounted in the tracking optics.

Target Trajectory Generator (TRJEC)

The target trajectory generator integrates the acceleration profiles
to define the target position in three space for each frame. By using

the tracker location and orientation, the target position is established

relative to the tracker boresight. Having the exact position of the target

allows the simulation model to evaluate the tracking accuracy.

Tracker Dynamics Module

The tracker dynamics model simulates the dynamics of the Model F
Cinetheodolite tracker, zoom lens, and image rotation element. The inputs

to the model are:

* desired azimuth pointing angle

+ desired elevation pointing angle

desired image rotation

desired zoom setting

The outputs of the tracker dynamic model for the given frame are:
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« actual azimuth pointing angle

actual elevation pointing angle

actual image rotation

!
actual zoom setting

Picture Generator Module :

The picture generator utilizes the relative positions of the target

and tracking optics to establish the target perspective. By taking into

account the actual zoom and image rotation values and utilizing the target
and plume shapes along with the intensity distributions, the picture ‘
generator simulates the digitized video output from the camera. The image i
in the FOV of the camera is simulated by a 512 x 512 grid of pixels, each

pixel being defined by an intensity level L, O < L < LMAX(32).

Image Decomposition Module

The image decompcsition module receives the discretized video image

from the picture generator and suppresses the background intensities, forming

binary pictures of the target and plume images. The IDM defines the target

and plume parallelogram frames for characterizing the target, plume, and
background intensities and decides for each pixel within the parallelogram

frames whether the intensity belongs to the background, target or plume
distributions.

Projection Computational Module

The projection computational module receives the filtered binary video

image from the IDM on a point-by-point basis and computes the x and y
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projections for the target and plume images. When the frame is completed,
the PCM computes the target and plume structural parameters which locate

the target and plume images and define their structural characteristics.

Structural Tracking Module

The tracking module receives the structural parameters from the PCM
on each frame and outputs the boresight correction signals to the control
processor along with a confidence weight. The structural tracking module
utilizes the sequential machine concept to characterize the different
tracking situations and outputs an appropriate control strategy to the
control processor. The tracking algorithm also controls the position and

shape of the parallelogram frames for the IDM.

Control Processor Module

The control processor module receives the boresight correction signals

and confidence weight from the structural tracker, predicts the location
of the target on the next frame, and outputs the control signals to the
tracker optics model. The confidence weight is used to combine the measured
and predicted values, forming a history stack for the prediction processor.
These simple prediction methods are currently used by the control processor.
These are:

* two point linear predictor

« five point quadratic predictor
For each prediction method, the prediction errors om the last frame are
used to form adaptive weights which are used to combine the linear and quad-
ratic predictions into the combined estimate of the desired control signals.

These control signals are then used by the tracker dynamics to compute
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the actual state of the tracking optics for the next frame, forming

a complete automatic tracking system.

<o danadbi e KA
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Abstract

This report describes the design philosophy, program capabilities, i
and program logic for a simulation program for clocked synchronous digital }
circuits.

This program is intended as a design aid for development of synchronous
microprogrammed control units, although it is applicable to a much wider
class of programs. {

The input syntax is a vector-oriented non-algorithmic language which ;
allows the use of some of the APL vector manipulation functions to describe

actual hardware configurations on both the gate and functional levels with-

out regard for chip pinning or fault detection. Several LSI functions are
implemented as pre-defined components which may be used as "building blocks"
to construct more complex circuits. Implemented functions include Boolean
and two's complement vector operations and counters, latches, selectors,
demultiplexors, and random-access memory LSI components. Facilities are
provided for including subsystems from circuit libraries into the user's

circuit.
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Introduction

This program is capable of simulating a clocked (synchranous) digital
circuit, and is intended to facilitate the design of microprogrammable control
systems. It accepts as input a complete description of the digital

circuit and produces as output the logic states of specified components

e S i et

and buses at intervals of one clock cycle. The simulation is logical
rather than time-sliced and no attempt is made to detect races, logic
"spikes", or fault location.

Since this is a completely self-contained simulation, the external
stimuli for the circuit being simulated are generated by specifying a
read-only memory (ROM) structure, the outputs of which are the stimuli,
and whose address is incremented with each clock pulse,

The description of the circuit is written in a language that was

designed for this application. Certain MSI and LSI logic functions, such

as selectors, decoders, latches, counters, and randon-access memories,
exist as predefined logic "building blocks" in the language. Combinational
logic can be specified in ¢ vector-oriented APL-like notation to construct
other building blocks. This notation permits ﬁoolean and arithmetic
operations on mixed binary vectors and scalars and allows parenthesizing
to any level.

The method of solution used in the program is a repetitive

"relaxation" method in which the output of every combinational, asynchronous

(i.e., non-clocked) element is computed based upon the current inputs to
that element. This process is repeated until all outputs stabilize,

that is, until no outputs change when the iteration is performed. When the
system is stable, a clock pulse is generated for a part or for all of the

synchronous (clocked) logic elements in the circuit. During the clock pulse,
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latches may be loaded, counters incremented, memory written into, etc.,
depending upon what the current outputs of the combinational logic are
at that time. |

Immediately prior to the clock, the program prints the current values
of specified buses, or stops if a specified condition exists. After the
clock, if no stop condition is met, the program again performs a successive
relaxation upon the combinational logic.

In general, the relaxation method does not correctly model a non-
clocked sequential circuit, since it does not take settling times and
propagation delays into account. Since the language allows a restricted
class of non-clocked sequential circuits to be specified, the experienced
user can implement such circuits in this manner, although the practice is
discouraged. Also, the program cannot <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>