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PREFACE

This report has been prepared by the Cornell Aeronautical
Laboratory, Inc. (CAL) for the Office of Aeronautics Prograns, Office of Naval
Research, Department of the Navy. The results presented kerein represent an
annual report of the tzsks associated with Task Number NR 220-041-1 of Contract

No. NO0014-72-C-0193.

The Search Director concept originated at CAL. It was initiated
as an internal research project as a result of various ASY studies conducted
at CAL which were concerned with ASW surveillance systems and VP aircraft
cperations including detection and localization of target submarines. This

study for NONR is the first phase of a continuing effort to:

1. Tormulate the mathematical relationships and computer soft-
ware pyograms that form the basis of the Search Director

concept.

2. Demonstrate the feasibility and appiicability of the
concept for use by ASW aircraft crews in detecting and

localizing submarines.

An abstract of this study is contained in DD Form 1473 which is included in the

ii and iii pages of . is report.

This study has been co-sponsored by Aeronautics Progrars,
Code 461 and Naval Analysis, Code 462 of the Office of Naval Resezrch.
Appreciation is expressed to Cmdrs. E. R. Doering and W, L. Smith, Code 461 and
to J, G. Smith, Code 462 for their help and guidance during the course of the
study and during program progress reviews conducted at ONR and C\L, This

study has been performed under the technical direction of Cmdrs. E. R. Doering

and W, L, Smith.
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The following Cornell Aeronautical Laboratory, Inc. personnel have

contributed directly to the accomplishment of this study:
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William H. Brune Hamilton . ‘“aynard
Richard J. Taylor James L. Douglas
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I. SUMMARY, CONCLUSIONS AND RECOMMENDATIONS
A. STUDY SUMMARY
1. Purpose

This report summarizes the significant results achieved in an
exploratory study to determine the feasibility and applicability of a Search
Director concept for use by ASW aircraft crews in determining optimal search
tactics and deployment of sonobuoys to detect and localize target submarines.
Imprecise target information from acoustic sensor surveillance systems create
problems in successfully conducting these operations. The purpose, therefore,

of the Search Director is to:

a. Assemble this information in terms of estimated target
neading, motion, initial size and orientation of the
target uncertainty area, time late, growth of the
uncertainty area, ASW aircraft search time, etc. into

coherent and readily computer-processed forms,
b.  Analyze, process and update this information, and
¢. Provide the Tactical Airborne Control and Coordination

Officer (TACCO) with a dynamic probabilitv density map

display of the target's location,
Probability density functions are employed as a measure of the uncertainty of
the exact location of the target and its speed and heading. These probability
density distributions also provide measures for estimating the growth of the

uncertainty area with time,

The Search Director principle makes use of negative information

that the target has not been detected up to the present time by deployed

I-1
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sonohuoys. As areas covecred within the overall target uncertainty area by
each of the sonobuoys are searched and the target remains undetected, the
probability that the t-rget is in the searched area decreases whereas the
probability that it is elsewhere in umsearched areas increases. A dynamic
display of this probability density pattern over the expanding uncertainty
area shows where the target might be at auy particular time (highest
probability density) and indicates where the next sonobuoys should he dropped.
The TACCO can utilize the Scarch Lirector to examine various trial sonobuoy
patterns and monitoring schedules on a real or accelerated time basis and
sclect the most efficient sonobuoy patterns prior to actual depioyment of the

sonobiovs.

In order to accomplish previously stated objectives, 1t has

been necessary in this study to:

a. Determine the mathematical formulations required for
developing computer software programs te achieve this

capability,

b. Program these mathematical formulations for use on

cemputers, and
¢, Demonstrate the feasibility and applicability of employing

the concept on a real and accelerated time basis by dynamic

presentation of results on displays and hard copy.
2. Approach
a. Analysis
Basic mathematical relationships which underly the target

uncertainty area probability density maps are developed. These include

analytical procedures for determining initial target uncertainty area

I-2
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probability density maps. A\lso included are subsecuent growth factors and
chanses in these maps with elapsed time for differing inputs on target motion
ard effects caused by the iaclusion of various patterns and numbers of
sonobuoys. A computer program incorporating these relationships and procedures
is developed Tor use in determining and displaying exact solutions for various
tactical situations. A Montc Carlo computer program is alsc developed utilizing
various algorithms formulated from the basic mathematical relationships. The
purpose of this program is to sui,stantially reduce computing time and core
storage requirements while main: iining output results that closely approximate

those for exact solutions.

The feasibility and applicability of the Search Director
concept are demonstrated utilizing additional computer programming, the CAL
Flving Spot Scanner and a large CRT tc dynamically display the probability
density maps. 1n analog/hybrid computer system, program and CRT are also
utilized to obtain and display these maps. Additional subroutines are
formulated as adjuncts to the ‘Monte Carlo computer program for use in deter-
nining sub-optimal sonobuoy drop-point patterns. Several techniques are
investigated and ccmpared for displaying the probability density maps on a CRT
in various shades of gray or color. Two computer programs have heen formulated

to generate the map displays as hard copy on paper.

b. Tactical Cases Analyzed

A comparison is made of distribution results from the ‘onte
Catlo computer program with those from the Exact Solution program for an
example problem, Three methods are analyzed and results are compared for
inserting a field of sonobuovs :nto the Monte Carlo program. *athematical
analyses are presented for development of the start and end grids and the

Probability-of-wiss (PM) grid,

I-3
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Three methods are analyzed for assigning velocity components
to !fonte Carlo {MC) submarines. Method I utilizes a random number generator.
Yethod II utilizes equaliy spaced headings of MC submarines between 0 and 2 7r ,
whereas in ‘fethod III the headings are spaced at equal probability increments
between 0 and 2 77, A comparison is made of distribution results from the
Monte Carlo program utilizing Methods 1 and II. -

A biased heading tacticai situation is analyzed in which the —
target submarine's velocity is known and 1t's heading is a random variabie
which is described by a probability distribution. A comparison for this case
is made utilizing Method II (equally spaced headings) and ‘fethod ITI (equal

probability heading incremeats).

A tacticai situation 1s analvzed in which the target submarine's
) 8

fananand

velocity is a random variable. Random number gemerator and expected value

[

techniques are utilized in assigning velocity components to MC submarines.

b

Computer results are compared for a Rayleigh distribution in velocity and

uniform heading utilizing the random number genecrator and expected value

-3

methods with the exact solution. Additional results are compared using the 1
cxpected value method in the first case where the number of MC submarines

assigned to each sampled velocity is small and in the second case where it is

large.

A subroutine has been added to the ‘fonte Carlo computer program
for use as a possible improved aid in detcrmining sub-optimal sonobuoy drop ’
points, & correction factor has been added to the program to overcome & -

problem caused by the use of a rectangular coordinate system. Sample computer

4
.

e

results are compared without and with the use of this factor.

%

In a sensitivity analvsis, computer results are compared for

v g

!.

changes in the probability density maps caused oy variation of the input
values of the principal parameters. These include the effects of varying

the following:
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(1) Start grid size,

(2) Variance in target submarine heading and velocity,
(3) Number of MC submarines per start grid,

(4) Search aircraft t¢ime late in arriving at datum,
(5) ASY aircraft search time,

(6) XNumber of MC submarines assigned per grid for a uniform

target heading and a Rayleigh distribution in velocity, and
(7) Target velocity on probability of detection,
Also corpared are the effects of linear smoothing between grid points, biasing
target submarine heading and accumulated probability density of target

position with search time,

3. Principal Results

Two computer programs have been developed toward implementation

of the Search Director Concept.

a. Ecact Solution computer program, and

b.  Monte Carlo computer program,

Comparison of Monte Carlo Program With Exact Solution Results

Probability density distributions obtained utilizing the Monte Carlo metlhod
closely approximate those obtained from the cxact solution method. The Monte
Cario computer program has considerably less run time for specified tactical

situations than the Exact Solution computer program (see Section III, page III-11).

I-5
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A comparison of sample results from the txact solution and the
\fonte Carlo computer program indicates that the similarity in probability
'lensity maps appears to be excellernt. The computing time on the IBM 370/165
computer for the exact solution is 92 seconds compared to iess than 2.5

seconds for the Monte Carlo program (see Section IV, page IV-1}.

For a tactical situation in which the velocity of a target is
known and its' neading is uniformly distributed, a one-stepn random walk
(change in target heading during a specified time interval) most closely
approximates the exact solution distribution, whereas considerable deviation

occurs for a 2-step and 4-step random walk. Cn the other hand, for a tactical

situation in which the target velocity ccmponents have a normal distribution

with zero mean and variance = 1, results for both a one and 4-step random walk

closely approximate those for the exact solution (see Section IUI, page [ii-17).

Comparison of Methods for Inserting Sensors in Monte Carlo Program

Of three methods analyzed for .nserting a field of sonobuoys
into the Monte Car.o computer program, Method I provides the best results.
In this method, "looks" by each sonobuoy are monitored at equal time
increments so that one PM grid can be used for all sonobuoys and looks. A
two dimensional grid is then calculated as a function of x and y offsets of

the target from each sonobuoy (see Section III, page III-14).

The correction factor which has been applied to the subroutine
for determining sub-optimal sonobuoy drop point determination anpears to
provide results which compare favorably with those which are expected.
However, a complete analytical justification for this factor has not been

made (see Section III, page 1II-40).
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Comparison of Mcthods for Assignment of Submarine Velocity Components in

Monte Carlio Program

Of three methods analyzed for assigning velocity components to
MC submarines, Method II is best. In this method MC submarine headings are
equally spaced between 0 and 2 # and results correspond closely tc those
obtained from the exact solution. The results indicate that equally spaced
headings allow the minimum number of MC submarines to be utilized in each grid.
In Method ITI, the headings of the MC submarines are spaced at equal
probability increasents between 0 and 2 77, Results for the biased heading
case indicate that Method II provides a better representa’ ion in the direction
of the biased heading while equally spacing the MC submarines provides a better

representation in headings of low probability {see Section III, page II1I-39},

The expected value method of assigning velocity components is
much better than the random number generator method, Results indicate that
the expected value method closely approximates those shown for the exact
solution, whereas they deviate considerably utilizing the random number

generator method (see Section III, page III-37).

Monte Carlo Program Start Grid Size, Linear Smoothing and Submarine Assignment

Censiderations

It is important to limit the size of the start grid to the
minimum required. Doubling the size of the grid increases the computer run
time of the Monte Carlo program by more than a factor of four. The results
indicate that a 2 oo bounding appears satisfactory for use in analyses.

This encompasses approximately 90% of the probability density area describing

the SPA (see Section IV, page IV-1),
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The use of a linear smoothing technique can reduce computing
time by a factor of approximately four for a specified size grid, Very little
difference in probability density is shown on a display in comparing the case
where smoothing is employed versus the case in which no smoothing is utilized

(see Sectinn IV, page IV-16).

It is important to limit the number of MC submarines assigned
to each grid since computing time on the IBM 370/165 computer increases
linearly as the number of MC submarines increases. For a probability density
of submzrines position with known constant velocity and uniform heading, the
computing time for 40 submarines/grid is 4.1 seconds whereas it is 2.7
seconds for 24 submarines/grid. A similar case for a Ravleigh distribution in
velocity and uniform heading requires 6.53 and 11,64 seconds respectively.
These times are for the case in which the sizz of the start grid is determined

by a 2 o boundary. It appears that from 18 to 24 *MC submarines/grid is

sufficient to provide a good probability density map (see Section IV, page IV-10).

Analog/Hybrid Computer System

Results of the analog/hybrid computer system study to obtain

probability density maps indicate that a general purpose (GP) computer could

be used in conjunction with an Analog Computer (a Hybrid system). This

system would use the G.P. Computer primarily for storage while the analog
computer would be used to compute the probability density maps. A capability
exists for the analog computer to pass the output grid through a non-linear
amplifier. This technique provides a method for investigating the effects of
intensifying the highest probability demsity levels oa a CRT display (see

Section III, page 1I1-41).

Sensitivity Analysis Selected Results

Varying search aircraft time latc in arriving at datum changes

probability densities considerably as time late increases from 3 to 5 hours to

1-8

e e it ot e e -~

e ————————— - - e o —— A o v e m—— & e -~ . - - -

-—

[N
| VO

Y




LY

a maximum of 7 hours. The results for varying ASW aircraft search time
indicate that the sonobuoys in effect search cut an increasing portion of the
SPA as search time and the number of "looks" by the sonobuoy field increases
from 9 to 13 hours and fron 8 to 24 "locks" respectively (see Section IV,
page IV-12).

For a probability density »f submarine's position with random
velocity and heading, increasing the variance variation in heading distribution
narrows the high probability density area from a circle to an increasingly
narrower ellipse. For a probability density of submarisme's position with
random velocity and uniform heading, increasing the variance variation in
velocity .listribution spreads the high probability areas more toward datum

than away from it (see Section IV, page IV-6).

\ comparison of results of the effects of changes in target

velocity on the probability of detection show che increased capability of the

.........._.,.,-

sonobuoys to detect the target submarine as its' speed increases beyond 9 knots.
This is indicated by changes in the probabiiity density in the second quadrant

for the variable PM grid compared tc that for the constant PM grid (see

© o et mae o
+

Section IV, page IV-19). i

The effect of biasing target heading is to shift the high
probability density area of prcbable target positions to a sector located

cutside the ring of deployed sonobuoys (see Section IV, page IV-24).
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B.  CONCLUSIONS

The following principal conclusions are made based on results

achieved in attainiag the objectives and accomplishing the five major tacks of

this study program:

1.

[N

An assessment of the principal findings of this study
indicatés that the Search Director corcept is technically
feasible and has general applicability for use by ASW
personnel in determining optimum scarch patterns for

detecting and localizing submarines.

Various simulated searches wutilizing sonobuoys deplovad

in submarine target uncertainty arcas have been successfully
demonstrated on a real and accelerated time basis by visual
display of the Search Director program computer output on

a CRT, CAL Flying Spot Scanner and hard copy utilizing an

IBM 370-medel 165 computer printer in a strike-over process.

Based on limited research conducted during this study on
various types of display presentations in shades of gray
or color it is concluded that only a few levels of either
gray or color may be necessary in operations required for

determining optimum search patterns.

The computer printer strike-over process of printing a
rrobability density map on naper appears to be an
attractive and useful technique since the displayed
results can be readily interpreted and understood by an
operator. Such a display is particularly advantageous in

vehicles where a CRT is not available.

I-10

-—

-

e B . ——— e o~ B R e T E e T, — S e e e —— s




oEnaee  GenlDoay 0 SOSNRRN  GHEGENRS 0 CRMNIA eMaDN e BRIV RBMEEGD 00 UKL Wm0 ol e

e S e e o ——————— 5

Successfui development and computer programming of both

exact mathematical relationships and simplified algorithms
(monte Carlo program for computer application) have been
achieved for use in determining (1) initial uncertainty

area probability density distributions and redistributions
due to growth of the area with timec and differing assumptions
of target motion, {2) redistributions of probability density
of target location within the uncertainty area as a result
of no detections (negative information) from emplaced

sensors and {3) combinations of (1) and (2).

The small differences in probability density distributions
obtained from the exact soluticn computer program versus
those from the simplified Monte Carlo program are considered
to be negligible and thus completely justify the use of

the Monte Carlo program for the Search Director concept.

By using the Mont:c Carlo program computer time can be
reduced by up to a factor of 35 over that required for the

exact solution computer program,

The present simplified computer program of approximately
16,000 words could be reduced to approximately 8000 wocrds

by utilizing half-wovrd techniques. Additional reductions
could be achieved by time sharing of some of the dimensional
statements in the program. Thus, it is concluded that

the smaller program could be accommodated and would not
overload ASW computer systems such as that in the P3-C
aircraft or the system being contemplated for the P3-C

1975 update program.

The use of negative information by the Search Director
concept (i.e., the fact that deployed sonobuoys have not

detected a target up to the present time) has a substantial
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10.

11.

12.

e — e oy s

effect on redistribution of probability densities to
unscarched portions of an uncertainty area and, therefore,
on where additional sonobuoys should be emplaced in these

areas.

Yaximum use should be made of linear smoothing techniques
between calculated points in the Monte Carlo computer
program because (1) computing time can be substantially
reduced by up to a factor of four and (2) very little if
any differences (with or without smoothing) can be seen

on probabiiity density map displays.

If computer run time is a critical consideration in actual
ASK operations, it is important to limit start grid size
in the Monte Carlo program to only that required for the
tactical situation at hand since a doubling of grid size,
for example, increases run time by more than a factor of

four.

It is important to 1imit the number of Monte Carlo submarines
assigned to each grid in the program since computer time
increases linearly with increases in the numbter of assigned
submarines. Assigned values of from 18 to 24 submarine

ner grid are sufficient to provide high quality probability

density maps.

In general, results of sensitivity analyses show that
varying parameters such as time late to datum, submarine
target speed and associated radiated noise, acoustic sensor
detection capability, variances in target heading and
velocity distributions, etc. can have a marked effact in
changing probability density distributions with time,and,

therefore, search tactics.
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E C.  RECUMMENDATIONS

The following recommendations are made as a result of the

principal findings of this study:

1,

o s Aae

———

In addition to the P3-C aircraft and P3-C 1975 undate
program an investigation should be made of the need for
and desirability of utilizing the Search Director computer
program and asscciated display in S3-A aircrarft, and as a
command and control tool by the shore commander, shore-
based Tactical Support Centers and in surface ships that
include CV's, LAMPS equipped destroyers and the Sea

Control Ship.

Upon establishment of specific Navy needs for emnloying

the Search Director computer software program and associated
display in ASW operations, an investigation should be

made to determine the compatability of the program with

Navy ASW computer systems in terms of computer core

NEn B AR A E—————— ot — At ey = ennee s A
S

storage limits, format, computer language etc.

Utilizing results of the above investigation as a basis,
conduct analyses to make required (1) improvements and

extensions to the Search Director computer program, (2)
reductions in program size and (3) revisions to program

in terms of computer language, format etc.

Formulate a test program and conduct an at-sez experimental
evaluation of a prototype Search Director software computer

program and display during ASW exercises.

During the interim, effort should be continued to (1) improve
and expand the Search Director computer program and (2)
determine a preferred method(s) for displaving results to
an cperator.
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i1, INTRODUCTION

ey ey )

A, BACKGROUND

In certain U. S. Navy ASW missions, a problem arises in search-
ing for and locating a submarine target utilizing imprecise information concern-
ing its position, speed, heading, etc. which is obtained initially from
surveillance sensor systems. In order to increase the probability of success

in search, detection and localization operations, some means are required to:

1. Assemble all available information (such as target submarine
heading, moticn, position fix area of uncertainty and orientation,

time late, growth of area of uncertainty, search time, etc.)

into coherent and easily computer-processed forms,

Somtnnd GHad ARG ) R A

2. Update the processed information as search and localization

operations progress, and

3. Produce a pictorial representation of current and futi-e
status of search and localization operations associated with
various tactical options which would be of assistance in

conducting ASW missions.

The above situation occurs frequently in ASW search and localization, search

and rescue, and other missions.

R

In attempting to accomplish these objectives a concept called

the "Search Director" has evolved as the result of a number of ASW studies

o ] e e g St 2§

conducted at the Cornell Aeronautical Laboratory in which search and
localization operations have been analyzed, This report presents results
accomplished to date from an ongoing ONR study program that addresses the
problems of performing these operations by an ASW aircraft in tactical

situations where imprecise and limited information is available on a
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submarine target's location and motion within a specified initial uncertainty

——

area. It is expected that improved usage of all available information
provided to ASW aircraft would increase the probability of successful search
operations in terms of initial detection of a submarine by sonocbuoys which

h are dropped in a prescribed pattern in an uncertainty area. The sonobuoys
drop points would be determined on the basis of information displayed by the

Search Director.

e

The operations performed by an ASW aircraft as assisted by a
Search Director are depicted graphically in Figure 2-1. The purpose of tue
Search Director is to assemble all the available information (such as initial --
} area of uncertainty (SPA), target speed and heading, the aircraft's time late
and tne search time, etc.) into a coherent form, amalyze this information, -

and picvide the TACCO with a probability density map display of the submarine's
é location. Probability density functions are used as a measure of the
uncertainty of the true location of the target, and its speed and heading.

L These distributions provide estimated growth factors of the uncertainty areas ,

with time. At each stage of the search operation, the associated map display
is indicated as shown on Figure 2-1. Also shown are the target parameter

inputs which deternine the characteristics of the map displays associated with -
particular tactical situations. -

-

The probability maps arc displayed on a video displav screen. Changes
in the search situation due to the passage of time, the introduction of aircraft
sensors, and changes in target motion causc probability density levels (light N
intensities) to change on the displayed maps. The maps may be projected into futurc

time to further assist the TACCO in conducting an effective secarch.

In estimating the probability density map of the submarine ‘-

target's location, the Search Director principle makes use of negative infor-
mation that the target has not been detected up to the present time by any of
the deployed sonobuoys. As areas covered by each of the sonobuoys are searched

and the target is undetected, the probability that the turget is in the
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searched area decreases and the probability that the target is elsewhere in
unsearched areas increases. A dyn mic display of this changing probability -
density pattern over the expanding area of uncertainty shows the areas of
highest probability where the submarine might be at any particular time and, -
therefore, indicates where the next sonobuoys should be dropped. The TACCO can, _.
therefore, examine varic.. trial sonobuoy patterns and monitoring schedules
on an accelerated time ::sis and select the most efficient sonobuoy patterns

prior to actual depioyment »f the sonobuoys. !

In summary, it is believed that a Search Director could be
effectively used to assist the TACCO of an ASW aircraft in determining optimum
search patterns to be used in detecting and localizing target submarines. A
probabilistic process utilizing Bayesian statistics would be employed to —
compute and display on a real-time or accelerated time basis those areas -
which are most likely to contain the target. This information would assist o
the TACCO in formulating logical tactics and search patterns in attempting to
detect and localize a submarine. Continuous updating of the displaved infor-

mation would permit (1) real-time evaluation of the effect of selected tactics

and search patterns on detection and localizatinn operations and {2) changes

in tactics and search patterns accordingly as results are displayed.

Thus, a Search Director could provide a continuously updated —_
visual display of those areas having the highest probability of containing
the target. The TACCO can observe these changing probability densities as they
develop, and modify his search pattern (and/or the operational mode of his
sensors) to search out the most fruitful areas. Once having detected a
target Search Director operations would cease and localization operations

would then be initiated. %

Application of the Search Director as presented in this report
has centered around its potential use in P3-C ASW aircraft or an updated 1975
version of the P3-C. This selection has been made primarily for illustrative

purposes in order to provide a means for detailed discussion of how it could
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be employed in ASW search operations. Other potential applications include

its use by S3-A ASW aircraft and as a command and control tool hy Navy ASW
shore commanders, ASW tactical support centers (TSC) or at sea in surface ships
such as ASW support carriers (CV's), LaMPS equipped destroyers and the Sea

Control ship.

The Search Director could be used in S3-A's in a manner similar
to that described in this report for P3-C's. On the other hand, information
from a Search Director located in the ASW command and control center on a CV
could be transmitted to S3-A's and displayed for use by crews in the aircraft.
In a manner similar to the latter case Search Director information could be
used hy helicopters deployed from destroyers or Sea Control ships to carry

out ASW search operations.

The Search Director could also be utilized by ASW shore

commanders, TSC's, and ship command and control centers in planning ASW search

operations, allocation of available forces, and command, control and coordination

of single and multiple vehicle operations. In other applications the Search
Director could be employed in TSC's to provide information that would be
transmitted to P3-C's. In addition, it could also be used as a tool at TSC's
in post-operational analysis of ASW missions and in training crews in ASW

search tactics and operations.
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B.  STUDY OBJECTIVES AND SCOPE

The principal objective of this study 1s to conduct an exploratory
investigation of the feasibility and applicability of the Search Director
concept for use by U.S. Navy ASK personnel in determining optimal search tactics
and sonobuoy drop patterns for detection and initial coarse localization of
target submarines. In order to accomplish this objective it is necessary to
(1) determine the mathematical formulations that are required for computer
software programs to achieve this capability, (2) program the mathematical
formulations for use on computers and (3) demonstrate the feasibility and
applicability of employing the concept on a real and accelerated time basis

by dynamic presentation of results on displays and hard copy.

The scope of this study and analytical approach are to
determine the bhasic mat’.ematical relationships whichk underly the target
uncertainty area probability density maps. These include analytical
vrocedures for «d~termining initial target uncertainty area probability density
maps, subsequent growth and changes in these maps witl: elapsed time for
differing assumptions of target motion, and effects caused by inclusion of
various patterns and numbers of sonobuoys. A computer program incorporating
these relationships and procedures developed fer use in determining and

displaying "exact" solutions for various ASYW tactical situations.

In a subsequent effort the above relationships and procedures
are modified and/or simplified for use in the development of a ‘fonte Carlo
computer program. The purpose in developing this progran is to substantially
reduce computing time and core storage requirements while maintaining output
results that closely approximate those obtained from the Exact Solution
computer program. Sample results for identical ASW tactical situations and
associated variations in the values of key input parameters are compared

utilizing these programs,

1I-6
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The feasibility and applicability of the Search Director
concept are demonstrated utilizing additional computer programming, the CAL
Flving Spot Scanner and a large CRT to dynamically display the target
uncertainty avea probability density maps. Limited efforts are also conducted
to (1) deternine the feasibility of this concept using an anzlog/hybrid
computer system and large CRT to obtain and dispiay these maps aad (2)
formulate subroutines to the Monte Carlo compuier program for use as an aid

to the TACCO in determining sub-optimal ,onobuoy drop point patterns.

Several techniques are investigated and compared for displaying
the probability density maps on a CRT. In one technique the amount of fill-in
is varied between calculated points in which the probability levels are
indicated by both the intensity of the points and their size. In a second
technique the number of shades of gray presented on a display are varied from
a few levels up to a maximum of 61 levels on the gray scale where each shade
is coded to represent a specified probability level (intervalj. A third
technique examined is similar to the second technique cxcept that thz various

colors are used to represent the probability levels.,

Two computer programs are also formulated to generate
probability density map displays as hard copy on paper. One nrogram utilizes
a computer printer in an over-striking process of various letters and symbols
to print out the maps. A second computer program utilizes a llouston plotter
to draw the maps as a series of contour lines representing the various iso-

probability density levels.
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111, STUDY ANALYSES AND RESULTS =

A.  BASIC MATHEMATICAL RELATIONSHIPS UNDERLYING TARGET UNCERTAINTY
AREA PROBABILITY DENSITY MAPS

1. Initial Tarset lincertainty Area Probability Density ‘“ap -

In airborne search and localization operations the problem
arises of locating a submarine target within an area of uncertainty such as
provided by the Sound Surveillance System (SOSUS). This area is known as a
SOSUS probability area {SPA). Jne approach in analyzing this problem is to
interpret the uncertainties which arise in these tactical situations in
prrobabalistic terms. This approach suggests the develcpment of uacertainty

area probability density maps to indicate those portions of the total area

hass 3 g

which have the highest probability of containing the target. The first step
in this develcpment is to determine the basic mathematical relationships in

terms of probability functions which underly these maps. In developing these

PEASY DN ey sewn o mvew cewee

| relationships consideration must be given to:

a. Probability density map of the initial umcertainty area

b, Probability density maps of the growth of the initial
uncertainty area with elapsed time as functions of time
late to datum, target motion and the deployment of acoustic

sensors within the area by the ASW aircraft.

In developing the probability density map of an initial target
uncertainty area A, it's size, shape, orientation, location and datum must be

known. In addition, the kind of probability density function which best

!y
IS IN

describes the probable location within the area, e.g., #(x,y) must be

PP

specified. It should be noted that the function f(r,y) 4z oy is the
conditional probability that the target is located at coordinates 2, ¢

within the area A, given that the target is located within the area A,

I1I-1
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Having this information the incremental probabilities can be computed for use

in developing an initial probability density map. --

2. Effect of Target Motion on Probability Demsity Map Versus Time

Subject to the constraints on target mction imposed bty a
particular tactical situation, probability demsities are chosen which are
reasonable approximations of the target's probable actual motion. In develop-
ing these mathemztical relationships it is assumed that submarine target
velocity and heading remain constant during the search operation unless other-
wise specified, [let 9,(!/.)_4.‘,';92(¢)A¢ denote the probabilities that the =
target's velocity has vaiues in (V, V+ AV) and it's track heading has values -

in(d, ¢ +Ad) . .

The first step is to compute A («,v) Au A v the probability that T
the target is inlu,«+A«)*(z;r+4v)at time ¢ . Referriny to Figure 3-1, then

p P, 1is given by:

F R, )Adullvr = E P [target moves “rn (2,4 ) to («,v ) in time #]
(z,4) 6 Av)
*P {target initially at (2, ¢ )]

=i

bl 4

where the summation is made over all peints (% 4 ) from which transit to

(«,7 ) in time Z is possible as denoted by At (u, ).

) Blmbubr= 2, Fo(p/t) g, @)  fny drdy Audy .
(z,y)€ At(u,lf) :

{ where “y
21" - - .
Vvt = p = [(a—z)2+(Vvy)] 2, @b = Lan ! % j

] This representation is valid for any time ¥ , subject to the same initial o
distributions on submarine target location, track heading and speed described

above,
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Figure 3-1 EFFECT OF TARGET MOTION ON PROBABILITY DENSITY MAP GEOMETRY
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3. Acoustic Sensor Employment Effects on Probability Density Map

The next step is to compute the probability density map for
time ¢, (¢, > Z,) given that an acoustic sensor has been placed at (z,y )e --

at time ¢, as shown in Figure 3-2 and has failed to detect the target.

Let G(R) be the probability of detection by the sensor as a
function of range. No deviation in the target's motion is assumed from time
£=0 to time z‘=i‘z . If the target's location at #=0 is (x,y ) and at t=¢,
it is («, v ) then the target's location at =7, is given by:

/ 7 Z‘i ) t/

(«)v') =[x+ (u-2), g+ :(r-g)

tz tZ

This means that the target is just the fraction z‘,/l‘z of the way between (2,4 )
and («,7 ). Thus, the probability of the target being at («, 2 ) at time Z,

given that no detection has taken place at time £, is given by:
Py, [«, | no detection at ¢, ]

= ptarget is at («,7 ) at time £, with no detection at time #, ]

+ P [no detection at time 7, ]

-
= LP[target moves from (Z,4 ) to (« 7) in time ¢, ]
(z,g)sAtz(z,v)

*P [target not detected at time ¢, while at ( «’, ' ) and in

transit from (%, 4 ) to («, v )]

“p [target at (z,y ) initially]
divided by

Z P[target not detected at time £, , given that the target is

tr,q) .
PP (% g9 ) at time ¢, ]

Ptarget is at (%, 4 ) at time ¢, |

ITI-4
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Figure 3-2 EFFECT OF DEPLOYING AN ACOUSTIC SENSOR ON PROBABILITY DENSITY
MAP GEOMETRY
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It should be noted that the division shown in the equation above is a constant
winich is independent of «,»». Therefore, it need not be calculated since its
effect is to normaiize the total area to unity.

If Pt1 z,y) Az Ly is the probability density map for time

£, then

% Ptz(a,:;)Aqur= l ég,(p/tz)gz(zﬁ)[f-é?(/?)]/zj-f(z,y)AzAgAqur .

Atz(a,ll)

. . -
T ) (1-6RY A (ry) A4y,
a//Lt’y) !
where A, (4, zr),p,gz’: are defined as indicated previously, and R denotes the
range from the target to the sensnr. In the numerator, the range R is -
measured from the sensor at (%, ¢ )s to the point ( «’, v/ ) described above.
In the denominator, the range is measured from thte sensor at (2,4 )5 to the -

points ( z, ¥ ) over which the summation is made.

The diagram shown previously in Figure 3-2 depicts the
probability density map geometry at time #, when the sensor is deployed at

location (z,y ), at time Z, .

If several acoustic sensors located at (%, 4 )S’ s e e s -

?

(%, 4 )Sn , respectively, report failures to detect the target at time ¢, , -

then (1- G(R) ) is replaced by: .
n
1T (1-6(@)) in the above expressions,
K=1

where R _ is the range from the K'th sensor to the point ( «’, »’ ) or (%, 4),
K p > ;!/

as described above.

a. Sensor Nondetection at Successive Time Increments

If an acoustic sensor fails to detect the target at several
- . 1
times past, ¢, , . . ., 7, with the sensor placed at (%, g )

3 ¢ o ey

. m . . . <y

(Z,4 )s , respectively, the expression for the uncertainty map probability

P, (u,v)Au Ay is modified by replacing (1- G(R)) with ﬁ(f-G(RK))in the
m K=1

il1-6
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numerator, and Z(!-G(i? }) P, (2,4 )Ax Ay with f! ( Z(!—G(R" )) x
pt,( (2,4 ) Ar& g ) in the denominator of (**). As stated hefore, RX

in the numerator is the distance from the sensor at time ¢, to the point £ /¢
of the way between (z,y ) and (&, »). In the denominator, R* is the
distance from tiae sensor to tke point (Z,y ). P‘K denotes the probability

density map generated for time r'K SK=1, . . ., m .

4, Target “otion Changes at ¢

The probability densities associated with target motion,g,(v)
and g, ( ¢ ) are replaced by 31* (v), gz* () and F(z,y )Ax 4y is
replaced by Pt*(z,y YAzAy in (*), with £* denoting the new time datum,

5. Target Location Probability Density Versus Time

Target locwtion probability density g, (u,r) at tine ¢ is
derived as follows: Probability densities 94 (v), 52( ¢ ) are given on
target velocity and track heading. Also given is an initial target location
density f (z,y ). Tne first step is to find the conditional probability

le/t) By

density of «,7 given %,y. lLetting o =V¢ , the density of p is 97—

measuring p and ¢ with respect to the point x, y , one obtains:

- (/)
9+ (/0)¢'Ix:.‘f) -9 p[- 92 ()

By referring again to Figure 3-2, it is evident that the follow-

ing relationships exist:

w= g+ P cos ¢
ve o y+ p osin &
Thus
’ o, )
_ . 2,
ge wury)= 79,V 9,8) Fo—5
where
/2 - -
p = -2 4y ] E g ten (L
Here,
3o, $) /a(u ) 1 : .
= 1/ L2 < = 1/p = is the .Jacobian
A, ) X, [:('“ -Z/')1+(z/‘-y)2] Y2
ITi-7
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of p» , ¢ with respect to «,v (r,y are considered to have fixed values in

computing the conditional probability density).

Hence, —
g: a,Zf! :ZT]- /2—_,-1_/ ~7) ‘(Vy)] /yzé“” (a z’)) [ zr)2+(2fy) ]/2

Finally, --

G, ) =f/§z («, zr|z’g) F(z:g)drdy
_/] 9rlr |2y Fzg)dzdy ,

av)
where A {u, ) is the set of points (z,4 ) such that transit to (&,») is

-

-

possxble under the constraints of 9, and ¢, .

The equation for A (u,» ) A« Av- is an approximation to

9§ (w,v)dudv.
B.  DESCRIPTION OF "EXACT" SOLUTION COMPUTER PROGRA' -

1. ‘fethod of Determining Probability Density ‘fap of Tarsmet -

Position With Time.

A computer program has been developed which closely models the
exact mathematical relationships governing the Search Director concept. The o
principal approximation in this program is that the continuous probability
densities are approximated by discrete functions. The program first divides ;
the initial probability density area or SPA into NxN grids and then calculates o=
the probability of the target being in each Ax by Ay garid at time equai to
zero when the target is initially detected by SOSUS and a SPA is formed. This -

probability is given by:

where PLJ is the probability of the target submarine starting in the ¢ , J :
arid and f( 7, y) is described by a joint circular normal probability
density (SPA). The point X, s Y, is at the center of a grid of size Ax

by Ay .
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From the estimates of the heading and velocity probability
densities, four grids {(Vg.B:1,2,30r%# ) are calculated for the probability of
the target starting in grid i, j and going to gridm, n in time { . The four

grids are calculated for the following constraints on¢(,j andm,n:

. mz ¢
Grid 1
n = j
i mzl:
Grid 2 .
néJ
m<
Grid 3 .
n>_,
me (
Grid 4
n < J

2. Method of Inserting Sonobuoy Field

The sonobuoy field is inserted into the computer model by first
calculating a composite probability of miss grid for all the sonobuoys at each
"look interval. The position (R,/£) of the target going from grid £, j tom,

n at the time of the ath look is given by:

&

23

_—

. Ta .
(+ =f (m-¢)

Ly jr Bl

Where T,

probability density is to be calculated. The above equations are valid for

is the time of the agﬁ look and T is the time for which the

the assumption that a covert search operation is conducted and thus, target
heading and speed remain constant. The composite probability of miss for a

target starting in grid ¢, j and going to gridm,n is given by:
NLOOK

pM =11 pPm, (&, 2,)

a=]
where NLOOK is equal to the number of discrete '"looks' by the sonobuoy field
and PM, is the composite probability of miss grid for the ath look.

A et v 4 4%y
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To find the probability of the target submarine being in the

m,n grid at the update time T , the following operation is performed.
WLOOK
pP {m,n} = Z; Vg (m-¢, n-j)s (]T PM, (ka)la))' pc'j
I3 z=1

wherev% is the grid representing the velocity and heading distributions.
C. DESCRIPTION OF MONTE CARLO COMPUTER PROGRAM

1. Method of Determining Probability Density Map of Target

Position With Time

Algorithms have been develcped to 'grow" the initial probability
functions such that a general purpose computer can be used to provide
probability density maps of target uncertainty areas on an accelerated time
basis. One of these algorithms has been developed to grow the initial
probability grid by a Monte Carlo (MC) method. The computer program solves
the initial probability density distribution (SPA) in the same manner described
previously for the exact solution., The initial distribution is assumed to be
a joint normal distribution in which the z and & components are assumed to

be independent but their variances need not be equal.

A number of Monte Carlo elements (MC submarines) are then placed
in each Ax by Ay grid. The same number of MC cubmarines is inserted in each
Az by Ay grid. From the velocity and heading distribution, z and y components
of velocity are assigned to the MC submarines. The same set of velocity
components are used for the MC submarines in each Az by Ay grid. A
discussion of the method used in this model to obtain the velocity components

is presented in Subsection C-6 of Section III of this report.

The computer program then converts the velocity components into
the number of Az by Ay grids in which the MC submarines move at the update
time T . Knowing the MC subs starting grid and the number of grids that the MC

submarines travel in the zx and y direction, the coordinates of the MC submarines

ITI-10




Lama an e e s L Sa g
Forusad  buiiad  feewmt  Soewy 0 DX 0 NN Ram

o

Pl s i

1
i
i
;

oo D

T

end grid at the update time 7 may be found. A\ count is then performed on the
number of !MC submarines in each grid at the undate time weishted by the
probability of the ‘C submarine starting grid. This count is normalized by

dividing by the number of ‘€ submarines placed in each Ax byAQy start grid.

2. Comparison of Monte Carlo Computer Program Sample Results With

Exact Solution For Initial Probability density Distribution

Figure 3-3 presents results from a computer run fron the ‘lonte
Carlo program together with those for the exa:t solution. The initial
distribution (SP\) is a joint circular normal with a standard deviation of one
( Gspa = 1 ) for the x and y components. The velocity components (#,, ¥y )
were each egenerated from aw~{( (0,7 )* random number generator. The curve
shown for the ‘locnte Carlo method has bheen calculated for the time ¢=7 and is
a cross section of the joint distribution passing apnroximately throueh the

mean of the distribucion,

The curve shown for the exact solution is calculated in the

O

following manner:
let «= 2+,

‘

oy v}t
lence, («, v ) cives the position of the target starting at zZ,y with velocity

components (#,, vy ) at the time 7 .

The random variables x and y are d»scribed by the distribution governing the

SPA N (0,1 ;0,17 )% and vy, ry are also described by a joint normal. b

\
The expected value of a(é’ {u_}) is given by

E{u} £ {z”@r}

=0

*The notation ~ (0,7 ) denotes a normal distribution having 0 mean .nd variance = 1, i
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e variance of « (Var (x)) is given by

Var{u.} = E {Zf-zrzl‘}l

E {xzvs sz-zc‘.‘zr;fz}
£ fxthre {v:?}
a® . t3g 7

SPA g-‘lf’z

Since « 1is described by the sum of two normal random variables, « is also a

2

normal random variable with a mean of zero and a variance equal totgn‘+tinaf .

The expected value of » is also zero and has a variance of G}, +£%0,7 .
¥

A comparison of the twc curves in Figure 3-3 indicates that
the probability density distributicn obtained utilizing the Monte Carlo
Method closely approximates that obtained from the exact solution. The
relatively small differences shown are negligible for CRT display of the
probability densities as variations in light intensities. Thus, it is
concluded that the ‘onte Carlo 'lethod which has considerably less run time

requirements on the computer is the preferred technique to use.

3. ‘fethods For Inserting Sonobuoy Field Into ‘lonte Carlo Program

Three methods have been investigated to insert the sonobuoy
field into the ‘fonte Carlo program. It is assumed in each of these methods
that the conobuoy field searches the area in discrete '"looks". This in
effect assumes that the output stage of the signal processor is an integrator
and that this output is sampled at the Nyquist rate., Also, it is assumed that
all integrated outputs of the signal processors arc sampled at the same rate

and at the same time.

In all the results presented ip this report, the probability
that the sonouboy detects the target at each of the discrete '"looks" is

assumed to be of the form:

PD = exp {—oc Rz}

I11-13
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where R is the distance of the sonobuoy to the pcsition of the target sub-
marine at the time of the "look" and « is an input to the model. This
probability of detection curve is not a limiting factor in the model but is

only used for convenience in analyses conducted during this study.

The concept of Search Directer make use of the negative
information that the target has not been detected which is given by 7-P0D

and is denoted by PmMm.
a. Method I

In this method of inserting the sonobuoy field into the ‘ionte
Carlo program, the location of all the sonobuoys and the '"1looks'" on each
sonobuoy that have been monitored are put into machine storage. It is
assumed that the '"looks' by the individual sonobuovs are at equal increments
of time so that one PM grid can be used for all sonobuoys and "looks". A
two dimensional grid PM ( iy ) is then calculated as a functicn of the x
and y offsets of the target from the sonobuoy. A more detailed description
of the probahility of miss grid is presented in Subsection C-5 of Section IiI
of this report. As an MC submarine moves from grid ¢, to grid m, n the
location of the MC submarine at each look by the sonobuoy field is calcuiated
from the following relationship:

R, = (+2 (m-¢)

T .
L, = J'+-T&.-(n—J)
By knowing the position of the :JC submarine at each "1look'", the distance of

the MC submarine from each sonobuoy is calculated.

Utilizing the relationships above, the accumulated probability
that an MC submarine remains undetected is calculated by the following

relationship:
NSONO NLOOK

=11 1T pm,.
t=1 Jj=1 J

ITI-14
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vhere pmy, is the value taken from the P47 grid to represent the
probability that the ith sonobucy does not detect the MC submarine on the
jth look. Also, NSONG is the number of sonobuoys deployed and NLOCK is equal
tc the number of "looks" by the sonobuoy field. If the ith somobuoy is not
teing monitored on the jth *look", then pm;; = 7 . Having the value of

PM , the count of each MC submarine in grid m, n is weighted by ch . P17
b. Method I1

Assume that the initial probability demsity distribution of a

SPA is given by:

P

. 7 { [z A
F(z,y/—mmp{ 2(‘712 7
~ v

Let V(z; 8)be the joint distribution describing the motion of the target. By

making the following transformation:

Yy = v cos(6)

@ = v sinfB)

the joint distribution, g (7, vy ), of the velocity components is obtained,

Let the start grid of the submarine target be denoted by z,, Y;
and the end grid by ¥,, 7, then the probability that the target moves a
distance Z,- x; in the z direction and ¢,-y, 1in the y direction in time ¢

is given by:

1 -2 4n- Y,
g (v, vy)Avy A?/z,:-t—zg(’"z_ ) ”z‘ QAzmAy,,

The probability of the submarine starting in the grid Z:5 4 is given by:
Fl,9,)0%; Ay,

Hence, the probability of the submarine being in the grid 4, ,y, at time ¢

is obtained by summing over all possible starting grids:

i % -y -y,
hy, 40 t) A2, 0y, = }/_2‘22-/ /'(zuf/J)ﬂLtzi: ‘ynz.—yQA"/[A.‘/ijm Ay,
J

ITI-15




3 Assume that one '"look™ at the area is made by a field of sonobuoys and that

the probability that the sonobuoy does not detect the zarget is given by:

PM (2g-%,,9,-4,)

where (zé, Y, ) denctes the location of the target and ( z,, ¢, ) the
location of the sonobuoy.

The joint probability of the target starting in grid z,, y;
and going to grid (z,, y, ) and that the target is not detected is given by: o

- Z Z
h(l'm:g,,:l")A!mAyn = -i%gJZT'yOPM :(:[+?L(z;71—z£)—zo, y‘/_’!-_t_f_(yn_‘q./)_yo)

whe~e ¢, is the time of the "look" ?is the time of the update and K is a

normalizing constant.

At the time of the first '"look", z‘, = ¢ , PMis not a function
4 of the increments being summed over:

h(Z,_.,,g,,)Z‘=f/)= PMZ:Z /-'-5
iy
At the second look consider:
hiz,, 4,, z‘=z‘,+At) = PM, ZZ niz;, !/‘-,Z‘/"g
PN

The result of this method approximates the motion of the target ac a randem
walk., That is, at each new time update the target is allowed to turn to u

new heading governed by the heading probability density.

When no sonobuoys are deployed, the effect of utilizing the
! above method is that at the end of # steps of A7? length, the variance of the

resultant probability distribution is proportional to:

N

' 2 (AP

£zt
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while the assumption that the target maintains a constant heading and velocity

Eeniaadn . ool

the desired vaTiances is proportional to: -
/N \2 )

i (Zat
i1

One method of correcting this is to multiply the components of velocity by a

§ constant at each step sc that the resultant variance is equal to the desired

variance. Thus, a series of comnstants, =<, , are chosen so that

‘

P 2 Gl \2 .
S (@;0t) =(Z Aij for all values of ¢ ‘

¢=1 s

c. Sample Results Utilizing Method Il

_.‘
G""‘w"l

Sample results utilizing Methed II are presented in Figures 2-4
and 5-5 for the case in which sonobuoys have not been deployved. Figure 3-4

shows results for a tactical situation in which the velocity of the target is

-
F.wum.‘

t known and its' heading is uniformly distributed between 0 and 2 7. Curves I,

IT and III show a comparison of the probability density distribution of a

(o o
[0

moving target for a l-step, 2-step and 4-step random walk {changes in target

heading during a specified time interval) respectively. Curvz Il most closely

sy

approximates the exact distribution whereas, considerable deviation occurs
for Curves 1 and III. Thus, it is concluded that a random walk of more than

one step will alter the actual probability density map considerably.

Computer run results in which the target velocity components are
N (0,1) are presented in Figure 3-5. Curves I and il show a comparison of

the probability density of a moving target fcr a 4-step and l-step random walk

cwgzyl @ GEER  kedid

respectively with that computed for the exact solution. In both runs the
velocity components of the !C submarines are multiplied by a constant at each
step so that the variance is equal to the desired variance. 0n this basis, it
is concluded that both Curves I and II closely approximate the curve for the

exact solution,
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d. Method III

This method approximates the update probability density as
follows:

ZZ -F'gp/'f = p(z,y;f)'pw(l’;.’/,l‘)

wherep (x,y) ) =ZZ~/-'"9 .

The method of obtaining p (,z’,y, £ ) is by the Monte Carle method described
previously. The PM grid is then "grown" separately from the P (%£,4,7)
term. The only case modeled in this study for a heading distribution of the

targst which is assumed to be uniform between 0-2 7 .

The PM grid is set equal to the probability that the target
is not detected on the rirst "1look" by the sonobuoy fieid. Between successive

"looks" the PM grid is then "grown' by the following operation:
—— / — —
PM ('2/4" LaE z) = ¥ {PM(ZL':.%'-I'ZL-At) * PM(,{!_’, qi- ¢-4t)
* /57(1"*1, s Z"‘LAt) * PWG{L') Fivrtr é-At)}

For heading distributions other than for a uniform heading between C and 27 ,

the above operation would be performed by weighting each term in the sum,

At the time of each "look", the P#/ grid is multiplied by the
probability that the sonobuoy field does not detect the target during that
"look". The term At in the above equation is set equal to Az/E {z/'} where Az
is the grid size (assuming A¥ = Ay) and £ {v‘}is equal to the expected
value of the target's velocity. Let T be the time increment between "looks",
then the above operation is performed A times between ''looks" where A 1is

defined as:

V= T/at?
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e. Sample Computer Run Results For 'fethods I, II ard III

Figures 3-6 through 3-11 present results of some sample computer
runs for the three methods of inserting the sonobuoys into the Monte Carlo
program. The plots were obtained from an on-line printer used in conjurction
with the IBM 370 Model 165 computer system. Since the printer prints 10
characters per inch in the horizontal direction and 8 characters per inch in
the vertical direction, some distortion is present in these figures. The
symbols on these figures indicate various probability demnsity levels with the
darker areas indicating higher probabhility density levels. These levels are

stepped in approrimately 5% increments.

Each typewriter character shown on the figures represents a
grid of .1 unit by .1 unit, The standard deviation of the initial probability
density of the SPA is a joint circular normal with a standard deviation of 1 unit in
both the # and y directions. The SPA is centered approximately in the center

or each figure. This point is also called datum.

The number of emplaced sonobuoys shown in each figure is two
with each sonobuoy having S ''looks'". The sonobuoys are located 1 unit to the
right and left of datum., In all cases, the target submarine heading is
uniformly distributed between 0 and 2 77 .

For Figures 3-6, 3-7 and 3-8, the target submarine has a known
velocity of 1 unit/unit of time, The display (elapsed) time is ¢ units. In
Figure 3-6 the sonobuoys are inserted by Method I. Figure 3-7 by Method II and
in Figure 3-8 by Method 3. Figures 3-9 and 3-10 are the same as Figures 3-6
through 3-8 except that the velocity component of the MC Submarines have a
normal distribution (# (0,1 }). The magritude of the velocity has a Rayleigh
distribution, I.i Figure 3-9 the sonobuoys are inserted by Method I, Figure 3-10
by Method II and in Figure 3-11 by Method III, A comparison of these and

additional results indicate that Method I of inserting the soncbuoys invo the

Monte Carlo program provides the best results., For this reason, a major
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SUBMARINE HEADING: UNIFORM DISTRIBUTION 0-27
SUBMARINE VELOCITY: 1 UN{T/UNIT OF TIME

ELAPSED TIME: 2UNITS
NUMBER OF SONOBUOYS: 2 NUMBER OF “LOOKS”: 5
TIME OF “LOOKS": 1.0, 1.25, 1.5, 1.75, 2.0

Figure 3-6 PROBABILITY DENSITY OF SUBMARINE’S POSITION WITH KNOWN
CONSTANT VELGCITY AND UNIFORM HEADING: METHOD I
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SUBMARIMNE HEADING: UNIFORM DISTRIBUTION 0-27
SUBMARINE VELOCITY: 1 UNIT/UNIT OF TIME

ELAPSED TIME: 2.0 UNITS

NUMBER OF SONOBUOYS: 2 NUMBER OF “LOOKS”: 5
TIME OF “LOOKS: 1.0, 1.25, 1.5, 1.75, 2.0

Figure 3-7 PROBABILITY DENSITY OF SUBMARINE'S POSITION WITH KNOWN
CONSTANT VELOCITY AND UNIFORM HEADING: METHOD I
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SUBMARINE HEADING: UNIFORM DISTRIBUTION 0-277
SUBMARINE VELOCITY: 1 UNIT/UNIT OF TIME

ELAPSED TIME: 2.0 UNITS

NUMBER Of SONOBUOYS: 2 NUMBER OF “LOOKS™: 5
TIME OF "LOOKS”: 1.0, 1.25, 1.50, 1.75, 2.0

PROBABILITY DENSITY OF SUBMARINE'S POSITION WITH KNOWN
CONSTANT VELOCITY AND UNIFORM HEADING: METHOD IIT
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SUBMARINE HEADING: UNIFORM DISTRIBUTION 0-27
SUBMARINE VELOCITY: V, = Vy =N (0,1)

ELAPSED TIME: 2 UNITS

NUMBER OF SONOBUOYS: 2 NUMBER OF “LOOKS™: 6
TIME OF “LOOKS™: 1.0, 1.25, 1.5, 1.75, 2.0

Figure 3- PROBABILITY DENSITY OF SUBMARINE'S POSITION WITH RAYLEIGH
DISTRIBUTION OF VELOCITY AND UNIFORM HEADING: METHOD L
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. SUBMARINE HEADING: UNIFORM DISTRIBUTION 0-27

| SUBMARINE VELOCITY: V = V =N (0,1}

ELAPSED TiME: 2 UNITS

NUMBER OF SGNOBUOYS: 2 NUMBER OF “LOOKS”: 5
TIME OF “LOOKS": 1.0, 1.25, 1.5, 1.75, 2.0

Figure 3-10 PROBABILITY DENSITY OF SUBMARINE'S POSITION WITH RA YLEIGH
DISTRIBUTION OF VELOCITY AND UNIFORM HEADING: METHOD IL
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SUBMARINE HEADING: UNIFORM DISTRIBUTION 0-27
SUBMARINE VELOCITY: Vx = Vy =N (g,7)

ELAPSED TIME: 2 UNITS

NUMBER OF SONOBUOYS: 2 NUMBER OF “LOOKS”: 5
TIME OF “LOOKS": 1.0, 1.25, 1.5, 1.75, 2.9

Figure 3-11 PROBABILITY DENSITY OF SUBMARINE'S POSITION WITH RAYLEIGH
DISTRIBUTION OF VELOCITY AND UNIFORM HEADING: METHOD IL
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portion of the Search Director study efrort has been concentrated toward the

full development of this computer program. o

4. Start and End Grids Development -

The initial probability density distribution of target location
within a SPA at #=0 is described by joint normal probability distributiosns.
The computer model initially computes £ (z;) Az and f (yj)Ay and stores each

in a one-dimensional array. The model as presently configured saves on
computer core size and a mirimal amount on computer run time compared with

computing the above functio.s over the total initial distribution (SPA) and :

then storing this array in machine memory.

The locus of points in the z-y plane such that £(z, 4 ) is a

constant C, is an ellipse given by:
2 2 2
Z/o'x * 52/@ = C,

Therefore, the boundary of the starting grid in the model is an ellipse which
is determined by C, . The value of C1 is an input to the model. The

target submarine is thus assumed to be within an ellipse of specified area
(SPA SIZE) with a given confidence, e.g,, 90% at time = 0, The region outside

the ellipse is not considered in the analysis,

The Ax by Ay start grid size need not be of equal size in
the ¥ and y direction. That is, Az is not required tc be the same size
as Ay . This allows f( z ) and f( y) to be subdivided into an equal number
of grids even when their variances are unequal, The end grid calculated at
the update time ¢ 1is circular in shape. The grid center and radius are
inputs to the model. A limitation of the model is that for the end grid Ax =
Ay , the value of Ax should not be larger than the maximum of the values

of Ax or Ay of the start grid.
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S. Probability-of-Miss (PM) Grid Development

One limitation of the present computer model is that all
deployed soncbuoys are assumed to have the same probability of detection
surve. The probability of detection of the target by a sonobuoy is assumed
to be of the form e'°‘kz where R 1is the distance from the target to the
sonobuoy and « is an input to the model, All scnobuoys being monitored are
assumed to be sampled at the same time. It is also ..ssumed that the sampling

rate remains constant throughout the search time.

The probability that a sonobuoy does not dstect the target is
given by:

_x R?
]1-~e€e

In the computer model the PA grid is calculated utilizing the following

relaticnship:
2 2 ..
pml‘/. = 1— exp{—-c{((A—zg +([:—1)Az) + (—Az—y- +(J'_7)Ay) } 'pOT' L,J p4 K

where ¢,; represents the number of x grids and ¢ erids from the sonobuoy
to the target and K is an input to the model. Also, the 4z Ay  grid size
of the PM grid can be an integer subdivision of the end grid Ax Ay size.
This allows for a finer sampling of the PV curves. lience, the model has

three different grid sizes that can be used and are listed below:

Start Grid Az’SG AgSG
End Grid AIL.G Affsa
PM Grid AzPM llgAM

Also, o¢ may be adjusted to become a function of velocity for a limited number
of target velocity and heading distributions and when the velocity is a random
variable. This will adjus. the probability density map for these limited

cases to account for an increase in source level of the target a. it's

velocity increases. The model is presently being extended to include any sensor
Probability of Detection versus range functions for both direct path and

convergence zone detection.
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For each *'iook" by the scnobuoy field, the model checks each
sonobuoy to determine whetlier that sonobuoy was monitored for that "look",
If the sonobucy is not being aonitored,pnhj- is set equa: to one, The
computer model calculates the r and 4 compenent of range of each MC submarine
to each scnobuoy for all soncbuoys which are being momitored. If either the
¥ or gy components (scaled to the number of grids} is greater than K, o
is again set equal to one. If x and 4 are both iess than K, the model
looks up the value of pmy| in the Pv grid., The accumulated probability of
miss of the MC submarines is then the product of 211 the probzbility of misses

for each sonobuoy on each "look",

6. Methods of Assigning Velocity Components to MC Submarines

The objective in analyzing different methods of assigning
velocity components to MC submarines is to find a method which allows the

minimw: number of MC submavines to be placed in each AzSG by Ay grid in

order to satisfactorily compute the probability density map. Three methnds

are availabie to obtain the set of numbers representing the headings of the

MC submarines for this distribution:

I. Generate a set of random numbers from this distribution,

1I. Equally space the headings of the MC submarines between
0 and 2 7 and weight the count of the MC submarines by

the probability that the target actually has that heading
within some 4A¢ range.

III. Space the heading of MC submarines at equal probability

increments between 0 and 27 .

a. Uniform Heading Case

The first attempt at assigning velocity components to the
submarines has been to use a random number generator for the '"random'

portion of the velccity and/or heading distribution. An an example, consider

I111-30
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the case where the magnitude of the velocity, 2~ , is known and the heading
of the distribution is assumed to be uniformly distributed between 0 and 27 .
Let ¥ be the number of MC submarines placed in each Az by Ay  grid.
A uniform random number generator supplies a list of A "random" numbers
between 0 and 1. Each number of the set is then multiplied by 27 to

obtain a set of random numbers which are uniformly distributed between 0 and

Z 7 . The velocity components for the ith MC submarines are then formed

from the following relationship:

Yy, T ¥ cos (8,)
Yy, =V s (6,)

where 8‘ is the ith number in the random number set,

Another approach is to equally space the headings of the
submarines in each grid around 0 to 2 77 , that is, tc assign "expected
values™* of headings to the M submarines, Thus, if four MC submarines are
to te placed in each 4x by Ay grid, the following headings would be

assigned to the MC submarines in that grid:
0, 90°, 180°, 270°

Sample results using these twe methods are presented in Figurs 5 12,
Comparison of the two methods of assigning velocity components to MC
submarines is shown in determining the probability density distribution of
a moving target submarine having a known constant velocity and uniform

heading. In Curve I the headings of the MC submarines are obtained utilizing

*iExpected valve' is used in the following sense: If a probability density
functivn is divided into N subdivisions in which the area in each segment is
equal (equal probabilities) and N random samples are obtained from the
distribution, it is expected that one sample would fall in each of the ./ sub-
divisions,
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the random number generator. In Curve II the headings are ecually spaced
betweep 0 and 27 . Unlike Curve I, Curve II corresponds closely to the
exact results presented in Reference 1.* These results indicate that squally
spacing the headings of the “C submarines allows the minimum number of

submarines to ve used in each grid.

b. PRiased iieading Case

Consider the example where the magnitude of the velocity is
known and the heading is a random variable described by the following

probability distribution:

1
z e A _cos(@)p —7r <8 £
26, 7\) 27 I, (L) xp{ m €55 ( )} 7 ”

The function I, (A, ) is a modified Besseil function of the first kind
which is included so that the density will integrate to unity. The parameter
A\, caa bhe regarded simply as a parameter that controls the spread of the

density. From the above equation it is determined that for A, = 0.
©) = -
p@) = =

As A, increases, the density becomes more jcaked and as A, - it
approaches the case where the heading is known, Therefore, the above
distribution aliows a wide range of headings distribution to be modeled. Due
to the kind of results obtained for the uniform heading case, no attempt

has been made to model a random number generator for the above distribution,

Results for the biased heading case utilizing “Methods II and
IIT are presented in Figure 3-13. These indicate that Method II (Illustration 13a)
provides a better representation of the probability density map in the fourth

quadrant than Method IIT (Illustration 13b). Ilowever, the reverse situation occurs for

*Reference i: Status Summary - Research at CAL on Analysis of Airborne Anti-
Submarine Warfare (ASW) Operations CAL Repcrt - no number,
May 1962, SECRET.
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the second quadrant, It is believed that both methods can be extended to
provide improved results. However, this has not been attempted up to the

present time,

¢c. Random Velocity Component Case

Consider the example where the velocity is 2 random variable

described by the following joint rormal:

'F(?/‘ ! A (z/;,—- 7’}0)2_,_ @-%0)7}
% /]

y" ):: — exp -
z> "y 2w, O, 2 2
v, 1!5 G'U.z
The velocity components for this distribution may be obtained from a random
number generator in the following way: The first step is to obtain two sets

of N random numbers from the following A ( 0,7 )} distribution:

‘F(z') = 7,2—:; exp {-——21- 3’2}

The next step is to multiply each number in one of the sets by Ty and add

Vi, The third step is co muitiply eacn member of the other set by Gay

and add vy, - The final step is to pair the numbers of the two sets to

obtain a new set which corresponds to a set of random numbers from £ ( 7y 29).

Each member of this set is then paired with one of the MC submarine as

its velocity component.

Another approach in assigning velocity components to the
submarines is to obtain a set of "expected values' of velocity components

from the distribution £ ( vy, ¥y ) as foliows:

Let 2/‘2' = y%_. Z/:‘L’o
v T %Y,
then
=R 5= 2
= 1 1 [ % %y
F{ e, ) = exp \~ 5 +

2’9" 2pa. 2| o2 o2
vy % 7
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Let -
_ —_ Yo
v, = v, —&
7 g 0'11,
z
then 1
- = _ b N _ 1 — 2 = 2
’['(2"”_'7)_ 290> expj za—zrz P4 * y‘;)j
> L8 x
Now let

The random variable 77 has a Rayleigh density given by:

= =2 _
g(7F) = Vz exp 4- z for v >0
T 27, |

Solve for #/ velocities along the curve ¢ (F) spaced at equal probability

increments.

Next, take the first of the A values of vzlocity, v; , above
and divide 6 intc equal increments over 2 7 in the same manner as in the

case for uniform heading. The reason for this is that the random variable

6= ten ( )

is uniformly distributed between 0 and 2 7 .

M

N

7,(6,)* 7 cos (8;)

Sl

v, (6;) = 51 (6, )

It is now necessary to transform the set of expected values from the

distribution F(?l, —75 ) to a set from £ (7, vy ).

Therefore,
0‘”‘( ==z
O, TGy,

v, 8,) = T (6,) + vy




i adil & 4 od oaf

b 3ad

e

oy

Let « be the angle between », of the 7, 7,

Then rotate the values of v, (§,) and vy (8,;) into the ¥y plane of the SPA

plane and z of the zy SPA.

NN e

by the following equations:

Ny

”z*(éz)z ?/‘z,(e‘) cos(x) + yg(e‘) cnS ((x +;l)
”‘.}x(é)= VZ(QL) Sin{x) + 2/3,(9‘) Ssr7 (o<+’21‘

The above operation is repeated for each of the M original velocities to

obtain the complete set of velocity components to model £ ( vy, 7, ).

fermoad by

Sample rtesults are presented in Figure 3-14 of the probability
density of a submarine's position for a Rayleigh distribution in velocity and

uniform heading utilizing the random number generator and expected value

ey AT

methods. This is also presented for the exact solution for comparison

purposes. In the three illustrations (l4a, i4b and l4c) »-, and v, are both

[R5
¢

described by a normal distribution with a mean of zero and a standard

deviation of 12 knots. The resultant vector velocity is described by a

Rayleigh density and hence the expected value of the vector velocity is

approximately 15 knots. The initial SPA has a standard deviation of
25 n. miles for both the # and y components. The 4 by Ay grid size is

preasa  poou

4 x 4 n, miles, The display time is 8 hours.

o

I1lustration l4a is the exact solution density map for the

sample problem, In illustration 14b, the velocity components are generated

oy

from a normal random number generator. The velocity compoaents for
illustration l4c have been obtained using expected values. The number of MC

submarines in each grid are the same fer both iillustrations 14b and l4c,

o

These examples indicate that using the expected value method gives the best

results since they more closely approximate those shcwn for the exact

Pl

solution.

)

Additional results are presented in Figure 3-15 using the

expected value nethod. The parameter values used are the same as those for

i

Figure 3-14 except for the number of MC submarines placed in each grid.
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Illustration 15a in Figure 3-15 is the result of a computer run in which the
function ¢ ( 7 ) is sampled at a relatively small sample size, M, and a
relatively large number of MC submacines is assigned to each sampled velocity.
In 15b, g ( il) is sampled at a large sample size, #/ , but the number of

submarines assigned to each sampled velocity is small.

Referring to 15a, a readily discerned effect resulting from
under sampling g ( 7 ) is that a "hole" in the probability density pattern
appears at the datum, On the other hand, assigning relativelv few
submarines to each sampled velocity (15b) causes the constant contour levels
to have the effect of a circle modulated by a sine function. Thus, additional

tradeoff analyses are necessary to minimize or eliminate these adverse
effects.

7.  Sub-Cptimal Sonobuoy Drop Point Netermination

A limited effort has been conducted on a modification to the
Monte Carlo program for use as a possible improved aid in determining sub-
optimal sonobuoy drop points. Instead of solving for the joint probability
that the target is in some grid at time 7 and that the target will not be
detected in moving to this grid, the modified program calculates the joint
probability that the target passes through some grid during the search time

from 7, to 7, and that the target is not detected during this time by the
derloyed sonobuoys.,

The modified program would be used in the following manmner:
First, the operator determines the time on s-ation (from 7, to 7,). The
model then computes the prcbability that the target will pass through each
Az by Ay grid during this time period. Having this display the
operator then decides on a drop point for one or more sonobuoys. The model
then calculates the joint probability that the target passes through the
Ax by Ay grid and is not detected by the deployed sonobuoys. For this
calculation the operator must make a reasonable estimat> of the monitoring

schedule of the deployed sonobuoys.
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Presently, a problem area exists in this model which is
caused by the use of a rectangu:iar coordinate system, The reason is that
submarines with a heading of 0° may be ccunted as passing through more grids
than those with a heading of 45° for example. A correction factor has been
inserted into the modei to account for this difference. liowever, a complete

analytical justification of this factor has not vet been made,

wouks ceoms 0 wEemn DA BOED

Y

Sample results from tnis mode! are presented in F:igure 3-16.
I1lustrations 16a and 16b respectively show the probability density maps

without and with application of the correction factor. In both cases the

-er
RO VAN RN

target’s velocity of 13 knots with a uniform heading between 0 and 2 # is
assumed to be irnown. The grid size is 2.5 x 2.5 n. mi. The SPA is described

by a joint circular normal distribution with a standard deviation of

W

; 25 n. mi. In summary, although complete analytical justification for the
correction factor has not becn made computer run results (16bj indicate that

it appears to work satisfactorily.

{ 8. Analog-lybrid Computer Program

A limited effort has also been conducted toward determining the
feasibility of using an analog/hybrid computer system tc obtain the probabiiity
density maps of target uncertainty areas. This limited program has been
] completed on the CAL COMCOR CI 5000 Anulog computer. Typical results of the

CRT display obtained from this program are iilustrated in Figure 3-17, The

=g

tactical situation shown is for the case where the velocity of the submarine
is a constant value and it's heading is uniformly distributed between 0 and
27 . Referring to Illustration 17a, one "look" is taken with two sonobuoys
offset on both sides of the center of the uncertainty area. In 17b, two
looks with one sonobuoy are shown for the case in which the sonobuoy is

4 dropped at the center of the uncertainty area.

A general purpose computer could be used in conjunction with

the Analog computer (Hybrid system). This system would use the GP computer

I11-4]
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SUBMARINE HEADING: UNIFORM DISTRIBUTION 0-2 7
SUBMARINE VELGCITY: CONSTANT
NUMBER OF SONOBOUY:

LIGHTER AREAS INDICATE HIGHER
PROBABILITY DENSITY AREAS

NUMBER OF “LOOKS":

Figure 3-17 CRT DISPLAY OF PROBABILITY DENSITY AND SUBMARINE'S POSITION
WITH KNOWN CONSTANT VELOCITY AMD UNIFORM HEADING: UTILIZING
ANALOG COMPUTER
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primarily for storage while the analog computer would be used to "compute'

the probability density maps.

9. Possible Search Director Display Technicues

A limited study has been conducted of several techniques for
displaying probability density maps of target uncertainty areas in which
sonobuoys have been deployed. Figure 3-18 illustrates several display
technique which have been photographed from a CRT connected to the output
processor of the CAL analog computer. These presentations vary the amount of
£ill-in between the calculated value for each Az by Ay grid. In
i*lustration 18a the fill-in is almost complete, In 18b a partial fill-in
is utilized for display purposes. In 18c the probability level is indicated

both by the intensity of the point and by its size,

A capability also exists in future study, for the analog
computer to pass the output grid through a ncn-linear amplifier, This
capability provides a method for investigating the effects, for example, of

intensifying the highest probability density levels,

10. Comparison of Display Techniques Utilizing the CAL Flying
Spot Scanner

A limited cffort has been conducted on the CAL Flying Spot
Scanner for the purpose of comparing varioas display techniques. A description
of this CAL equipment is summarized in Appendix A, 1In brief, the values cf
the calculated grid of the Monte Carlo program are converted to integer values
ranging from 0 to 60. The lowest number in the grid is set equal to zero,
the highest to 60 and the intermittent values are linearly spaced between 0
and 60, A 1074 x 1024 grid is then formed from the calculated grid by
linearly smoothing between the calculated points. A color code is assigned to
each of the 61 levels in the grid. The possible shades of gray for a black

and white photograph are shown in Figure 3-19.
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Figure 3-19 GREY 3CALE FOR BLACK AND WHITE PHOTCGRAPHS
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Figures 3-20 and 3-21 are examples in which all the different
tevels of grav haye been used. The brighter areas irdicate higher probability
levels. Figure 3-20 is presented for the case where the submarine target
velocity is known to be 12 knots and it's heading is uniformly distributed
between 0 and 27 . The SPA is described by a circular normal distribution
with a standard deviation of 25 n. mi. The displayed circle has a diameter
of 252 n. mi. The display time for this example is 9 hours. A total of 15
sonobuoys are deployed. Each sonobuoy is menitored on every other "look"
starting at a time late equal to 3 hours in increments of 15 minutes for a
total of 24 "looks". This photograph is for the same probability density
map as shown in Figure 4-7c of Section IV of this report in which an on-line
computer printer has been used to create the map. Figure 4-7 also shows the

locations of the deployed soncbuoys.

An example is shown in Figure 3-21 in which the velocity of the
target is described by a Rayleigh distribution with a mean velocity of
15 knots. The diameter of the display is 420 n, mi. and the center of the
figure is the datum point. FTigure 4-12b is a presentation of the same display

using the on-line printer (Refer to Section IV).

Figures 35-22 and 3-23 present the same probability density map
that is shown in Figure 3-20 except for the coding of the shades of gray. In
Figure 3-22, 31 intensity levels have been used which are equally spaced
over the gray-scale range of 0-60, Figure 3-23 shows six intensity levels

linearly spaczd over the dynamic range 0-60,
Figure 3-24 presents the same probadility density map that is
shown in Figure 3-20 except that in this example, the blacker areas indicate

higher probahility levels, This is accomplished by making a positive of

Figure 3-20.
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Figure 3-20

FLYING SPOT SCANNER DISPLAY OF PROBABILITY DENSITY MAP:
EXAMPLE 1
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Figure 3-21

FLYING SPOT SCANNER DISPLAY OF PROBABILITY DENSITY MAP:
EXAMPLE 2
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FLYING SPOT SCANNER DISPLAY OF
EXAMPLE 3

Figure 3-22
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Figure 3-23

FLYING SPOT SCANNER DISPLAY GF PROBABILITY DENSITY MAP:
EXAMPLE 4
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Figure 3-24  FLYING SPOT SCANNER DISPLAY OF PROBABILITY DENSITY MAP:
EXAMPLEG
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Figure 3-25 shows an example of a color display with Figure
3-26 being its equivalent black-and-white photograph using 61 shades of aray.
It should be noted that no effort has been attempted to determine the "best"
color code and, therefore, Figure 3-25 is prescnted only as an example of the

capabiiity of the CAL Flying Spot Scannerx.

Another method of presenting a probability density map to an
ASW operator is to display it as a series of contour lines representing iso-
probability density levels. Thus, in order to evaluate the merits of this
method of display, a contour plotting routine has been added to the ‘lonte
Carlo model. Samnle contour lots based on computer runs made utilizing this

routine are shown in Figures 3-27, 3-28 and 3-29.

A contour plot of probability density levels for the initial
SPA (n(0,7)) is shown in Figure 3-27 at zero elapsed time. In Figures 3-28
and 3-29, the target is assumed to have a known constant velocity and the
heading is uniformly distributed between 0 and 2 77 . Contour plots for
display elapsed times of 1 unit and 2 units are presented respectively in
Figures 3-28 and 3-29. The probability density levels associated with zero
and one unit of elapsed time are listed in Table 3-1. Those for two units of

elapsed time are listed in Table 3-2,

In summary, the limited results achieved to date provide some
indication that an intensity display in shades of gray can supply ASY aircraft
personnel with the necessary information required for conducting Search
Director operations, Still to be finally determined, however, are the number

of intensity levels needed and the size of the display scope.
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Figure 3-25

FLYING SPOT SCANNER DISPLAY OF PROBABILITY DENSITY MAP:
EXAMPLE 6
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Figure 3-26
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PROBABILITY DENSITY LEVELS FOR ZERO AND ONE UNIT OF ELAPSED TiME

lH(u,v) u v

0 £ Prob. < .0005

.0005 .0601
.0001 .0002
.0002 .0003
.0604 .0004
.0004 .0005
.0005 .0006
.0006 .0007
.0007 .0008
.0008 .0009
. 0009 .0010
.0010 L0011
.0011 ,0012
.0012 .0013
.0013 .0014
.0014 .0015
.0015

TWO UNITS OF ELAPSED TIME

h(u,v) u v

0 £ Prob. < ,0002

.0002 .00022
.00022 .00024
.00024 .00026
. 00026 .00028
.00028 .00030
L00030 .00032
.00032 .00034
.000354
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Iv, GENERAL STUDY RESULIS

1. Comparison cof Samp!: Result:z for Exact Solution and ‘lonte

Carlo Program

An illustrative comparison of results obtained from an "exact"

solution versus those from the Monte Carlo program is shown in Figures 4-1

and 4-2, In these examples it is assumed that the target's velocity components

are described by A( 0,1 ). The SPA 1s assumed to be described by

a joint circular normal v'ith unity variance and zero mean. The display time

is one unit. One sonobuor is de¢~loyed in the uncertzinty area and one ''look"

is obtained at 0.75 units elapsed time.

The similarity between the pichability density maps shown in
Figures 4-1 und 4-2 appears to be excellent. Tt should be noted that the
corpuzing time on the IBM 370-165 computer vtilizing the exact solution is,
although not ontimum, 92 seconds compared to less than 2.5 scconds for the

Vionte Carlo program.

2, Effect of Varying Start Grid Size

The results shown in Figures 4-3 and 4-4 indicate the effect

~

of varying the size of the start grid. That is, the effect of varying C

5
1
to determine the boundary of the start grid from the following equation:
2 2
2
'o.iz-+o\.g2:c1
x ¥

The importance of limiting the size of the start grid is that
doubling the size of the grid (with 4x and Ay remaining constant)
increases the computer run time of the Monte Carlo program by more than a

factor of four.
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SUBMARINE HEADING: UNIFCRM DISTRIBUTION 0-2 77

SUBMARINE VELOCITY: x & y COMPONENTS NORMAL WITH
ZERO MEAN AND UNITY VARIANCE

ELAPSED TIME: 1 UNIT

NUMBER OF

SONOBUOYS: 1, NUMBER OF “LOOKS": 1
TIME OF “LOOK": 0.75

PROBABILITY DENSITY OF SUBMARINE'S POSITION WITH RAYLEIGH

DISTRIBUTION IN VELOCITY AND UNIFORM HEADING: EXACT
COMPUTATIONAL METHOD
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SUBMARINE HEADING: UN’rORM DISTRIBUTION 0-27%

SUBMARINE VELOCITY: »x & y COMPONENTS NORMAL WITH
ZERO MEAN AND UNITY VARIANCE

ELAPSED TIME: 1T UNIT

NUMBER OF

SONOBUOYS: 1, NUMBER OF “LOOKS": 1
TIME OF “LOOK' : 0.75

Figure 4-2 PROBABILITY DENSITY OF SUBMARINE’S POSITION WITH RAYLEIGH
DISTRIBUTION 14 VELOCITY AND UNIFORM HEADING: MONTE
CARLO METHOD

V-3




3218 QidO LYV.LS Ni .
SNOILVIHVA WO 1ONIAYIH WHOLINN INV ALIDOTIA LNV.LSNOD :
NMONDI HLIM NOILISOd S.ANIHYINGNS 40 ALISNIA ALITIEVEOHd € 34nbid

SUNOM 8 IWIL AVTdSIO
way s AR = XU

A 2-0 NO1LN8IHLSIA WHOLINN ONIQV3IH _
wege = Ay :
gy s Xp 19718 VdS SLONM S'¢L *ALISOT3AAN :

|

og ag > o
nyee to ozu o o= bo ) _
!

“

V-4

e




3215 aid9 LYVLS N¢
NOILVIHVA HO:A DNIQVIH WHOAINN ANV ALID0TIA NI NOILNEIYLSId
HOIATAVE HLIM NOILISOd ANIHYWENS 40 ALISNIA ALITIEVEQHd - 2inbiy

SUNOKM 8 HWIL AVdSIa

e p - AT X

gz - Ao 120 NOILNGIYLSIG W¥OJINN  ONIQVAH
w gz = X HZ2IS Vds NOLLNAIY.LSIa HOI3TAYY CALIDOTIA
og=to oz alo

i
.
HN
Hisis
: S
fifs SRR
- .
:
. i
- 8 E M
i i :
;
. i H
- 111 1 .
A
i) 1
_ seset
it It
{redets]
! vsise
4 I HTET
Staseites
LF: S
: H St
H HHt B
HitHd B
‘ — ] s L ]

Iv-5




Ny

o Ba

KW

For both Fieures 4-3 and 4-4, the SPA is assumed to be a
joint circular normal with a standard deviation of 25 n. mi. In Flgure 4-3
tiie target is assuzed to have a known constant velocity of 12.5 knots and a
uniforaly distributed heading between 5 and 27 . In Figuie 4-4 the target's
velocity is described by a Rayleigh distribution having a mean of 15 knsts

and a uniform heading between 0 and 27 .

The Sollowing list associates the radius, C, , of the start

grids with each of the iilustrations shown on tihe two Figures 4-3 and 3$-4.

I1lustration C, o
4-3a 1o -
1-3b 26
4-3c¢ 2.4¢
1-d2 1.6
4-1b 20
4-4¢ 30 -
From these limited results, the 2 ¢ boundary appears to be satisfactory for -

use in analyses. Thus, for the additional results presented in this report,

the 20 boundary is used for the start grid. This encompasses approximately

90% of the probability density which describes the SPA.

3. Effect of Varying the Variance in Target Heading

Figure 4-5 presents results obtained due to varying the amount
of spread (variance) of the probability density function describing the
target's heading. In this example the target's velocity is given by the
following probability density:

f 2
-.C(zr)=/(expi-2iw)—} -16<c v <78

ks

N
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Am =1 Am =2

Am =38
5d
Am =4
5¢ SPA SIZE: Ox =25 n.mi.
2 Oy =25n.mi.
; {v-12.5) B
VELOCITY: kexp(-1/2¥"2317) -16<v< 16 Ax = Ay = 4 n.mi.
1 &4 DISPLAY TIME: 8 HOURS
HEADING: ————— exp{Am cos®©)
271, (Am) D DATUM

Figu.24-5 PROBABILITY DENSITY OF SUBMARINE'S POSITION WITH RANDOM
VELOCITY AND HEADING: FOR VARIANCE VARIATION iN HEADING
DiSTRIBUTION
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In this case the velocity is assuned to be a constant (12.5
knots} plus a randon part described by 2 normal distribution over the
interval from -2¢ to 24 (where 7¥= 64 ). The constant, K, is inserted
co that the function will integrate to one. It shkould be noted that only the

nagnitude of the velocity is determined froa £ (> ).

The heading distribution is given by:

a2 1 z —— ————
? {8, fin) 7 LAY exp {A,,, cos 9}

The results shown in Figure 4-5 are obtained for a number of values of A,

The values of A, associated with each of the illustrations shown are listed
below:

illuszration 11n,
3-3a 1

5b 2

Sc 4

Sd 8

Curves of p( &, N, ) can be found in Reference 2* page 338
for a number of values of A ,, .

4., Effect of Varying the Variance in Target Velocity

A presentation of selccted examples to show the effect of
varying the variance of target velocity wher the target’s heading is

uniformly distributed between 0 and 2 77 1s presented in Figure 4-6,

*Reference 2. Detection, Estimation and Modulation Theory, Part I, Harry L.

Van Trees, Published 1968 by John Wiley and Sons
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0y=16 0y=-36

6c 6d
2
VELOCITY: k exp (-1/2-‘—"-‘—132-—5L) 29 <¥<20 SPA SIZE: Ox =25 n.mi.
oy Y Oy = 25 n.mi.
HEADING:  UNIFORM DISTRIBUTION 0-27 Ax = Ay = 4 nmi

DISPLAY TIME: 8 HOURS

Figure 4-6 PROBABILITY DENSITY OF SUBMARINE'S POSITION WiTH RANDOM
VELOCITY AND UNIFORM HEADING: FOR VARIANCE VARIATION IN
VELOCITY DISTRIBUTION
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The probability density which describes the velocity is:
b

- 72.5% 4

p )5 K exp {_ .__f_g_ﬂ_r

G
r

'2(,-3_ < v < 20:,_

Y] I

-

The tarjet's heading is assu=ed to be uniformly distributed between 0 and 2 = .

p— P 2 - I . - - - -
The values of G, associated with each of the illustrations shown in

Figure 4-6 are listed below:

Iilustration G&f
4-6a 1

6b 4

6c 16

6d 36

it is interesting to note that as a%f increases the high
probability arcas spread more toward the datum than away from it. That is,
the radius of a circie contouring the outer edge of the darker area has very
little change over the range of ¢, while the radius of a circie containing
th# inner edge of the darker area decreases as U}f increases.,

-

5. Effect of Varving the Number of MC Submarines/Start Grid

Sample computer results obtained by varying the number of MC

submarines in each Az by Ay area of the start grid are shown in Figure 4-7,

This example is for the case of known target velocity with a2 uniform heading
over the interval 0-2#%7 . There are 15 sonobuoys deployed in this example,
Each sonobucy is monitored on every other ''look” period. The sonobuoys
""looks" are spaced at 15 minute intervals over the period from 3 to 9 hours

giving a total cf 24 "looks".
The importance of limiting the number of MC submarines/grid

is that the computing time on the IBM 370-165 computer increases linearly as

the number of MC submarines in each Ax by Ay grid increases. The number

IV-10
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NUMBER OF MC

SUBMARINES/GRID =

7c
VELOCITY: 12 knots

HEADING: UNIFORM DI

NUMBER OF SONOBUOYS: 15

NUMBER OF LOOKS:

Figure 4-7

NUMBEHR OF MC
SUBMARINES/GRID = 18

o tene

24 SUBMARINES/GRID = 40
7d

O DATUM
DJDEPLOYED SONOBUOYS
SPA SIZE: 0 x= 25 n.mi.
ay = 25 n.mi.

24
9 HOURS AY=Ax=3nmi.

STRIBUTION 0-2#

DISPLAY TIME-
PROBABILITY DENSITY OF SUBMARINE'S POSITION WITH “NOWN
CONSTANT VELOCITY AND UNIFORM HEADING

NUMBER OF MC SUBMARINES/GR!D
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of MC submarines/grid associated with each of the illustrations showrn in

Figure 4-7 1is summarized below:

Illustration WC Subparines/Grid --
4-7a 12
7o 18
7 24
7d 40

In comparing Illustration 4-7a (12 MC submarines/grid) with 4-7d (40 MC
submarines/Grid) it is noted that the probability deasities resulting from
the number of MC submarines/grid are dependent on the location of the
sonobucoys. It is for the purpose of showing this effect that the sonobuoys

are placed ia an offset pattern with respect to datum.

The computing time on the IBM 370-165 conputer (central
processing unit time) for Illustration 3-7d (40 MC submarines/grid) is 4.1 -
seconds while the cempuzing time for 4-7c¢ (24 MC submarines/grid) is 2.7
seconds. These times are for the case in which the size of the start grid is
determined by a 2 ¢ boundary. If the range of the target to the sonobuoy
is greater than i2 n. mi., the probabiiity that the soncbuoy detects the .
target is assumed to be zero. An increase in the values of either of the

above parameters will cause an increase in the cemputing time,

6, Effect of Varying Search Aircraft Time Late in Arriving at Datum

The effect of varying ASW search aircraft time late in
arriving at datum of a SPA area and conducting searun operations for a
constant 6 hour period is presented in Figure 4-8. In this example, the
velocity of the target is described by the following joint normal probability

distribution:

2 2
o A _’@_)
7o Vy) = 272 P72 (/6"‘# iy

1v-12
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DISPLAY TIME: 11 HOURS DISPLAY TIME: 9 HOURS
TIME LATE: 5 HOURS TIME LATE: 3 HOURS

8a 8b

DISPLAY TIME: 11 HOURS DISPLAY TIME: 13 HOURS
TIME LATE: 5 HOURS TIME LATE: 7 HOURS
8¢ 8d
O DATUM
. SPA SIZE: 0, =25 n.mi.
v v, - .
VELOCITY ~ —'— exp {2+ ) Oy = 26 n.mi.
79 144 16

Ax= Ay=5n.mi.

NUMBER OF SONOBUOYS: 15
NUMBER OF LOOKS: 24

Figure 4-8 PROBABILITY DENSITY OF SUBMARINE’S POSITION WITH X AND Y
VELOCITY COMPONENTS NORMALLY DISTRIBUTED: EFFECT OF TIME
LATE
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Also, there is an angle of 45° measured in the clockwise direction between
the z-¢ axis of the SPA plane and the v, - vy axis of the velocity plane.
The SPA is described by a joint circular anormai distribution with a standard

deviation of 25 n, mi.

Tllustration 4-8a shows the '"growth" of the SPA, without any
sonobuoys deploved for an elapsed time interval of 11 hours. Time late for

the other i1llustrations shown in Figure 4-8 are listed bhelow:

Illustration Time Late, Hours
4-8b 3
4-8c
4-8d 7

The results indicate the varying probability densities that occur as time

late is increased from 3 and S5 hours tc a maximum of 7 hours.

7. Effect of Varying ASW Aircraft Search Time

Computer results which show the effect of varying ASW aircraft
search time for a selected time late to datum are presented in Figure 4-9,
The SPA i, described by a joint circular normal with a standard deviation of
25 n, mi. The velocity compnr~ents of the target are given by the following

distribution:
2 2
/. = _/_ o ...j_ (_?/Z_ _”3’_)
Fly,vn)= 5 7% P77 \72¢ T o#

Also, there is an angle of 45° measured from the SPA axis in a clockwise
direction between the z-g¢ =#xis of the SPA and the Ty -y axis of the

target velocity plane.

For each case shown in Fipure 4-9 the search operation begins
at seven hours time late, The display times and number of sonobuoy ''looks'

associated with the illustrations as shown in Figure 4-9 are listed below:

Iv-14
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Illustration Display Time, Hours Number of Sonobuoy Looks
$-9a 9 S
4-9b 11 16
3-9¢ 13 24

Th results indicate that the sonobuoys in effect search out an increasiag
portion of the SPA as the search tizme and nucher of '"looks™ by the sonobuoy

field ircrease from 9 to 13 hours and froz 8 to 24 "looks" respectively.

8. Effect of Linear Smoothing Between Grid Points

Figures 4-10 aad 4-11 indiczte the effect of linear smoothing
between calculated grid points. Figure 4-10 presents results for a medium
speed (12 knots) target and Figure 4-!1 for a high speed (24 knots) target.
The target's heading in both cases is uniformly distridbuted between 0 and 27 .
The SPA is described by 2 joint circular normal with 2 standard deviation of
25 n. mi, A fieid of 15 sonobuoys is deploved within the SPA. Each
sonobuoy is monitored on every cther "look. The "looks'" are taken during

the elapsaed time interval from 3 to 9 hours at increments of 15 minutes.

In Illustration 4-10b the grid is caiculated for a Az = Ay =
6 n, mi, Additional points are then calculated between these grid points by
linearly averaging between adjacent grid points. This provides an effective
grid siz2 of 3 n, mi. on the display. Illustration 4-1fa is calculated for

a Az = Ay =3 n. mi. for comparison nurposes.

Referring to Illustration 4-11b in Figure 11, the display is
first calculated for a grid size ( Ax by z&y } of 12 n. mi. and then
reduced to one of 6 n. mi. by the above smoothing technique. Illustration
4-112 is calculated for Ax = Ay = 6 n. mi. in order to co~ are the two
cases. The resulting probability densities for these cases are fairly
similar. Thus, the importance of the linear smoothing technique is in
reducing computing time by a factor of approximately 4 for a specified Ay
by Ax grid selected for the display.
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9. Effect of a Large Variation in Number of MC Submarines/Grid for

a Uniform Target leading and Rayleigh Distribution in Velocity

Figure 4-12 presents computer results obtained when target
velocity is described by a Rayleigh distribution with a mean of 15 knots and
target heading is described by a uniform distribution over the interval 0-27 .
Iliustration 4-12a in Figure 4-12 presents results obtained for a display time
of 9 hours for the case in which no sonobuoys are deployed. Illustrations 4-12b
and 4-12c present results for the case in which 15 sonobuoys are deployed.
Sonobuoy ''looks'" are taken at iS5 minute intervals over the elapsed time
interval from 3 to 9 hours for a total of 24 "looks'. Each sonobuoy is
monitored on every other '"look'. The number of MC submarines/grid is
relatively small for the case shown in Illustration 4-12b whereas it is large

for the case shown in Illustration 4-12c.

The computing time on the IBM 370-165 computer for the case
shown in Illustration 4-12b is 6.53 seconds whereas, it is 11.64 seconiis for
4-12c. The boundary of the start grid has a radius of 26 . If the target
is more than 10 n. mi. from a sonobuoy, the probability of detection is
assumed to be zero. Increasing the sonobuoy detection range from 10 n., mi,

to 25 n, mi, increases the computing time of 4-12c from 11.64 seconds to
14.75 seconds.

10, Effect of Changes in Target Velocity on Probability of Detection

Figure 4-13 presents computer results for the case in which
the probability of detzction of the target by the sonobuoy field is a function
of the target's velocity. As stated previously in Section IIT of this Repoit,

the probability of detection is assumed to be:

-xR*

PD=e

where o is an input to the model and K is the range from each sonobuoy to

the target., Referring to Illustration 4-13b in Figure 4-13 the probability

IV-19




aiyo/s,ANIYVYINGNS OWN 40 HIGINNN NI
NOILVIHVA HOd :ONIQVIH WHO4INN ANV ALISCTI3A NI NOILNEIYLSId
HOIFTAVH HLIM NOILISOd S, aNIHVINEGNS 40 ALISNIA ALITI8VE0Hd  2LP ankig4

WU g =AT = XY

SHNOH 6 ANLL AV1dSIa gz = Ao | 2+ B e +{ dxa Sné ~:AL19073A
§L SACNEONOS 40 HIGWNN WU 6z =Xn :321S vdS z" Z*
. gL 4zL ezt
908 p9°LL :3WIL ONILNINOD 995 €6'9  :INIL DNILNDINOD SAONSONOS LNOHLIM

1v-20




Tarvtames —

Ll[lEP»lbllr’ N

AR 2o R aunnd

ALIONTIA S,L3DHVL 50 NOLLONNL V SV dIdD Nd
40 103443 :ONIAvIH WHO4INN ANV ALIOOT3A NI NOILNEIY1SIA
HOIZTAVYH HLIM NOILISOd S,3NIHYINENS 40 ALISN2A ALiTi9vE0Hd  €L-b 2nbig

SHNOH &
st
wu g =AY = xy
qwuru yz = Ao
wrugz = Xp 13218 VdS

agl
aiyd Wd 318VIHVA

AWIL AVdSia
SAONGONOS 40 "H3gINNN

1249873
“

dxo L

L vbL
w ~ ALIDO73A

(—x + < )en
2t "

egt
aido Wd LNVLSNOD

IV-21




oo e gin . g

of detection is assumed to be of the form:

_«.?zv v
PD:- e e/ where V. < v

2

= e %R where V. > 7
where 7 is a velocity random variable and V. is an input to the model. 1In
effect, this indicates that the target's radiated noise is constant for
velocities from 0 to V. and that the radiated noise subsequently incresses

linearly as » > V_ . In this example, V_ 1is equal to 9 knots.

For the case shown in Illustration 4-13a of Figure 4-13, PD
is equal to:

~xR2V /15
PD = e i e/

where #» = 15 knots is the expected value of the target's velocity which is
described as a Rayleigh distritution. The heading of the target is assumed
to be uniformly distributed between 0 and 277 . The SPA is described by a
joint circular normal with a standard deviation of 25 n. mi. A field of 15

sonchuoys is deployved and 24 "looks' are taken.

A comparison of these results show the increased capability of
the sonobuoys to detect the target submarine as its' speed increases beyond a
value # = 9 knots. This is indicated by the changes in probability density
in the second quadrant for the variable PM grid (Illustration 4-13b) compared
to that for the constant PM grid (Illustrztion 4-13a).

11, Effect of Variance of Variations in Target's Velocity

Figure 4-14 indicates the effect of variance variations in the
velocity of the target. The target's velocity is described by the following
probability distribution,

7t 2
/ z 7 ~l
I(V;,@I)= — expy~7 (7,;,7 *o: ] )
vy /)

Zv'ﬁaq@
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In Illustration l4a the variance of the 053 components of velocity is 64. It

is equal to 1 for the case shown in Illustration 14b. The SPA is cdescribed by

a joint circular normal distribution with a standard deviation of 25 n. mi. for

both examples presented in Figure 4-14. Also, 15 sonobuoys are deploved with

a total of 24 "looks".

. .- 2 .
Figure 4-14 indicates that as G%} decreases (wita a;;
remaining constant) the uncertainty of the target's heading decreases. llence,
when the velocity of the target is described by a joint normal and even when

the means of the velocity components are zero, information is avaiiable on

the target's heading when the variances of the velocity components are unequal.

12. Effect of Biasing Target lleading

Figure 4-15 presents results obtaired for the case in which

target velocity is described by the following probability density:
2 2
f = ! ___ -—/ ¥+
2. 79) = 5% exP{ 2\ 144 144

The initial SPA is described by a joint circular normal with a standard

deviation of 25 n., mi. A field of 15 sonobuoys are deployed within the SPA.
A total of 24 '"looks'" are taken during the elapsed time interval between

3 to 9 hours. Each sonobuoy is monitored on every other "look",

The effert of inserting a mean value of 12 knots to the
component of target velocity is to bias the heading of the target. The joint

prebability density of the target's velocity and heading is given by:

e —wrruy )20 ru, cos 8/o*
<

g (769)=2770_2 e

{This equation is presented in Reference 3,* page 196) where o> = 144 and

«,. = 12, Integrating out & results in the following velocity distribution:

g = O_—v:: exp {— (zrz+(/.2,2)/,?o-2} I, (_2;_'_425_)

*Reference 3: Probability Random Variables on Stochastic Processes by
Athanasios Papoulis Published 1965 by McGraw-Hill,
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Curves of g( ) and the heading distribution ¢( &) are presented
?

in Reference 2 on page 362 and 363 for a number of values of = ;Zzz .
o

Tae r2sults shown in Figure 4-15 indicate that the effect of
biasing submarine heading is to shift the high density area of probable

target positions to a sector located outside of the ring of deployver sonobuoys.

13. Accumulated Probability Density of Target Position with Search

Time

A limited effort has been conducted toward development of a
program which computes the probability that the target will pass through
Az by Ay grid during the search time from 7, to T, . Some sample
results of this effort are presented in Figures 4-17 and 4-18. For Figures 4-17

and 4-18 the velocity of the target is assumed to be 13 knots. The heading

of the target is described by the following distribution:

_ 1
P@)- ST > 1.0 exp JLcos 9}

The accumulated time is the interval between 3 to 9 hours. Figure 4-17
presents results for the case in which no sonobuoys are deployed. Figure 4-18

presents results for the case in which one sonobuoy is deployed.

The exampie presented in Figure 4-18 is the same as that
shown in Figure 4-17 with the exception that target heading is assumed to be
uniformly distributed over the interval from 0 - é; . This angle is

measured in the clockwise direction.
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Figure 4-16
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SUBMARINE HEADING: p (@)= — exp { cos o}
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GRID SIZE: 2.5 x 2.5 N.MI.

NUMBER OF
SONOBUOYS: 1, NUMBER OF “LOOKS”: 24

Figure 4-17  ACCUMULATED PROBABILITY DENSITY OF SUBMARINE’S POSITION WITH

KNOWN CONSTANT VELOCITY AND RANDM HEADING: ONE SONOBUOY
DEPLOYED
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SUBMARINE MEADING: UNIFORM DISTRIBUTION 0- 7/2
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Figure 418 ACCUMULATED PROBABILITY DENSITY OF SUBMARINE’'S FOSITION WITH

KNOWN CONSTANT VELOCITY AND UNIFORM HEADING BETWEEN 0 AND
7 /2: NO SONOBUOYS DEPLOYED
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V. APPENDIX A: CAL FLYING SPOT SCANNER

The CAL Fiving Spot Scanner was developec as a flexible research
facility for investigation of pattern recegnition/image analysis prchlems.
It has been interfaced with various computers at the Computer Center as these
have been updated from generation tn generation and is currently capable of
on line operation with either an IBM 370-165 or a PDP-9 computer. General
software utility programs have been developed for reading and writing (computer
input/output) operations. Recently, a new utility program has beea developed
to adapt the standard IBN 370 plotting routinss, provided for use with eclectro-
optical and electro mechanical plotters at the Center, to permit direct control

of the Flying Spot Scanner as a plotter.

Plotting instructions to the Flying Spot Scanner can now be airectiy
excecuted by FORTRAN and PL/! programs. Included is the capability to generate
the s.andard character and symbol set. This feature together with the variety
of photographic recording devices incorporated in the scanner has greatly expanded

the utility of the system.

The Flying Spot Scanner features a cathode ray tube controlled by a
precision magretic deflection system. Nominal spot size is .0018" with 1024
discrete addresses per line horizontally and 1024 lines vertically. No
programming restriction is placed on successive spot address location, a feature
that facilitates operation in the plotting mode as well as in more complex
interactive pattern reading modes. Two complete cathode ray tubes and deflection
systems are provided which can be connected alternatively to common logic control
and power supplies. One is configured to read opaque copy and is used only in the
read mode, The second CRT is designed to read transparencies and to write on
photographic material. A plate holder is provided to mount transparencies with
a useful scan area of 3" x 3". A film transport which features pin regis-
tration to an accuracy of .001" under computer control is provided for reading
70mm and 35mm film. For recording purposes a variety of cameras and cut film
holders as well as Polaroid backs are provided. A 35mm and a 16mm movie camera
with single frame advance control by computer may be used alternatively, Pro-

vision is made for introducing color filters in the optical path thus allowing
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color szparation in the read =ode and color writing with appropriate color
negative =aterial. A large screen zonitor CRT display is provide

the action of the scanner in the reading mods or to displayv in pa
information being writtea on the photographic negative.

A VIEW OF THE FLYING SPOT SCANNER SHOWING THE
CRT AND OPTICAL BENCH IN OPENING, TOP LEFT, ANb
THE LARGF SCREEN MOMITDR Lnj Q1% :
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ILLUSTRATIONS OF THREE DIMENSIONAL DATA PLOTS BY

370/FLYING SPOT SCANNER SYSTEM
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