1

N78-19505 . °

((;b/ ! 6]»1 _ NASA CR-112143
MARCH 31, 1973
CRSE- Fole. &,

AN INVESTIGATION AND

CONCEPTUAL DESIGN OF A
“"HOLOGRAPHIC” STARFIELD AND

LANDMARK TRACKER

ELECTRIC




NASA CR-112143

AN INVESTIGATION AND CONCEPTUAL DESIGN
OF A
"HOLOGRAPHIC" STARFIELD AND LANDMARK TRACKER

By Joseph D. Welch

Distribution of this report is provided in the

interest of information exchange. Responsibility

for the contents resides in the author or organ-
~ ization that prepared it.

Prepared under Contract No. NAS 1-10739 by
GENERAL ELECTRIC COMPANY
Space Division
Valley Forge, Pa. 19481

for

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
Langley Research Center
Hampton, Virginia 23365




FOREWARD , . . .

1.0 INTRODUCTION, SUMMARY, BACKGROUND AND APPROACH

2.0

3.0

TABLE OF CONTENTS

1.1 1Introduction. . . . . . . . .
1.2 Summary. . . .« + . .« + ¢« o«
1.3 Background of the Concept . . . .
1.4 Approach . . . . .« « +« « « .

SYSTEM ANALYSIS. . . . . . .+ « .+ &
2.1 Application Considerations ., . .

Performance Goals . . . .

N NN

.1.
.1.
.1.

W N =

Probability . . « .« . .
2.1.4

Vehicle Dynamics Considerations .
Field of View Selection and Considerations
Stellar Magnitude, System Sensitivity and False Alarm

.

Landmark Selection and Image Degradation,

of Minimum

.

2.2 Tracking System Coﬁfiguration Trade-Offs and Alternatives .

2.2.1

Navigation System and for an Attitude Reference .

Tracker System . . . . .

2.3 Dpigital Simulation of a Starfield Mapper

.3.1 Correlation with a Single Star Image

2
2.3.
2.3

INSTRUMENTATION INVESTIGATIONS . . . .

.

2 Correlation with a Multiple Starfield Pattern,
.3 Prediction of Tracking Accuracy .

2 Interface Between Holographic Tracker and Spacecraft
.2,3 Primary Components and Interfaces of the Holographic

Comparison of Operational Requirements for an Autonomous

3.1 Investigation of Input Imaging Medium for Starfield Tracking.

.1.1 Method of Investigation . .,
1.2

3
3.1. Evaluation of Photoplastic Recording Material - A
Summary of Results and Conclusions for a Starfiel

Tracker « « o « o & « &

Experimental Description. .

Summary of Results and Conclusions .

iii

Evaluation of Polaroid Diapositive Material - A

Evaluation of Photoplastic Recording Material (PPR) =~

viii

[y

O N

(%)}

13
14
17
18
23
25
27
27

27

28
29

32



3.2

3.3

3.4

3.5

TABLE OF CONTENTS - Continued

Investigation of Input Imaging Media for Landmark Tracking.

3.2.1 Evaluation of Photoplastic Recording Media for Landmark

Tracking - Summary of Results . . . « « + + .+ .
3.2.2 Performance Evaluation of Photoplastic Recording
Material as an Input Imaging Medium for Recording
Landmarks - Description of Experiment . . . . . .
3.2.3 Evaluation of Rapid Process Polaroid Media for Land-
mark Tracking . . . . . . . . .+ . .« o o . .

Application of Image Intensifiers to the Holographic Tracking

Problem . . . . 4 4t i h e e e e e e e e e

3.1 Summary of Image Intensifier Characteristics . . .
3.2 Experimental Evaluation with an Image Intensifier -
Results and Recommendations . . .+ .+ « « + « o

3.
3.

Investigation of Electro-Optical Readout Techniques . . .

3.4.1 Definition of the Problem . ., . . . . . . . .
3.4.2 Alternative Electro-Optical Readout Devices. . . .
3.4.3 A More Advanced Approach - Parallel Electro-Optical

Readout 3 . . ] 3 .’ . 3 . 3 . . . . . . .
Investigation of Other Key Components. . . . + « . .+ .

3.5.1 Telescope Design. . . . .+ « « v « &« & « o« o
3.5.2 Image Rotation Sensitivity and Compensation, ., . .
3.5.3 Coherent Illumination Source ., . e e e e e
3.5.4 Alternative Read-In and Read=Qut Modes of Input
Imaging Medium . . . . . e e e e s

3.5.5 Storage and Retrieval of Matched Spat1a1 Frequency
Filters « .+ & ¢« o o« o o o o o o o o« o o

4.0 OVERALL CONCEPTUAL BASELINE DESIGN OF THE "HOLOGRAPHIC TRACKER",

5.0

~ &
WN =

4
5

~ &
.

General. . ¢ ¢ ¢« ¢ ¢ ¢ 4 4 e e s e e e e e e
Input Imaging Medium. . . . . . . « .« . « .+ o .« .
Comparison of Reflective vs Refractive Optics in the Design
of the Coherent System . ., ., . . . ¢« ¢« ¢« « « « « .
Overall Scale Factor Considerations . . . . . . . . .
A Conceptual Layout of an Ovérall System . . . . . . .

CONCLUSIONS AND RECOMMENDATIONS. v & & o o o o o o o o o

5.1
5.2

Conclusions .« .« o « ¢ ¢ o o o o o e e e o o o .
Recommendations. . . « « & & o o o o o o o o o

iv

33
33

36

39

40
40
43
45

45
45
46
47

47
48
50

52
56

65

65
65

66
67
68

70

70
70



- APPENDICES . -. .

A -

TABLE OF CONTENTS - Continued

Autonomous Space Navigation

Material.

REFERENCES

The Application of Spatial Filter Techniques to Precision

Star Exposure Experiments with Rapid Process Silver Halide

Description of Experimental Evaluation of Image Intensifier
Operating with PPR Imaging Medium

Landmark Experiments with Rapid Process Silver Halide Material

71

71

81

87

90

95



Figure

Figure

Figure
Figure
Figure
Figure
Figure

Figure

Figure

Figure
Figure

Figure
Figure
Figure
Figure
Figure

Figure

Figure

2-1

2=2

2-3

3-1
3-2

3-3

3-5
3-6
4=1

A-1

A-3

A-4

B-1

LIST OF ILLUSTRATIONS

A Simplified Schematic Diagram of "Holographic'
Starfield/Landmark Tracker . . . . « + +« o« « o o« .

Equivalent Amplitude in the Spatial Domain of a
Spatial Frequency Band Limited Star Image for the
Case of a Single Star Represented as a Binary Disk . . .

Central Cross Section of Cross=Correlation Function
of Frequency Band Limited Binary Star Images . . . . .

Cross Section of Cross-Correlation Function of
Frequency Band Limited Gaussian Star Images. . . . . .

Frequency Plane Representation of Two Starfield
(Along Direction Between Stars) . .+ .+« .« « o o o o« .

Typical Min. Exposure Required for Imaging Landmarks
on PPR as Determined by Experiments ., . . . . . . .

Image Smear Due to Orbit Dynamics Resulting from
Imaging Landmarks on PPR . . .+ ¢ o + « o o o o o

Laboratory Set-Up for Evaluation of Image Intensifier
Operating with a Photoplastic Recording Camera and
Simulated Starfield Images . « « « « o o o o o o

Non~coherent Read-In and Coherent Read-Qut Accomplished
on Same Side of Optical-to-Optical Interface Device
(Spectral Shared Type A or Time Shared Type B) . . . .

Non=coherent Read-In and Coherent Read-Out Accomplished
on Opposite Sides of Optical-to=-Optical Interface (Type C)

Frequency Plane Representation of Two Starfield
(Along Direction Between Stars) . . .+ &« « « « « o o

A Conceptual Layout of a Holographic Tracker . . . . .

Arabian Peninsular Showing Various Landmark Areas . . .
Signal vs Rotation Error. . « « o « o o s + o o«

Five Photographs of the Same Area of the Moon at Different
Times in the Lunar Day .« .+ « « « « o o o o o« o+ =

Required Exposure and Energy Density to Obtain Star Image
of a Given Diameter on Polaroid Diapositive Film . . ,

vi

16

19

21

22

24

34

35

55

55

61
69
73
74
76

77

78

82



Table

Table

Table

Table

Table

Table

Table

Table

2-1

2-2

2-3

2-4

3-2

3-3

" LIST OF TABLES

Performance Goals

Typical Line-of-Sight Angular Rates . . . . . « .

'Nominal System Parameters

(Assuming Operational Requirements Throughout the
Stellar Sphere)s . .+ « v ¢ + ¢ o o o o o o

Nominal Starfield Tracker System Parameters
(Assuming Operation Restricted to Celestial Sphere
Exclusive of Region near Galactic Poles) . . . . .

Image Intensifiers - Typical Characteristics. . . .

A Comparison of Three Alternative Modes of Operation
of Optical-to-Optical Interface Devices . . . . .

A Comparison of Two Mechanical Spatial Frequency
Filter Storage and Retrieval Techniques . . . . .

Min, Exposure Time, Energy, Energy Density Required
to Image Star of Limiting Magnitude . .. . . . . .

vii

10

11

41

53

58

85



FOREWARD

This report summarizes the results of an investigation and conceptual
design of a "holographic" starfield and landmark tracker. This program was
performed under the technical leadership of Mr. J. D. Welch who was also a
primary technical contributor and who also prepared the final report. The
laboratory and observatory experimental evaluation of the imaging media was
conducted primarily by Mr. John Holeman with assistance by J. D. Welch. Mr.
J. Bamberg contributed in the area of photometric analysis and investigation
of alternative electro-optical readout techniques. The work was performed on
Contract No. NAS1-10739 under the technical direction of Dwayne E. Hinton of
the NASA Langley Research Center.
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1.0 INTRODUCTION, SUMMARY, BACKGROUND AND APPROACH

By Joseph D. Welch

1.1 Introduction.- The objective of this investigation was to further
evaluate the key components and projected performance of a '"holographic'
starfield and landmark tracker and perform a conceptual design of such a
device. '

The function of the "holographic” tracker, as it is defined in this
program is to automatically recognize and track starfields and/or landmarks
which are detected on-board the spacecraft by passive optical means. These
starfields and/or landmarks are recognized and tracked by means of an on-board
coherent optical data correlator. The system incorporates a file of matched
spatial frequency filters w'iich have been previously made in an Earth-based
laboratory based on imagery of preselected (i.e., "known'") starfields and
landmarks.

Automatic recognition and tracking of landmarks and starfields from a
spacecraft has several potentially useful applications including:

. Providing vehicle attitude determination and reference by relative
vector direction to known starfields.

. Providing a sequence of positional constraints as part of an auton-
omous space navigation system., A continuing sequence of such con-
straints would be processed by recursive statistical means to provide
a continually updated best estimate of the vehicle ephemeris. (This
is discussed more at length in Appendix A.)

Providing precise reference pointing for various scientific and obser-
vational payloads.

. Updating gyro references.
. Verification of specific stellar references.

The technology of automated on-board.parallel optical data processing
has broad future potential for several other advanced aero/space mission re-
quirements. Among the interrelated data processing applications having such
potential applicability are:

. On-board automatic classification and/or spatial frequency analysis of
patterns which are interpretable in terms of Earth Resources investiga-
tions.

. On-board automatic recognition and classification of generic cloud
patterns and their associated weather systems,

On-board compression of imagery data in order to conserve bandwidth
of ground link transmission.



It is expected that the further pursuit of the objectives of the contract
reported here, which thus far has emphasized the attitude reference and
autonomous navigation problems, will also provide a key to component selection
and system design to solve these other problems of practical interest to fu-
ture aero/space missions.

The results of this contract have been sufficiently encouraging as to
recommend, as a next phase the detailed design, fabrication and test of an
automatic coherent optical data processor having a design which would ulti-
mately be applicable to operation in a space vehicle.

1.2 Summary.- Some of the principal results of this investigation may
be summarized as follows:

1) The analysis, experiments and design effort of this investigation
have supported the feasibility of the basic "holographic tracker"
concept,

2) Analysis and experiments were performed in the area of image
intensifiers. It is concluded that applications of some of the
more advanced types of intensifiers, such as the low distortion
wafer types of intensifiers, will permit the application of some
of the more advanced input imaging media which would otherwise have
inadequate sensitivity.

3) Experimental evaluations of photoplastic recording material (PPR)
demonstrated somewhat less sensitivity when imaging stars than
had been previously predicted. However when exposing simulated star
images on PPR with an image intensifier a large effective gain was
experienced. It is predicted that, in effect, the use of an intensi-
fier in this way will provide a usable gain in the range of 104.

4) A Polaroid rapid process silver halide material was evaluated as an
input medium for landmark and starfield tracking. Adequate image
correlation was demonstrated with optical energy densities as low

10-8 watt sec/cmz. In some cases, however, "star like" noise
appeared unpredictably on the image in some of the experiments.
This noise was judged to be sometimes so extensive as to raise con-
siderable doubt as to the utility of this material for a practical
starfield tracker. Furthermore the complexities of developing this
material continued to make it look unattractive for space applica-
tions,

5) The two reference beam coherent optical matched filter technique
developed by J. Hallock (reference 8) is recommended as the best
means for multiplexing spatial frequency filters for starfields. It is
expected that up to 30 starfields can be multiplexed on a single
frame. For a tracking system requiring a very large number of
stored matched landmark spatial filters, a pin registration f£ilm loop
system has been shown to provide the required registration position-
ing accuracy (reference 9). :




6)

7)

8)

9)

10)

Although a 1 mwatt HeNe laser is recommended for the conceptual
design it is expected that solid state laser diodes will ultimately
be a practical source of coherent illumination after it has been
more fully evaluated for this functién. Such laser diodes have been

- demonstrated to have practical potential in a coherent correlator

(reference 10).

An electro-optical readout based on the application of an image dis-
sector is shown to be the best approach to correlation readout for
the conceptual design. Ultimately, however, when evaluated for this
function, solid state linear arrays are expected to provide a more
compact completely parallel non-scanning readout system,

One of the promising alternative types of real time input imaging
devices is an optically addressable liquid crystal device. One ap-
proach to such a use of liquid crystals has been developed for NASA-
GSFC (reference 11). Encouraging results have been obtained to rec=-
ommend further evaluation of this type of device for applicability to
the present conceptual design.

A conceptual design of a holographic tracker has been made which fits
in a volume 132 em x 48 cm x 24 cm,

Its principle components are

. A 20 cm clear aperture Schmidt-Cassegrain télescope having
an 8° field of view.

. A 1 mwatt HeNe laser,.
. A 40 mm wafer type image intensifier.

Paraboloidal mirror segments for performing the Fourier
transform. '

. A fixed multiplexed starfield matched spatial filter,.
. An image dissector electro-optical read-out system.

. An optically excited liquid crystal type of real time input
imaging device.

The predicted tracking accuracy of the above conceptual design is in
the range of 1 min. of arc. Ultimate landmark and starfield tracking
accuracies in the range of 15 sec. of arc are predicted for this type
of correlation tracker.

1.3 Background of the Concept.- The work of this contract was based on
previously developed technology application concepts originated by General
Electric on earlier Company-sponsored investigations (cf. references 1 to 6)
and further explored by GE under a previous NASA/ERC contract (NAS 12-2148)
(cf. reference 7). Specifically the original concept related to the applica-
tion of near real time coherent optical matched filter techniques for recog-

nizing and tracking landmarks as part of a navigation and/or attitude refer-
ence system.

3



1.4 . Approach.- The specific task areas covered under this contract have
included:

. An investigation of two candidate near 'real time" input imaging
media: a photodeformable and a rapid process silver halide. These
media were investigated with both the starfield and landmark appli-
cations in mind.

. An investigation of alternative electro-optical devices for precision
readout of the correlation function,

. An analysis of the overall recognition and tracking system for the
purposes of providing a guide to system design and performance predic=-
tion. This included a simplified simulation of the starfield recogni-
tion and tracking problem.

. An overall conceptual design of the system. This includes selection of
the basic size and scale factors of the system as well as selection of
the key components. Layout drawing and dimensions of the system as it
is presently conceived are provided.

In addition to the above effort an investigation and limited experimental
evaluation of image intensifiers was performed. It was concluded that these
intensifiers may provide a key to the practicality of using some of the ad-
vanced "real time" imaging media for recording input images. '



2.0 SYSTEM ANALYSIS

2.1 Application Considerations.- Application considerations in the
design of the holographic tracker have been discussed in some detail in pre-
vious reports (references 1-7). System performance requirements desired for
specific applications and certain problems associated with achieving this
performance were considered. The problems considered in this section are
those which are primarily extrinsic to the mechanization of the tracker sys-
tem hardware. Problems and design alternatives more specifically associated
with the tracker mechanization itself are discussed in Section 2.2, Among
the problems to be discussed are:

. Effect of image motion induced by vehicle path and attitude
dynamics.

. Obscuration or truncation of the observed scene.
. Other types of image degradation.
. "False alarm" problems in recognition.

In considering the performance specifications and associated problems, a
variety of spacecraft and applications could be considered., However, atten-
tion will be limited to three types of vehicles and missions which are
believed to be representative of most of NASA Space Missions:

. Spacecraft Type A: A non=-spinning Earth Observation type of satellite
nominally stabilized relative to the local vertical. '

Spacedraft Type B: A non~-spinning spacecraft nominally stabilized
relative to inertial space.

. Spaéecraft Type C: A spin stabilized spacecraft nominally stabilized
relative to inertial space.

In the case of Type C it will be assumed that the starfield holographic
tracker will be pointed along the vehicle spin axis.

We will make the assumption that starfield recognition and tracking will
be desired for all three types of vehicles listed above. However we will
also make the realistic assumption that landmark tracking will be applicable
only for the Type A vehicles.

Since we are considering a fully automated system no distinction will
be given to manned or unmanned spacecraft.

2,1,1 Performance Goals.- In order to provide performance guidelines for
the conceptual design considered in this program the performance goals as
listed in Table 2-1 were selected. These are based on an engineering judg-
ment of requirements for future space missions. These goals include both
performance goals for an initial feasibility model as well as for an ultimate
operational vehicle. The performance goals for the operational vehicle are
believed to be realistic in relation to anticipated future NASA missions.
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2.1.2 Vehicle Dynamics Considerations.= The typical angular viewing
rates which can be anticipated for realistic space missions are listed in
Table 2-2., The viewing rates due to orbit motion are directly obtainable
from considerations of orbit mechanics. Rates related to attitude control
are based on engineering judgment of present and future anticipated state
of the art of attitude control systems. The minimum attitude rate shown as

1072 rad/sec due to attitude control system dynamics, for example, would be
expected with the application of a high quality Control Moment Gyro system.

The effective angular rates listed in Table 2-2 could be reduced on=-
board the vehicle by appropriate use of an image motion compensation (IMC)
device incorporated in the system. However, IMC is not considered in this
analysis because it is desired that its complexities be avoided if system
.performance can be obtained without its use.

These image rates are important in that they provide a measure of the
maximum exposure time and/or relaxation time constant of the optical=to=-
optical interface input image device (relaxation time being the more signif-
icant parameter for the self-erasing input imaging -devices such .as certain
types of optically excited liquid crystal devices). '

In general, it appears desirable that the image smear due to vehicle
dynamics should be "small" relative to the size of the resolution element of
the input imaging system. Just how "small" the smear should be is a matter
of some judgment for the specifically intended mission., As pointed out in
reference 12, a smeared input image of a star function can, as expected, re-
sult in an improved (i.e., higher intensity) correlation signal level, . It
does this, however, at some cost in the increase in the width of the correla-
tion function. Thus, the rather modest improvement in correlation signal
level intensity is bought at the price of more complexity in the operation of
the electro-optical readout of the correlation signal. A significant degree
of smear can necessitate a somewhat more complex pulse-center detection and
interpolation scheme for the correlation function readout in order to obtain
low tracking uncertainty.

For the above reasons, a recommended guide is established which would
limit the smear due to exposure time or input imaging relaxation time con-
stant to about 1/3 to 1/2 of an effective input imaging system point spread
function.

2.1.3 Field of View Selection and Considerations of Minimum Stellar

Magnitude, System Sensitivity and False Alarm Probability.- To
some extent, a model, based on the statistical distribution of stars as a
function of stellar magnitude, can be established to provide a predictive
guide to the probability of false detection of starfields. This is useful
because it can provide a design guide for selecting the number of stars in a
nominal starfield and the desired resolution of the input imaging part of the
system and the desired telescope field of view.

Clearly a similar model cannot be as readily established for predicting
performance of landmarks. There we must depend on experimental results with
a variety of landmark types. Laboratory simulation results to date have



TABLE 2-2

TYPICAL LINE-OF-SIGHT ANGULAR

RATES

ANGULAR RATES

VEHICLE TYPE (rad/sec)
. TYPE A
. Relative to Landmarks
. Due té Orbit Rate
Min. Altitude 3(10-2)
Inter. Altitude 1.5(107%)
Synchronous Equatorial Altitude 0
. Due to Residual Attitude Control 1072 to 1070
System Dynamics
. Relative to Starfields
. Due to Orbit Rate
Min. Altitude 1073
Inter. Alfitude' 0}5(10-3)
Synchronous Altitude iO”4
. Due to Residual ACS Dynamics 1072 to io's
. TYPE B
Relative to Star Fields 10"2 to 107>
(Due to Residual ACS Dynamics)
. TYPE C
Relative to Starfields
Spin Rate About Tracking Axis 10-1 to 10




indicated that, for well-selected landmarks, the false alarm problem can be
made negligible. This is due to the unique pattern characteristics of well-
selected landmarks.

The required minimum number of stars needed in each recognition star=-
field will be determined largely by considerations of signal to false alarm
ratio. Acceptable false alarm rejection will be determined not only by the
response of the coherent optical system but also by the discrimination capa-
bility of the electro-optical detector of the 'correlation spot".

The problem of three star patterns has been evaluated in reference 13,
This reference shows computed results of the total number of three star pat=-
terns as a function of the field of view, and the stellar magnitude. It also
shows the number of "equivalent" three star patterns as a function of input
image sensing resolution. By "equivalent" we refer to three star patterns
which cannot be distinguished from each other in view of the finite resolu-
tion of the system. These represent potential 'false detections" or ''false
alarms" in starfield correlation.

An examination of the results obtained in reference 13 indicates that for
a 500 x 500 element resolution system the false alarm ratio is approximately
1072, For a 1200 x 1200 element resolution system, the false alarm ratio is
about 0.3(10'2). Thus the false alarm probability is acceptable from the
standpoint of performance goals established for the initial feasibility model
even with a 500 x 500 element resolution system. (Note that based on a 60 arc
sec tracking accuracy that 500 x 500 element system would correspond to about
a 8% x 80 field of view for the initial feasibility model. This is not an
unreasonable field of view for the initial model.)

" The above false alarm ratios are based on a system with the sensitivity
to three stars within the field of view. It is evident that with a more sen-
sitive system (one which can detect stars of higher visual magnitude) it is
possible to obtain starfields containing more than three stars within a given
field of view which would result in a lower false alarm ratio. An initial
evaluation indicates that the probability of false alarms for a five star pat-
tern is less than 10°% for an input imaging system having a resolution of
1200 x 1200 elements. This represents a performance in terms of rejection of
false alarms which exceeds the requirements for the operational model.

Based on the above, the system sensitivity and field of view should be
selected ‘so as to provide a minimum of 3 to 5 stars in a defined star pat-
tern. Since the telescope field of view is specified largely by system
tracking accuracy, the nominal number of stars in a given field will be de-
termined by system sensitivity. '

Assuming a realistic tracking accuracy of a 2(10'3) and 0.5(10-3) fraction
of the field of view for the initial feasibility model and the operational
model respectively and for false alarm rejection purposes, a minimum of three
stars and four stars (near the galactic pole) respectively for the initial
feasibility and the operational model, the performance requirements for the
two systems are obtained as listed in Table 2-3.



) TABLE.2-3

NOMINAL SYSTEM PARAMETERS
(Assuming Operational Requirements Throughout the Stellar Sphere)

INITIAL TYPICAL

FEASIBILITY OPERATIONAL
MODEL MODEL
Field of View 8° ” 8°
Minimum Required Detectable +6 +6.5
Stellar Magnitude
Number of Stars in
Nominal Field
. At Galactic Pole 3 4
. Visual Mean ' 6 , 9
. At Milky Way 8 18

Note from Table 2-3 that 6D magnitude stars will have to be sensed for
the initial feasibility model and 6.5th magnitude stars for the operational
model.  This requirement for sensing rather faint stars is clearly imposed by
the requirement for operation at the regions of sparse stellar density (i.e.,.
near the galactic poles). If the requirements are relaxed so that operation
is required only in the region having visual mean stellar density or greater,
then the stellar magnitude which must be sensed is significantly relaxed as
shown in Table 2-4., Note that this still permits operation over 607% of the
celestial sphere which is probably acceptable for most operational applica-~
tions of the system. '

Note that the data in Tables 2-3 and 2-4 is based on the performance
goals listed in Table 2-1. It is recommended that these performance goals
as well as the nominal system parameters of Table 2-4 serve as realistic
guides to the design of both the initial feasibility model and the operational
model.

2.1.4 Landmark Selection and Image Degradation.- Extensive analytical
and experimental efforts in the area of landmark selection and image degrada-
tion have been pursued and are described in several references (reference Nos.
2, 3, 4, and 5). The results of these investigations have provided encourage-
ment for the mechanization of a holographic landmark tracking approach. The
highlights of the results of these earlier investigations are listed below.

10



TABLE 2<4

NOMINAL STARFiELD TRACKER SYSTEM PARAMETERS
(Assuming Operation Restricted to Celestial
Sphere Exclusive of Region near Galactic Poles)

TINITIAL TYPICAL

FEASIBILITY OPERATIONAL
MODEL _ MODEL
‘Field of View . 8° . 8°
Minimum Réquired Detectable +.5 ‘ ' +5.5
Stellar Magnitude
Number of Stars in
Nominal Field
. Visual Mean 3 4
. At Milky Way 4 6

"Very good landmarks' are those which contain high contrast boundaries
such as land-water boundaries. With such landmark areas considerable
‘image degradation can be tolerated including obscuration of over 90% of
the landmark area and large changes in solar aspect angle (e.g., recog-
nizing a landmark in the morning using a filter made from an evening
photograph). ‘

. Poorer quality landmarks such as desert areas were also shown to have
surprisingly good utility but could tolerate a significantly lesser
amount of image degradation of the types described above.

Tolerable rotation "errors" (i.e., observed scene rotation about the
optical axis relative to scene used for reference filter) for landmarks
were typically in the range of a small fraction of a degree (for rela-
tively very large landmarks) to as much as 20° (for smaller landmark
areas).

Tolerable magnification "errors" (i.e., observed scene image size
relative to scene used for reference filter) for landmarks were typi-
cally in the range of a fraction of a percent to as much as 20 or more
percent depending primarily on the relative size of the landmark.

In general the conclusion was made that landmarks can be recognized and
tracked under conditions of degradation much greater than a typical human can
tolerate. By preselecting a sufficient number of relatively '"good" landmarks,
the coherent optical recognition and tracking approach appears as an attrac- .-
tive one. -
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Because of the more critical probiem of star field recognition from a
photometric point of view much of the conceptual design will be based largely
on the starfield tracking problem.

2.2 Tracking System Configuration Trade-Offs and Alternatives.- As dis-
cussed in Section 1.0, the application of the "holographic tracker" is to pro-
vide a rapid process recognition and tracking of starfields and landmarks for
autonomous navigation and/or vehicle attitude reference. As will be noted
below, the tracking requirements for an autonomous navigator are quite differ-
ent than those of a vehicle attitude reference.

The purpose of this section is to discuss some of the key system trade-
offs and alternatives. As such it will serve as an introduction to the mate-
rial to follow on the key components (Section 3) and to the discussion of the
overall conceptual design (Section 4),

2,2.1 Comparison of Operational Requirements for an Autonomous
Navigation System and for an Attitude Reféerence.- The function of
an autonomous navigator is to determine the ephemeris of the spacecraft by
completely self-contained means (see Appendix A). Typically it functions
from a sequence of discrete angular measurements between nearby points (e.g.,
landmarks) and distant points (e.g., stars or starfields).

By contrast, the vehicle attitude reference system is concerned only with
the attitude dynamics. It typically needs to measure angles between vehicle
axes and some external reference 'targets'" (typically stars).

In both cases the tracking operations can be considered as sampled data
operations where the sampling period must be short relative to the time con-
stant of the ephemeris uncertainty (in the case of autonomous navigation) and
relative to the space vehicle attitude dynamics and control response (in the
case of the attitude determination). Herein lies a major difference. Ephem-~
eris uncertainty time constants are typically very long (i.e., measured in
terms of hours) whereas vehicle attitude dynamics time constants are usually
relatively so short (i.e., measured in fractions of seconds) as to frequently
require nearly "continuous" reference data. An exception to this exists in
the case of the attitude of a spin stabilized spacecraft. The prime purpose
of the spinning is to increase the time constant of the attitude drift and
uncertainty in two axes.

The vehicle system time constant is determined by- the ratio of uncer-
tainty in the forcing functions relative to the inertia of the state system
being determined.

Typical minimum required data sampling rates for various applications
are expected to be in this range:

12



TYPICAL SAMPLING PERIOD

Autonomous Navigation (Most Phases) 10 Min. to Many hours

‘Autonomous Navigation (Terminal 1 to 30 secs.
and other critical phases)

Attitude Referehce -1 Min, to 1 Hr. or more
(Spinning Vehicle)

Attitude Reference 5 msec to 1 sec
(Non=-Spinning)

Thus, depending on the problem, the sampling rate may range over a factor
10” or more, 1If the sampling period is relatively short compared to the fin-
ite operational time constant of the holographic tracker (as in some non-
spinning attitude determination problems) then it may be necessary to comple-
ment the long period tracker reference with a short period inertial reference
unit. The concept of updating inertial systems with '"external" sensors is
well-known. However inertial references and their updating procedures are be-
yond the scope of the present investigation,

From the above it is evident that, for some attitude reference applica-
tions, a system capable of a short sampling period and many recycles is de~
sired. As we will see this imposes demands on the entire correlator tracker
but especially on the "optical-to-optical' input device, the spatial filter
selection system and the electro-optical readout system,

A further, but related, distinction typically exists in the attitude
determination problem and the autonomous navigation problem. The former fre-
quently requires a detected tracking error to be nulled whereas the naviga-
tion tracking function can operate very satisfactorily in an off-axis mode.

2.2.2 1Interface Between Holographic Tracker and Spacecraft.~ Several
alternatives exist for integrating the holographic tracker to the spacecraft.

The design configuration to be selected is, to a large extent, application
and vehicle oriented. Some of the possible alternatives which can accomplish

both the landmark and starfield function are:

a) Separate Fixed "Holographic' Trackers.- Simultaneous starfield and
landmark recognition and tracking using a separate starfield coher-
ent correlator. In this option, the optical axes of the telescopes
associated with each correlator would be maintained at some very
precise relative angular orientation relative to each other. Al-
though this approach may have merit for certain missions it would be
judged as being less flexible than desired in the selection of land-
marks and starfields for other vehicles and missions. Furthermore a
total duplication of the entire coherent optical processor may not be
attractive from a weight, size, power standpoint nor may it represent
the optimum mode of redundancy from a reliability point of view.

13



14

b)

c)

d)

e)

Separate Holographic Trackers Relatively Articulatable with Respect

-to Each Other.- This approach overcomes much of the operational in-

flexibility of system (a) in that it permits a wider choice of land-
marks and starfields which can be tracked simultaneously.

However it has the distinct disadvantage that one or more precision
angle readout transducers must be added in order to provide the rela-
tive angular orientation between the two trackers.

Because of the added complexity and possible long life reliability
problems associated with such angle readout transducers, this ap-
proach is probably not attractive for most applications.

Separate Starfield and Landmark Telescopes Fixed Relative to Each
Other but Operating on a Time=-Shared Basis with the Same Coherent
Optical Data Processor.- Since this approach utilizes a time shared
operation, a short period vehicle attitude reference is required.

This short period attitude reference may typically be an inertial
reference unit which may already be available for other phases of the:
mission. '

Separate Starfield and Landmark Telescopes Articulated Relative to
Each Other but Operating on a Time-Shared Basis with the Same
Coherent Optical Data Processor.- This approach also needs a short
period vehicle attitude reference such as an inertial reference unit.
Although the relatively articulated telescopes have advantages rela=-
tive to operational flexibility, the need for one or more precision
angle transducers is considered to be a significant disadvantage for
most applications.

A Time-Shared Common Telescope for Both Landmark and Starfield

- Tracking.~ This telescope would couple (usually through an image

intensifier) to the coherent optical processor which is also time-
shared. Since it is a time=~shared system, a short period vehicle
attitude reference such as an inertial reference unit is required
for an autonomous navigation system.,

Whether a short period inertial reference is required for an atti-
tude reference would depend on the relative time constants of the
vehicle attitude dynamics and the time constants of the holographic
tracker. Thus, a spin stabilized vehicle would not ordinarily re-
quire any further short period inertial reference. Likewise a non-
spin stabilized vehicle would not require such a short period iner-
tial reference for an attitude determination system if the holo-
graphic tracker itself had a very rapid reaction time as might be
possible with an optical-to-optical input image interface having a
very short relaxation time constant.

In its simplest form this configuration would be fixed relative to
the spacecraft. This would normally mean that the entire vehicle
would have to be rotated in order to first look at landmarks and
then at starfields.



However, this vehicle rotation is clearly not always attractive =
particularly for rather large spacecraft, A variation of this
approach would place the telescope together with the coherent corre=-
lation tracker and the inertial reference unit in an encapsuled
assembly which is rotatable relative to the main part of the vehicle.

Note that, since the short period reference unit would be in the same
assembly with the tracker, no precision angular measurements are
required (for navigation purposes) to determine the relative orien=~
tation of the spacecraft and the tracker assembly, Indeed, for
autonomous navigation purposes, configurations mounted on a boom or

a tethered sub-vehicle are possible approaches especially for auton-
omous navigation of large vehicles.

The above list of alternative approaches is representative of possible
configurations for autonomous navigation based on tracking landmarks relative
to starfields with coherent optical techniques. It is not an exhaustive list,
however, as still other variations can be conceived. One other approach, for
example, might use separate landmark and starfield telescopes to produce a
superimposed starfield image on the landmark image. By using multiplexed
landmark and starfield matched spatial frequency filters two simultaneous
correlation functions could be obtained. The measured linear displacement
between the two correlation functions would provide a straightforward measure-
ment of the desired navigation constant.

The exact selected configurations of the "holographic" tracker for an
autonomous navigation system will depend on the mission requirements, vehicle
size, required vehicle attitude and other factors.

Consider next the integration of a holographic tracker which has the sole
function of providing a vehicle attitude reference by recognizing starfields.
This is a simpler problem and generally a vehicle mounted system is preferred.
Presuming a sufficiently large file of matched filters are made available
then three axis vehicle attitude determination is always possible except when
the stars are obscured by the Earth or other planet or when the Sun protective
system deactivates the tracker.

In the case of a spin stabilized vehicle, mounting the holographic
tracker along the spin axis is an attractive approach.

For the present investigation we will assume a "base line'" configuration
having a single telescope used on a time~shared basis for landmark and star-
field tracking and coupled to a single coherent optical parallel image corre-
lator. Note this is type (e) described above. This is an attractive approach
for many autonomous navigation problems as well as attitude determination
applications.

2.2.3 Primary Components and Interfaces of the Holographic Tracker
System.- In order to facilitate the discussion of the "holographic"
tracker, the primary components and interfaces of the holographic system are
presented in the block diagram of Figure 2-1,
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An image intensifier is included in the system because investigations to
date have indicated that such a device has significant potential for improv-
ing system performance (see Section 3.3).

2.3 Digital Simulation of a Starfield Mapper.- The objective of this
simplified digital computer simulation is to determine the characteristics of
the correlation function resulting from the recognition and tracking of a
starfield by coherent optical means in order to provide a guide for the per-
formance prediction of the overall recognition and tracking operation. This
guide is made by computing the nature of the correlation function for a given
starfield input, for a spatial filter of given characteristics and by an
evaluation of the capability of the optical-electrical readout device when
detecting the location of the correlation function,

A key parameter in predicting this operation is the spatial frequency
response of all of the elements in the system, especially that of the matched
filter. 1In this simulation we are concerned primarily with the effect of
spatial frequency band-limiting by the matched spatial frequency filter in
causing a peaking of the correlation function.

In the pursuit of this analysis we will assume that the candidate star-
field as well as the matched filter is recorded on an amplitude storage med-
ium (i.e., a variable transmission medium). It can be shown that similar con-
clusions will result when using a phase medium (intermodulation errors aris=-
ing from the phase medium can be made negligible).

The candidate input image on the input medium will be several focused
stars. In order to simplify the analysis we will initially assume that these
stars are nearly the same magnitude. 1In the most ideal of situations each
star image will be recorded as an Airy pattern., As practically observed
however these recorded star images can frequently be better described as
binary near-circular apertures or, in some cases, by images whose density
approximates a circularly symmetric Gaussian function. These departures from
an Airy function are due to transfer characteristics of both the optics and
the imaging medium. An analysis which assumes that each star is represented
by a binary disk is a realistic simplified approach which can provide insight
into the response of the starfield correlation operation.

By a binary disk image we mean one which is described by the function:

f(r) 1 I<r<a

f(r) =0 r> a
where "a'" is the radius of a star image on the input image plane having
typically a value of (10'3) cm, as determined primarily by the characteristics

of the telescope, the sensor and the imaging medium, In our analysis below
we will initially consider the disk radius, a, to be normalized to unity.
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2.3.1 Correlation with a Single Star Image.- Consider initially the
case of a single star image. The two dimensional Fourier transform of the
amplitude function of a single binary disk which will be formed at the first
Fourier transform plane can be shown to be described by a circular symmetric
function:

a J, (af))
o

where the J, indicates the first order Bessel function and CJ is the inde-
pendent radial parameter of the transform plane.

This is the amplitude of the Fourier transform of the live image of a
single star image as would transit the Fourier plane of the correlator. At
this point in a matched filter system a recorded spatial frequency filter of
the starfield to be recognized will be located.

Let us consider first the effect of spatial frequency band limiting on
the recognition of a single star. We would expect the most significant
type of band limiting to be low spatial frequency rejection which is almost
inevitable due to the limitation on the dynamic response of the spatial filter
media.

For a real symmetric image such as a single star image the correlation
function will be identical to the convolution in evaluating the correlation
response, The band limited convolution can best be computed in the frequency
domain by the convolution theorem and then inverse transforming it to the
spatial domain. 1In the case of circularly symmetric images, such as our
assumed star model, the inverse transform takes the form of a Hankel trans-
formation.

Before computing the convolution, however, it is instructive to simply
look- at the equivalent band-limited amplitude of the binary disk function it-~
self. This has been found by computing with a digital computer the inverse
Hankel transformation of the Fourier transform of the unit radius binary disk.
This inverse Hankel transformation is computed by:

o)
Jp (D)
f(r) = a) [L) T JO (r&J))Hd
1
where GJl represents the upper bound of the low frequency rejection filter.

This amplitudé function was computed and is shown in Figure 2-2 for sev-
eral values of C&)l. The form of the function with varying degrees of low

frequency suppression conforms to a physical interpretation. As 1 increases,
the extent of r over which a low frequency (i.e., '"DC'") signal can be supported
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is reduced. This is shown to be the case. An examination of this band lim-
ited reconstruction leads intuitively to an understanding of band limiting as
a means for sharpening the correlation function. This is derived next.

If the band limited convolution of the input image and the spatial fre-
quency image is designated as

[f(r)**f(r)]
BL

then:

£(r)**f(r)

| Z 3 W\ | \
W1

This function describes the amplitude characteristics of the correlation func-
tion (or "recognition spot") appearing in the output plane when a single star
is the input image and when the spatial frequency filter is designed to model
the amplitude of the band limited spatial frequency representation of the
star. This is the function whose center is to be detected in order to deter-
mine the vector direction to the "starfield" relative to the telescope axes
system,

BL

Note that since we have normalized the star image radius to unity, that -
a value of (*)1 = 1 refers to a spatial frequency of 1 spatial radian per
radius of the star image. Recall that the scale factor relating the displace-
ment in the spatial frequency domain to the spatial frequency in the spatial

domain is jﬁﬁ . For a typical system in the present application, this scale

factor will be in the neighborhood of 0.05 mm per line pair per mm. There-
fore for a star image of diameter 10-3 cm, a normalized value of (U7 =1
would correspond, in the spatial frequency plane to a displacement o% 2.5 mm.
Hence, for the example cited, a value of (J, would correspond to a low fre-
quency rejection filter in the form of an opaque disk in the filter domain of
radius 2.5 mm. Likewise &)1 = 2 would correspond to an opaque disk 5 mm in
radius, etc. Since we are considering 40 mm image format, a maximum realis-
tic value, for the present case, of &)1 would likely be in the range of 7 or
8. Note that these central opaque disks, as expected, sharpen the correlation
peak but at some reduction in overall output power. This is not considered to
be necessarily a limiting problem since laser power itself has been shown not
to be a critically limiting factor except for a relatively high dynamic atti-
tude determination system (see Section 3.4).

This result has been computed and is plotted for "Binary" input star

images for several values of b)l in Figure 2-3, Figure 2-4 shows similar
results for input star images which are assumed to be more properly represented

20.
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Figure 2-3. Central Cross Section of Cross-Correlation Function of
Frequency Band Limited Binary Star Images
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by Gaussian functions. As expected, we note from these figures that the fre-
quency band limiting causes a significant sharpening of the peak of the con-
volution function and reducing the width of the main lobe of the correlation
function.

Note that, for larger values of 001, that the width of the main lobe of
the correlation function becomes significantly less than that of the original
star. This demonstrates a potential advantage of low frequency band rejection
in improving angular accuracy determination. As a point of reference note
that for C)i =0 (i.e., no frequency band limiting) that the correlation
function has a width, as expected, of twice that of the star image. For
48] 1 = 1 its width is about 1% that of the star image. For &)1 = 5 the
width of the correlation function is about 1/4 that of the star image. Hence
it is evident that spatial frequency band limiting does sharpen the correla-
tion function and can potentially lead to improved tracking accuracy.

2,3.2 Correlation with a Multiple Starfield Pattern.- Let us consider
next the nature of the multiple starfield image as far as recognition is con-
cerned. Once again we will consider each star to be recorded on the input
plane as a simple binary disk. Consider, initially two stars having the same
diameter "a" and having the distance between their centers of D. Define the
input image axes as x and y and the corresponding frequency plane axes as u
and v. Assume that the y and v axes are aligned along the direction defined
by line joining the two star centers.

The frequency plane representation will be (cf. p.w338, ref., 14):

2 a5 (a.\ u? +v2> (j%v 'jlz).v
v \s + e

v This resembles the previously described response for a single star. How-
ever, the function is modified by the exponential function as shown. Since
the function no longer has radial symmetry, the relatively simple Hankel trans-
forms no longer applies.

The frequency plane response along the x (or u) direction remains the
same as for the single star. The conclusions discussed above concerning the
shape of the correlation function for the one star case also holds here in the
x direction. Along any other axis, however, it is further modulated by inter-
ference fringes from the two stars. Along the y axis of the frequency plane
the response will be

D

Jy (av)
a —————— coS8 Ev

v

f (u,v) = 2

The absolute value of this function is shown in Figure 2-5 together with
an image plane representation of the input image., It is evident that D will
be many times greater than "a" (typically by 3 or 4 orders of magnitude).
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Consequently we can anticipate that the term (cos gv) will modify the basic

3 (@)
LU

ence patfern. More than 2 stars will result in a multitude of cross-hatched

3, ()

type of term, in the frequency plane, by a high frequency interfer-

modulation of the response. The frequency and direction of these

"cross-hatched modulations" is indicative, respectively, of the displacement
and relative direction of each of the stars in the pattern. This has been ob-
served to be the case in actual recorded spatial filters of starfields. It is
the frequency and direction of these interference patterns which coincide with
the stored pattern on the spatial filter (in the case of correlation with the
starfield stored on the filter) or do not coincide (in the case of non-recogni-
tion). The frequency and orientation of the interference fringes must be
maintained precisely from the standpoint of achieving a high recognition cor-
relation of a specific starfield. This subject, in relation to spatial fre-
quency filter registration requirements is discussed in Section 3.4.

From the étandpoint of the effect of frequency band limiting on the auto-
correlation response of ?ulﬁzs%e starfields, however, it is the envelope of

the function (i.e., the —lzzr—— term) which will primarily determine the char=-
acteristics of the correlation function response. Consequently the shape of
the band-limited correlation response as computed and as shown in Figures 2-3
and 2-4 are also descriptive of the response expected from an autocorrelation
response of a multiple starfield and can be used as an input for predicting
the accuracy performance of the multiple starfield tracking case,

This result conforms to an intuitive judgment that information which
describes the relative location of stars in a multiple starfield should not
have significant effect on the shape of the autocorrelation function (presum-
ing, of course that no significant distortion of the input image or misregis-
tration of the spatial filter exists). The shape of the autocorrelation
function is determined primarily by the relatively high spatial frequency
information in each star image. Thesé comments apply, however, to the ideal
autocorrelation case. As discussed in Section 3.5 any low frequency distor-
tion in the image (stretching, pincushion, etc.) can result in partial or
complete decorrelation of the starfield image.

2.3,3 Prediction of Tracking Accuracy.- The foregoing discussion leads
to the conclusion that, for the idealized autocorrelation situation, Figures
2-3 and 2-4 provide a key to help predict the tracking accuracy possible with
starfields. The results shown in this suggest that for values of 0)1 as

high as say 5 or even 10, that the autocorrelation function center should be
measureable to less than 1/10 the width of an individual star based on a
single pulse center detection. By smoothing a number of such measurements
(say 100) a further improvement of 10 might be expected.

Any realistic conclusions must, however, be made on the basis of some
realistic assumptions of noise and image distortion. Although the above
analysis can provide some considerable insight into the predicted performance,
any complete appraisal will necessarily have to include estimates of noise
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and distortion which will ultimately determine the optimum value of &)1.
This will necessarily be based on the specific characteristics of the
optical-electrical readout device.

Based on a consideration of the above factors and the known performance
of available trackers, it is expected conservatively that starfield tracking
accuracy will be possible in the range of 1/20 to 1/10 the nominal diameter
of a star image. For the parameters of the tracker considered here, this
represents accuracies in the range of a 0.3(10'3) to 10"3 fraction of the
optical field of view.

As discussed before the relaxation time constant of the optical-to-
optical interface, or that of the imaging dynamics (whichever is the shorter),
will determine the number of times the electro-optical tracker will be able
to smooth the position of the correlation function and, hence, will also be
very significant in determining tracking accuracy. Hence a navigation system
operating with a medium such as photoplastic, the static correlation function
can be smoothed over many seconds resulting in high navigation accuracy.
However an attitude control determination system operating with a very fast
relaxation time constant optical-to-optical interface will permit much
shorter readout smoothing intervals and consequently expected reduced track-
ing accuracy. Thus there exists an evident trade-off between smoothing time
and tracking accuracy. ' ' '
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3.0 TINSTRUMENTATION INVESTIGATIONS

3.1 Investigation of Input Imaging Medium for Starfield Tracking.-

Evaluation of alternative imaging media for a coherent optical star-
field recognition and tracking system was the subject of the related
predecessor contract (NAS 12-2148). About 30 different media or processes
were considered in this evaluation. Criteria for the evaluation included
sensitivity, resolution, diffraction efficiency, reusability, speed and
simplicity of development and capability of being developed "in place".

The results of that contractural effort which was completed in late 1969
indicated that two types of imaging media had the most promise at that time
for the present application: a photodeformable (i.e., an optically sensitive
photoplastic) and a rapid process silver halide medium of the type character-
ized by Polaroid diapositive media. It is an intended function of the present
contract to experimentally evaluate these two types of media. The results of
this evaluation are discussed below.

Before discussing the details of this evaluation two points should be
made : '

. Recent developments in image intensifiers as well as the recent
military declassification of a large class of image intensifiers
can significantly affect the matter of image medium selection.
Several advanced 'real time" media which were previously considered
unacceptable for reasons of low sensitivity may now look more attrac-
tive when used with an image intensifier.

. Some more advanced media have become potentially available since the
completion of the above referenced survey. Among these are various
types of optically addressable liquid crystal devices. This and
other newer media will be considered further for the present appli-
cation.

3.1.1 Method of Investigation.- The emphasis on the media evaluation
has related to star images. This was justified when it became evident that
material sensitivity was usually the single most critical characteristic of
most of the candidate input media. Experiments were also made with landmark
images and are discussed in Section 3.2. However, since the optical power
density at the input image plane from a landmark is typically two or more
orders of magnitude greater than that of a star, the sensitivity requirement
for many applications is usually determined by the starfield problem pre-
suming both landmarks and starfields are observed with the same telescope
optics and with the same type of imaging medium.

Initial experimental investigations were made with laboratory simulated
star images. However, in order to provide an even more realistic evaluation,
further experimental evaluations were made with the 16 inch and 4 inch tele=-
scopes which are part of the facility at the General Electric Photo=-Optical
Observatory near Schenectady, New York. When appropriate compensations are
estimated for atmospheric effects it is believed that this approach to eval-.
uation would be more meaningful in terms of stellar magnitude and color tem-
perature sensitivities of the media.
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Specifically these experiments were made with photoplastic recording
medium (PPR) and Polaroid diapositive medium.

Some comments should be made concerning the telescopes. As discussed in
the final report to the preceding contract (NAS 12-2148), and further dis-
cussed in Section 2,3 of this report, the highest possible resolution (i.e.,
smallest possible point spread function) is not necessarily required or de-
sired of the telescope optics for an ideal starfield correlator. Rather,
importance is stressed on achieving a symmetric image for each star and a very
low degree of distortion when viewing the overall starfield. As discussed, a
matched design is desirable where the optical spread function of the optics,
the imaging medium .and, if used, of the image intensifier are nearly equal.
As also discussed, the ideal point spread function also is a function of
anticipated distortion in any one of these elements as well as a function of
the image motion due to vehicular dynamics. To have an optical point spread
function, for example, which is significantly smaller than the anticipated
. distortion of any element of the system could represent a counter-productive
design factor. A

With this in mind, it appeared desirable in our evaluation experiments,
to make use of telescopes which provide a range of point spread functioms.
The use of the 16 inch and the 4 inch telescopes made this possible. The
16 inch telescope was adjusted so as to provide a minimum point spread func-
tion of about 0.07 mm. The 4 inch telescope was operated with an optical
spread function of about 0.01 mm., In view of the expected range of possible
point spread functions of the other key system elements, this was judged to
represent, respectively, a maximum and a minimum value of the telescope opti-
cal spread function which should be considered.

3.1.2 Evaluation of Photoplastic Recording Material - A Summary of

Results and Conclusions for a Starfield Tracker.- A photometric
evaluation of this type of medium was made by viewing stars with the 16 inch
and the 4 inch telescope. As a result of the interpretation of the results
for this experimentation it was concluded that the optical energy density re-
quired for photoplastic recording material from blue-white stars was typically
in the neighborhood of 10~4 watt-sec/cm?. For red stars energy density re=-
quirements were evaluated as being about 102 watt-sec/cm?.

Thus the photoplastic recording material as evaluated was judged to have
nearly one order of magnitude less sensitivity for non-red stars than was pre-
dicted by the analysis of Contract NAS 12-2148, It is emphasized that this
estimated sensitivity is not necessarily representative of the ultimate sensi=-
tivity of photo-sensitive deformables. It is believed, however, to be a
realistic evaluation of photodeformables as they exist today.

An interpretation of the above result would, for example, indicate that
a 5th magnitude blue-white star could be imaged with an 8 inch telescope with
required exposures in the range of 100 seconds. Even the brightest blue-white
stars in the sky would require an exposure of 1 sec or more with such a tele-
scope.

Stars having their spectral response in the red spectrum, such as Betel-
geuse and Antares, would require somewhat less energy density for the

28



photodeformable evaluated which has its peak sensitivity in the red spectral
regime., However bright red stars are insufficiently numerous to depend on
them alone for a realistic starfield tracker.

With regard to correlation signal to noise ratios, the photoplastic
recording material used as a medium for storing input images has demon-
strated response equivalent to that obtained with good silver halide input
images (i.e., in the range of 100:1 to 400:1). Nevertheless, the overall con-
clusion is that photoplastic recording materials, as they exist today, have
restricted applicability to the starfield tracking problem unless they are
used with an image intensifier. The primary reason for this is the limited
sensitivity, especially in the spectral band of most stars, of these mater-
ials which would result in a requirement for excessively large optics or ex~
cessively long exposure times.

This problem is believed to be shared with all other known non-silver
media and, in the case of most other advanced media, to a more severe degree.

As will be pointed out in Section 3.3, however, the photoplastic media
offer significant potential applicability to the starfield recognition problem
when used with an image intensifier.

3.1.3 Evaluation of Photoplastic Recording Material (PPR) - Experimental
Description,- A number of experiments were made with PPR at the
Photo-Optical Observatory with both the 16 inch and the 4 inch telescope, as
well as in the laboratory with simulated stars. Stars included among others,
Arcturus, an orange=yellowish star having a +0.24 visual magnitude, and Vega,
a blue-white star having a visual magnitude of 40.21.

The impulse response of PPR is a crater=like deformation, ideally sym=-
metrical in shape. As such, the photometric impulse response is described
primarily in terms of a diameter and depth of depression of the deformation.
The response of these two parameters is a function of the intensity and diam-
eter of the point spread function coming from the telescope as well as of the
specific characteristics of the photodeformable (e.g., its resonant spatial
frequency) and the mode and degree of its precharging and development.

In order to make an evaluation of the sensitivity of PPR it is necessary
first to make some judgment of what constitutes a desired response in terms
of depth and diameter (or spatial frequency response) of a phase storage med-
ium, The relative amplitude of diffracted optical energy is a function of the
relative phase optical shift, For a phase medium, the optical amplitude in a
given diffraction "order" of a sinusoidal phase grating is proportional to the
Bessel function of the first kind of that corresponding order where the argu-
ment of the Bessel function is the peak phase shift due to the deformation.
In most coherent optical processors the diffracted energy of interest will be
primarily in the first diffraction order. Based on an examination of the
amplitude of the Bessel function as a function of the wavelength argument
this would suggest that the maximum phase shift should not exceed about 1.0
to 1.5 radians if it is desired to avoid significant higher diffraction
orders. Although this criterion is established for sinusoidal phase gratings
it is usually a reasonable guide also. for most other phase input images.
(Note that the reasonable assumption is made here that the input imaging med-
ium is a phase medium and that the spatial frequency filter medium is a
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variable transmissivity medium which will not give rise to significant higher
diffraction orders for a sinusoidal input.)

Based on the above considerations it is reasonable to limit the maximum
deformation which results in a phase shift of about 1.5 radians.

Note that for most practical problems however that avoiding excessive
phase shift is rarely a problem particularly for relatively thin deformable
films (e.g., << 10 micrometers) because of the limitations in sensitivity of
the material. 'The more practical problem is deciding on the minimum phase
shift which must be obtained for the weakest desirable signal. This is, to
some extent, a function of the desired diffraction efficiency which in turn
determines the required power of the on-board laser and the sensitivity of the
electro-optical readout sensor. More practically, however it is determined
by noise existing in the phase medium. More specifically it is determined by
the magnitude of the noise which exists in the spatial frequency range of the
desired signal. Based on correlation experiments made with a photoplastic
input image it appears that minimum phase shift should be in the range of 0.05
to 0.1 radians. Such a phase shift should not only provide an acceptable
signal to noise ratio, but it will provide realistic values of diffraction
efficiency. '

Phase shift can be related to deformation. For a transmissive phase
medium:

Ap =2 (1) (b/2)
@ A n-
and for a reflective phase médium:
22T
AY ') X (b)

where b is the depth of deformation, A @ is the phase shift, A is the wave-
length of illumination and n is the refractive index of the medium.

For PPR having a typical refractive index of about 1.6 and operating with
the wavelength of a HeNe laser this becomes:

b (microns) x 3.4

Transmission Medium: A@ (rad)

Reflective Medium: A (rad) b (microns) x 11.4

If, for the moment we consider a transmissive system, this indicates a minimum
required signal deformation of about 0.02 to 0.04 microns.
Further investigation of noise sources is required to determine whether

or not a reflective system can operate with significantly lower values of
deformation,
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At the present time we will assume, as a required sensitivity criterion,
a conservative value of required deformation of a star image of 0.05 microns.

In order to evaluate the relationship between phase medium deformation
and optical energy a rather large number of experiments were performed at the
Photo-Optical Observatory with various stars. The following result is typical
of those obtained for a blue-white star. This example is an exposure of the
star Vega with the 4 inch telescope and is considered to be a good representa-
tion of the sensitivity of recording under favorable condition of exposure
and development:

Calculated
Power
Available Effective
At Aperture Power Energy
(Neglecting At Image _ Density
Stellar Atmosphere) Plane . Exposure |- At Image Deformation
Magnitude (watts) (watts) (sec) (watt-sec/cm®) {(microns)
+0.14 10-10 0.2(10710) 60 1.5(1073) 1.04
(Blue~ : ' .
White)

The effective power at the image plane is determined from the calculated avail-
able power at the aperture, suitably modified for estimated atmospheric atten-
uation and optics transmission at the time of the experiment.

Experiments have demonstrated excellent reciprocity of photoplastic
recording material over exposure times ranging from hundreds of seconds to
fractions of seconds. .- Based on this assumption of reciprocity, an energy
density required to obtain a "minimum" deformation of 0.05 microns is com-
puted from the above data to be about 7(10‘5) watt-sec/cmz.

In interpreting this data it should be recognized that there exists a
rather poor spectral match between the blue-white star Vega and the spectral
sensitivity of the photoplastic medium used. An improved sensitivity would
be demonstrated from red stars such as Betelgeuse or Antares. However, such
results would be less realistic in view of the predominance of blue and blue-
white stars among the brightest stars of interest. 1In any event the results
as shown for Vega above are believed to be somewhat conservative,

Based on this typical experiment as well as experiments with other expo-
sures, other stars and other developing conditions the conservative conclu=-
sion is reached that a realistic energy density required for PPR when imaging
blue-white stars is in the range of 0.5(10)7% to 10~% watt-sec/cm?. This is
about one order of magnitude less sensitive than that predicted by the
results of Contract NAS 12~2148., Based on that analysis, particularly with
regard to image motion, there appears to be a strong case for using an image
intensifier in conjunction with PPR. Indeed without such an intensifier the
photodeformables of this type do not presently appear practical for most
coherent optical starfield tracking systems.
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3.1.4 Evaluation of Polaroid Diapositive Material = A Summary of Results
and Conclusions.=- A photometric evaluation of this type medium
was made by viewing stars with both of the telescopes previously discussed.
As a result of the evaluation it was concluded that the optical energy density
required was in the range of 1078 to 1077 watt-sec/cm“. This was the range
in the final report on Contract NAS 12-2148,

Starfield recognition experiments using Polaroid diapositive media as an
input media have shown, in some cases, performance in terms of signal=-to-
(peak) noise ratio as high as 200:1. 1In other unpredictable cases, however,
the existence of noise was judged to preclude adequate performance with star-
field images (see.discussion on noise below).

The sensitivity is judged as adequate for most applications of star-
field recognition and tracking. For example, it would indicate that a st
magnitude star could be imaged with an 8 inch telescope with exposures typi-
cally in the range of 1072 to 10~! seconds. Based on the analysis of factors
such as image motion resulting from vehicle dynamics as presented in the
final report to Contract NAS 12-2148 this is judged to be an acceptable sensi-
tivity and exposure time for many vehicle applications. Other experiments
have supported the position that, as expected, this material had adequate
sensitivity and resolution for most practical landmark recognition and track-
ing experiments.

However in one other important aspect this material was judged to have
disappointing and, probably for some applications, unacceptable performance.
This relates to noise which appeared unpredictably in some of the images.
The type of noise which was most disturbing was in the form of small "pin-
holes'". These sometimes appeared in large numbers and sometimes had sizes
-and shapes having much the same characteristics as stars. Variations in the
development were tried. However the noise problem persisted in so many cases
to such an extent that this material was judged as having very low potential
for holographic starfield recognition and tracking. Since it is very desir-
able to use the same type of medium for both landmarks and starfields its
usefulness in landmark recognition and tracking is also questionable.

Therefore, based on these experiments it is recommended that this type
of rapid process silver halide material no longer be considered as a prime
candidate for the present application. The specific experiments and quanti-
tative data resulting therefrom are described in some detail in Appendix B
of this report.

This conclusion and recommendation is further supported by recent
advances and declassification of certain image intensifiers. The availabil-
ity of these intensifiers have made certain other advanced media, which may
previously have been judged to have marginal sensitivity, to now appear more
attractive. Also, unlike most rapid process silver halide techniques, some
of the advanced media have advantages of reusability, and readily adaptable,
rapid, "in-place" processing. The inability to avoid moving parts appears
td be a major disadvantage to all known rapid process silver halide media.
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3.2 Investigation of Input Imaging Media for Landmark Tracking.- Most
of the emphasis in this section is placed on the applicability of photo-
plastic recording to landmark recognition and tracking. The reason for this
is that much prior experimentation has been performed with convent10na1 sil=-
ver halide photos obtained in various space programs.

3.2.1 Evaluation of Photoplastic Recording Media for Landmark Tracking -
Summary of Results.,= Successful correlation experiments were
performed using PPR as an imaging medium for recording landmarks under a wide
range of conditions and parameters. These experiments are described in more
detail in-Section 3.2.2.

Based on an interpretation of the results of these experiments, a typi-
cal performance plot is presented in Figure 3-1. It shows the typical expo-
sure required as a function of solar illumination angle when viewing a '"good"
landmark area under good atmospheric seeing conditions., As before, we define
a good landmark as one having a significant amount of high contrast detail.
Exposure requirements are shown for three values of lens speed. The results
presented in the plot assume direct telescope imaging on the PPR without the
use of an image intensifier,

The experimental results presented in Figure 3-1 are typical exposures
required. Under poorer conditions of target quality, viewing conditions, etc.,
somewhat longer exposures could be expected. Under better conditions some-
what shorter exposures could be expected. Because there are many parameters
relating to the operation of the PPR, there is reason to believe that some
further optimization of these parameters could be performed leading to still
shorter exposures.

In interpreting the results of Figure 3-1 it is necessary to consider
the effect of image motion, Some typical results are shown in Figure 3=2,
This is a plot of image smear in ground dimensions as a function of sun-angle
assuming the use of an f/2 lens. Since this plot does not take into consid-
eration the effects of attitude rate errors, it would be typical of a vehicle
having rather good attitude control such as one with Control Moment Gyros.

The effect of input image smear on the response of a correlation tracker
is not a simple one. TImage smear is equivalent to high spatial frequency
loss in the input. It is well~known, however, that correlation tracking
accuracy is not necessarily limited by the spatial frequency content of the
input image., This is because the correlation operation tends to smooth redun-
dant data resulting in a tracking accuracy greater than the input resolution.
Tracking accuracy which is better than input resolution by one to two orders
of magnitude can be expected. The exact performance is highly dependent on
the amount and contrast ratio of the data existing in the scene as well as in
the smoothing capabilities of the electro-optical read-out sensor.

An interpretation of the results shown in Figure 3-2 are encouraging
from the standpoint of the usability of PPR under good viewing conditions.
The limitations of applicability of PPR in terms of the degree of degradation
of scene and viewing conditions have not been fully established. It is
expected however that the use of an image intensifier may extend the useful=-
ness of the system to lower light level conditions.
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Section 3,2.2 discusses in somewhat more detail the experimental program
which was pursued to evaluate PPR and a candidate imaging medium for landmark
tracking.

3.2.2 Performance Evaluation of Photoplastic Recording Material as an
Input Imaging Medium for Recording Landmarks - Description of
Experiment .- Photoplastic recording material is a deformable

material which is capable of storing an image as a phase effect. Like most
phase media it is not responsive to uniform illumination or very low spatial
frequencies. It has demonstrated reciprocity from fractions of a second to
hundreds of seconds. '

The diffraction response of a phase medium in a coherent system is a
function of the phase shift produced by the image-modulated medium. For many
practical applications the desired diffraction response is that which is
described by the first diffraction order (i.e., that order whose amplitude is
proportional to the lst order Bessel function of the phase shift), If the
medium phase modulation is limited to that value where the 1lst order is pre-
dominant, then the diffraction response of a phase medium approximates very
closely the diffraction response of an amplitude medium. This represents a
desirable situation whenever it is appropriate to use a combination of a phase
medium and an amplitude medium in the same coherent optical processor. Such a
situation is attractive here where we are considering a phase medium for stor=-
ing the input image and a silver halide film for storing the spatial filter.
In such a case there may be a need to limit the maximum modulation of the phase
image so as to avoid otherwise undesirable intermodulation products,

The peak 1lst order intensity obtained by a phase medium occurs at a phase
shift of 1.8 radians. As described in Section 3.1, for a transmission type of
phase medium this will typically correspond to a deformation of about 0.6
microns when operating with a HeNe laser. For a phase medium used in a reflec-
tion mode this would correspond to a deformation of about 0.15 micrometers.

The deformation depth, signal spatial frequency and incident optical
energy density are all interrelated and are also dependent on the rheological
properties of the deformable medium and especially on the thickness of the
deformable layer.

Here we will 1limit our discussion to experimental results obtained with
one of the more promising types of photoplastic recording having a deformable
film thickness of 7 micrometers.

In order to achieve a realistic spectral illumination, it was decided
to conduct this experiment out of doors in natural sun-illuminated conditions.
The scene which was used was a print of a photograph of the Arabian peninsula,
This photograph taken from a Gemini spacecraft had been selected for previous
simulated experiments because it was judged as being representative of a real-
istic navigation landmark area. It contains a wide range of data in terms of
spatial frequency and contrast ratio content. For this test, a rigid copy
set-up was made to hold a photograph of a landmark parallel to the film plane
of the photoplastic recording camera. The copy set-up was oriented so that
sunlight fell on the photograph nearly squarely. It could not be exactly
square because the camera would have cast a shadow. The days chosen were
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August 19 and 23, 1971 which were cloudless and the air very clear. All expo-
sures. were made within an hour of 1:00 P,M. DST which would be close to noon
sun time.

The sunlight was measured by three different instruments, all of which
agreed to within 10 percent. The value obtained on_the Weston Standard
Photometer is probably the most reliable and was 10 1umens/m2, which is the
nominal value for noon sunlight on an exceptionally clear day.

All of the images obtained here were taken with a lens setting of £/5.6.
This appeared to provide the best image response for this particular lens.
Had a higher quality lens been readily available for our photoplastic camera,
a much faster setting could have been used. 1In this respect no reciprocity
failure has ever been observed with photoplastic recording material for expo=
sures ranging from fractions of seconds to hundreds of seconds. Hence data
extrapolation to predict performance with faster lenses is valid.

In addition to exposure and lens speed there are two other primary param=-
eters which influence the response of the photodeformable to an input image.
They are the relative level of precharge of the medium and thermal energy
applied to the development of the medium,

The effect of increasing the precharge level is to increase the stress
on the medium and consequently the amount of deformation for a given exposure
and hence an increase in the film sensitivity. 1In a practical case the charge
level is increased until the effect of deformation noise (i.e., ''frost')
becomes excessive.

After exposure of the medium at various exposure times and settings of
the other parameters, the depth of the deformation was measured. A usual
instrument used for this measurement is the Nomarski microinterferometer, The
only objection to its use is that it contains birefringent optics which produce
two images. Under some conditions the overlap of these images and their inter-
ference fringes can result in confusing patterns, To be certain, the results
were also checked on a Watson microinterferometer which works on a different
principle and a Zeiss light-profile microscope which does not use interference
in any way. All the results checked the Nomarski readings which are given
below for PPR exposed at £/5.6.

MODULATION DEPTH OF PPR
EXPOSURE SEC. RELATIVE CHARGE DEPTH IN MICROMETERS
10 60 .45
5 60 .50
2 60 ' .56
1 60 .56
.5 60 .48
.2 60 .32
.1 60 24
.04 : 60 ... .08
1 70 .63
1 50 .48
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The above results show that it is apparently not readily possible to
obtain more than 0.63 micrometers of deformation on a film of this thickness
(7 micrometers). This is believed to be due to a rheological property of this
particular film and an inherent limitation. As has been described this is
an advantage in that it prevents overmodulation. In order to obtain full
deformation it was necessary to use a relative precharge of 70, but most of-
the images were made at a relative charge of 60. It was believed that the
lower charge would have resulted in less noise. It is true that there was
less noise when the film is viewed by reflected light but when tested in the
recognition system there was no appreciable difference between exposures at
relative precharge 50, 60 or 70. The noise seemed to vary more with the de-
fects in the individual frame than with the charge and certainly did not cor-
relate with the "frost'" noise as seen by eye.

The effect of increasing charge is to increase the stress on the film
and consequently the amount of deformation for a given exposure and hence to
increase the film "speed'". The three exposures at 1 second and different
charge values indicate the effect of charge on deformation.

In retrospect it is possible to say that better results would have been
obtained if all the exposures had been made at relative precharge 70 in which
case the deformation would have been. greater for less exposure.

Some mention should be made of the matter of overmodulation. Overmodula-
tion, in excess of about 0.5 wavelength results in phase reversal which can
produce an ambiguous image and unpredictable results. This problem previously
was a concern when glass plates with photodeformable coatings 11-20 microme-
ters thick were used and it was then possible to obtain one wavelength of
retardation or more. However, it is now known that maximum deformation is
related to the thickness of the film and if this is kept at about 7 microme-
ters overmodulation will be impossible, In the present set of experiments
where nearly one-hundred exposures were made, no combination of exposures,
charge or development produced overmodulation.

Optical phase retardation is calculated from the modulation depth and the
refractive index of the material which is polystyrene with an index of 1.585
at the sodium wavelength of 58938, Retardation for a transmissive medium is
computed from the differential speed of light in the high index material and
in air. A correction is made for the wavelength difference; the modulation
depth is measured with an interferometer using sodium light and the retarda-
tion which would be produced by laser light at 63288 is calculated.

A large number of experiments were performed with PPR in the manner
described above.  The results of one typical experiment will be presented as
being indicative of the performance of PPR.

In this test a relatively large landmark area (i.e., one which is large
relative to the telescope field of view) was used. The results obtained with
one particular landmark made from this filter (designated as Filter #4832)
were as follows: ‘
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PPR RESULTS WITH 4832 FILTER
RELATIVE RELATIVE RELATIVE

EXPOSURE PRECHARGE RETARDATION SIGNAL NOISE
1.0 sec. 70 .50 wave 100 2
1.0 sec. 60 A4 wave 110 3

.5 sec. 60 .37 wave 65 2
1.0 sec. 50 .37 wave 71 2

.2 sec. 60 .25 wave 40 1

.1 sec. - 60 .18 wave 20 1

04 sec. 60 .05 wave 10 .5

In this set of tests the signal level was much higher than in previous
sets because the landmark area was larger. In this case even a 1 mw laser

would be
parency.

adequate to produce a fairly strong signal with the poorest trans-

Conclusions from these experiments are:

1)

2y

3)

4)

5)

6)

7)

3.2.

With an aperture ratio of £/5.6 the optimum exposure in direct
sunlight was 1 second. However exposures as short as 0.04 sec.
give adequate response in terms of S/N ratio.

Most of the exposures were made at charge 60, though a few were
made at 70 which resulted in greater film speed.

Useful exposures were obtained over the range 10 - 0,04 second.
If a charge value of 70 had been used then the exposure range would
have been extended to less than 0.04 seconds. This would be equiva-

lent to 5(10'3) sec, for an £/2 lens system,.

With one filter (No. 4832), 0.04 seconds exposure was adequate even
at a relative precharge 60.

In an optimum system (lenses the correct size for the transparency)
a 1-2 mw laser would be adequate.

If they had been available first generation images should be ex- -
pected to perform even better than the fourth generation images

actually used.

3 Evaluation of Rapid Process Polaroid Media for Landmark Tracking.-

Reference 15 describes the success of use of Polaroid material as both an
input imaging medium and as a spatial filter medium. Similar experiments were
conducted by GE with similar results. In general this medium can be success=-
fully used in coherent optical correlation. However, the noise tends to be

- somewhat-

probably

higher; probably due to non-uniformities in-the material base and
partly due to the incompletely removed '"stabilized"” silver salts

which remain in this rapid process silver halide image.
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Nevertheless signal to noise ratios as high as 20:1 were experienced
when recognizing landmarks with this material. A further objective of these
experiments has been to evaluate the speed at which the Polaroid material
could be developed. It was found that development time could be reduced to
about 1 sec, if the temperature were raised to about 110°F.

The general conclusion from the experiments is that this material can be
used for an input imaging media. Optical sensitivity is generally not a
severe restriction except under very adverse conditions.

However this material is not very attractive for this purpose due to the
relatively higher noise introduced by it and especially due to the desire to
avoid moving parts in the spacecraft. Any requirement for heating the film to
shorten the development time would also be unattractive in a spacecraft.

Some of the details of this experimental evaluation is presented in
Appendix C. ,

3.3 Application of Image Intensifiers to the Holographic Tracking
Problem

3.3.1 Summary of Image Intensifier Characteristics.=- Although not a
specific part of the contract work statement, it became evident that a further
investigation of the applicability of image intensifiers should be investigated
as a means for reducing the size of the telescope optics and exposure time
when viewing starfields and also landmarks under low light level conditions.
This investigation-was pursued by discussions with various suppliers of inten-
sifiers. 1In addition a visit was made to the Army Night Vision Laboratory to
discuss their work in image intensifiers.

A summary of typical characteristics of intensifiers which are potentially
available is presented in Table 3-1. It should be noted that most of these
characteristics were made available by suppliers and/or users and that maximum
outputs and maximum gain ratings are primarily those applicable to long term
continuous operation. There is reason to believe that, in some cases, these
levels of gain and maximum output can be exceeded for intermittent mode oper-
ation as might be applicable to an autonomous navigation application.

As far as the starfield tracker is concerned, the sine qua non of an
image intensifier is very low effective distortion. It is reasonably evident
that an image intensifier will be counter-productive in imaging a starfield
regardless of high gain, high resolution and low noise, if it has distortion
which is so great that the individual stars of a starfield appear in the
"wrong place'". This makes the realistic presumption that there will be no
a priori knowledge of how a given starfield may be located in the field of
view of the telescope. The importance of system low distortion is of impor-
tance also for landmark trackers.

Ideally the distortion of the image intensifier should be sufficiently

low throughout the usable field as to bé‘negligible in relation to the
resolution of the device.
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There are about 5 potential approaches to achieving a low distortion
high gain intensifier:

1) Use a multi-stage lst generation intensifier with compensating
optical correction built into the optical system. This is not
favored because of the added complexities of the optical design and
the variations in the tube distortion which are expected when oper-
ating at different voltage levels or when a tube is interchanged by
another tube even of the same type.

2) Use the center portion of an '"oversize'" lst generation tube. Thus,
an 80 mm, 3 stage lst generation tube might typically be expected to
have a 20% pincushion distortion at the periphery of the tube. How~
ever maximum distortion of about 2% would be predicted if only the
center 20 mm x 20 mm section of the tube were used. This approach
is also not the most favored approach because of the excessive size
of such a tube and because maximum distortion in the range of 2% is,
at best, only marginally acceptable.

3) Specify a low distortion lst generation multi-stage electrostatic
tube for an image intensifier supplier. Such low distortion tubes
have been proposed by at least two suppliers. A predicted 2 to 4%
distortion, compared with a more usual 167% to 20% distortion for a
3 stage lst generation tube has been proposed. This approach is not
the most favored approach because the predicted residual distortion
is still regarded as excessive and because, to our knowledge, such a
tube has not yet known to have been proven in service.

4) The use of a lst generation electro-magnetic tube. These tubes may,
in some cases, have nearly acceptable low distortion but are rejected
because of the excessive weight and size of such a device.

5) The application of a 2nd generation wafer type of channel plate
image intensifier. Recent advances by at least one vendor has indi-
cated the recent availability of a very low noise tube of this type
in contrast to the somewhat noiser versions of this tube which were
previously available.

A tentative preference is made for selection of the wafer type of inten-
sifier primarily because of its inherently low distortion. Its very compact
size also make it look very attractive. As presently used in military appli=-
cations, the gain is limited to about 10,000 and the output brightness is
limited to the range of about 1 to 5 ft. lamberts. The tube has been operated
in a gatable mode by modifying the input voltage. Typically a 200 volt gat-
ing voltage is required,.

By removing brightness control it is expected that luminous gain of
25 000 or more could be realized. Output brightness in the range of 20 to
30 ft. lamberts have been projected. Provided that a good spectral match can
be made between the intensifier and the input imaging device, this is the
range of output brightness which is required. This mode of operation may
result in some increase in noise and perhaps some decrease in resolution and
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tube life. Thus, while the wafer type of tube shows good promise, there is a
clear need for further experimental evaluation with it before firm recommenda-
tion can be made for its incorporation in the system.

In the event that experiments should demonstrate that this type of inten-
sifier is inadequate for the present application, a backup recommendation
would be made to use a 3 stage lst generation tube or amn inverter type of 2nd
generation tube with suitable optical correction of the distortion.

3.3.2 ‘Experimental Evaluation with an Image Intensifier - Results and
Recommendations.- A limited experimental evaluation was performed
during the present contract to determine the potential of using an image
intensifier to compensate for the sensitivity deficiencies of a '"real time"
input imaging medium which might otherwise have inadequate sensitivity,

These experiments were facilitated by the loan of a "3 stage 1lst genera-
tion" image intensifier made available to GE by the U.S. Army Night Vision
Laboratory of Fort Belvoir, Va. This particular intensifier had an optical
gain, as measured by the NVL, of 47 000. From a gain point of view this de=-
vice was expected to be more than adequate. From the outset of this investi-
gation it was recognized, however, that this specific type of intensifier
would not be adequate from a distortion point of view. Nevertheless the
photometric evaluation has meaning in view of the recent availability of 'dis-
tortion-less" intensifiers. The primary objectives of these investigations
are to determine the effect of gain, noise and resolution limitation contrib-
uted by the intensifier,

Figﬁre 3-3 shows a set-up for the evaluation of the intensifier together
with a PPR camera in the laboratory. The details of these experiments are
described in Appendix E.

- In summary, the experiments showed an effective optical gain in the range
of 200 to 400. By no means was the experimental set-up optimum. (For
example, a relay lens was used which had estimated efficiency in the range of
3% to 4%.)

By implementing several improvements such as more efficient transfer
lens and a better spectral match of the phosphor and medium, it is expected
that this type of intensifier could result in usable gains in the range of 10
to 104. Elimination of the need for a relay lens would be especially attrac-
tive, This would then effectively be in the same sensitivity range as typi=-
cal silver halide media and would indicate that advanced materials such as PPR
would be applicable, from a photometric point of view, for the starfield
tracker.

In these evaluations with the image intensifier it was observed that
although the deformations on the photoplastic recording material were less
sharp there was no noticeable increase in noise introduced by the intensifier.
Further correlation experiments are needed to determine the effect of the
non-sharpness of the images caused by the intensifier tubes.
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3.4 Investigation of Electro-Optical Readout Techniques

3.4,1 pefinition of the Problem.~- The problem is to precisely determine
the location of the correlation function (i.e., '"correlation spot') in -the
"output’ plane., The size and shape of the intensity of the correlation func-
tion as a function of image type and degradation of the image has been
investigated by experiments. Furthermore an analysis of the idealized cross=~
correlation function has been made (Section 2.3). Based on the results of
both the experiments and the analysis and on the scale factor for the planned
system, the typical correlation function will have a diameter ranging from 10
to 50 micrometers as measured to the half power points.

For most experiments a HeNe laser has been used resulting in a spectral
response of the correlation spot of 6328 A. 1In selecting a readout technique
however consideration should also be given to using light sources of ofher
spectral responses including a GaAs laser having a wavelength of 9000 A,

In most of the correlation experiments with degraded input images of
landmarks the resulting degradation of the correlation function maintains con-
siderable symmetry until such a point that the signal can no longer be de-
tected in the field of noise. 1In general, if detection of correlation is
still possible (e.g., with S/N ratios of 10:1 or more), then it has been
found by numerous experiments that non-symmetries in the correlation function
will contribute a position uncertainty which is typ1ca11y less than 10=3 of
the dimension of the output plane.

For the system scale factor selected, the 10 to 50 micron diameter
correlation function will be located somewhere in an output plane having
dimension of 25 cm x 25 cm. The problem of locating the correlation function
in the output plane is very similar to that of locating a star image with an
off-axis star tracker except for one important difference: the accuracy of
the off~axis star tracker performance is usually limited by the dynamics of
the vehicle and tracking system. In the case of the correlation tracker the
detection of the correlation spot will have the dynamics of the optical-to-
optical input device. 1In the case of a navigator using a non-self-erasing
input device, such as PPR, the correlation spot then is stationary and its
readout can be smoothed over long periods of time.

In the case of a self-erasing optical-to=-optical interface device (e.g.,
NASA's optically excited liquid crystal device) the image storage time is
much shorter and a somewhat lower accuracy readout might be expected for
those cases where the vehicle attitude is experiencing rapid attitude changes.

3.4.2 Alternative Electro-Optical Readout Devices.- Several investiga-
tors have automated the operation of the readout of the correlation function.
Image orthicons, vidicons and image dissectors have been used for this funce
tion. In some cases the sensor was used only for TV display of the output
signal whereas in other cases a digital readout has been incorporated. No
known end-to-end experimental effort has been made to detect the location of
a correlation function to the accuracy desired for the present holographic
tracker.
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However off-axis star trackers have been developed, which in static tests
have demonstrated high position determination accuracy throughout the field
of the level desired for the present application. One such off-axis tracker
was developed under NASA Contract No. NAS 2-1087 =~ "Optical Inertial Space
Sextant for an Advanced Space Navigation System'. This tracker was based on
the use of a one-inch vidicon which incorporated a special reticle on the face
of the tube for purpose of establishing linearity references for the tube.
The tracker also incorporated interpolation and pulse center detection tech-
niques of an advanced design to detect the center of the small star image. In
tests, the optics imaged simulated static star images_in the 20 to 50 micron
diameter range on the face of the tube. These tests( demonstrated tracking
accuracy in the x axis with uncertainties of 10' (1C°) of the field of view
and in the y axis with uncertainties of 1, 6(10” ) (10).

The purpose of the above discussion of this vidicon tracker is presented
only to illustrate that tracking accuracies of "star-like' images have been
demonstrated, for a static situation, in the range of 1073 of the field.

Another approach to electro-optical readout is the application of an
image dissector tube. Discussions were held with IT&T Corp. concerning the
adaptation of a star tracker based on an IT&T Image Dissector Model F4011,
Preliminary investigations indicate that this adaptation can result in posi=-
tion determination uncertainties that are less than 107~ of the output plane. -
This would be an adaptation of a space qualified tracker currently produced
by IT&T.

3.4.3 - A More Advanced Approach - Parallel Electro-Optical Readout.- An
alternative to the scanning devices discussed above is the use of parallel
readout detector arrays. The most practical array application at this time
appears to be that of linear arrays rather than rectangular arrays because of
their greater avallablllty.

In order to use a linear array it is necessary to either sweep the image
plane past the array or to convert the correlation function to a linear func=-
tion which will intersect the array. Mechanical sweeping is clearly unattrac-
tive for a space application.,

If the correlation function could be transformed into a cruciform image
(i.e.,, a cross which spans all or part of the output plane in two axes) then
the readout of the correlation function could be accomplished by two linear
arrays mounted orthogonal to each other.

There. are at least two ways in which the correlation function can be
transformed into such a cruciform image: by the application of a beam splitter
and two orthogonally mounted cylindrical lenses (one for each split beam seg-
ment) or by use of a cruciform encoding spatial frequency filter. By an en-
coding filter here we refer to a spatial frequency filter which will be
designed to directly produce the desired cruciform image instead of the more
usual correlation function. Although this has not yet been done experimentally
for starfields, it appears to be a practical approach. Such filters would be
made by using a reference beam imaged in the form of the desired cruciform

(1) cf. Reference 16.
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before interfering it with the candidate image. This represents an alterna-
tive to the usual approach of bringing the reference beam to a point focus
before interfering it with the reference signal.

~ Although this parallel readout is conceptually attractive, some limita=-
tion will exist due to the reduction of signal to noise which will result in
"spreading the energy over a line".

Some calculations can be made to estimate the extent to which this
approach can be used. In laboratory experiments, simulated starfields have
been recognized with signal-to-noise ratios typically as high as 200:1 to
500:1. Typically the parallel solid state readout will provide a usable out=-
put with a signal to noise ratio of 5:1. This means that each arm of the
cruciform image could be designed to span a length equivalent to 20 to 50
resolution elements. Thus to obtain a 107 readout accuracy, some two .to
five array rows would be required in each axis. To obtain a 10~3 readout
accuracy, some 20 to 50 array rows would be required. The number of arrays
in each array row would depend on the number of resolution elements in each
array.

Consider a specific case: A typical presently available linear array
is one of the type PIN SA 50 produced by United Detector Technology Company.
These arrays have 50 elements and are 0,4 inch long. If an output tracking
accuracy of 10~3 of the field were desired in two axes then 20 arrays would
be required for each array row.

Based on the previous discussion, assume that 20 array rows would be
required in each axis., This is equivalent to a total of 800 arrays or 40 000
elements. Note that this is 1/25 the number of resolution elements which
would be required had the cruciform approach not been used and a parallel
readout were performed with a n x n square matrix array.

In a more modest approach, if a tracking accuracy of 102 of the field
were required, then only 8 arrays or 400 elements would be required. This
more modest goal would seem to be attractive for an initial evaluation of
this advanced parallel readout approach.

3.5 Investigation of Other Key Components

3.5.1 Telescope Design.~ In every component of the input imaging system
it is essential that the distortion be low relative to the resolution. 1In the
recording of starfield images it is important that the distortion in any
usable part of the field be small relative to the dimensions of the point
spread function resulting from the imaging of a star by the telescope. This
necessity for a low distortion telescope becomes one of the primary specifica-
tions of the telescope design.

The selection of the upper limit of the optical field of view will be
determined largely by the desired system accuracy. To a large extent, system
accuracy will be determined by the performance of the electro=-optical readout
system. As pointed out in Section 3.4 typical readout accuracy mag be in the
‘range of §W2(1973) (for an initial feasibility model) to a 0.5(107°) (for an
operational model) fraction of the field of view. As discussed in Section 2.1
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accuracy goals ranging from 15 to 200 arc seconds may be expected depending

on the type of spacecraft, the application (i.e., attitude reference or auton-
omous navigation) and whether the initial feasibility or the operational model
is being considered. Based on these considerations a maximum field of view
will be expected to range from about 4° to 10°,

A further analysis considering false alarm probabilities, stellar popu-
lations as a function of magnitude and the required number of stars in a
given candldate field have led to the selection of a telescope field of view
of 8°,

The primary requirements then for the telescope are a field of view in
the order of 8°, a relatively fast system to compensate for the limited sen-
sitivity of the imaging media and a level of distortion which is low compared
to the resolution of the system. An analysis of the combination of these
requirements leads to the selection of a Schmidt-Cassegrain telescope design
as the most favored design. No other telescope design is known to provide
the desired combination of low distortion, small angular field of view and
high speed. This conclusion is supported by the work of many other investi-~
gators (cf., for example references 17 and 18). Linfoot, in reference 17
(p. 262) enters into some detail the optical correction factors needed to pro-
vide a distortion-free Schmidt design.

It remains to decide what clear aperture should be selected. It has
been established in Section 2.1 that about a 5th magnitude star is desired to
be detected. A 20 cm clear aperture telescope will collect approximately
1011 yatts of power from a 5th magnitude star, A high quality 20 cm clear
aperture relatively fast telescope (i.e., in the range of f£/1.6 to £/2) can
be expected to have an optical spread function of about 10 microns (see refer-
ence 7). Considering the optical efficiency of the telescope elements this
would lead to an optical power density on the input of an image intensifier
of about 10~6 watts/cm?, Based on a conservatively estimated effective
1nten31f1er ga1n of 102 to 103 this would result in a power density ranging
from 104 to 102 watts/cm? on the input imaging medium. In consideration of
the image motion problem and the associated maximum permissible exposure as
well -as the level of media sensitivities expected this is the level of opti=-
cal energy density desired.

Hence we establish a telescope design as a Schmidt-Cassegrain having a
clear aperture of 20 cm, a focal length of about 32 cm and a field of view
over a 40 mm format of 8° designed for minimum distortion.

This design of a telescope comes rather close to the design of several
available commercial designs from various telescope manufacturers. It is
expected that such a telescope would be suitable for an initial design., An
operational model would however require greater refinement particularly with
respect to dimensional stability over an operational temperature range and
optical quality.

3.5.2 TImage Rotation Sensitivity and Compensation.- It is well known
that the matched spatial frequency filter operation will generally be sensi~-
tive to rotation about the optical axis. For many autonomous navigation or

"attitude reference applications the holographic tracker will be used in a
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"vernier mode'. 1In many of these cases initial rotation errors will be
acceptably low so that no further rotation compensation will be required.
In~house experiments have demonstrated landmark tracking correlation with
acceptable signal to noise ratio performance with initial rotation errors,
in some cases, as great as 20°, For other applications rotation sensitiv=-
ity may be a problem needing a solution.

Several approaches and combinations of approaches can be made to the
problem of image rotation sensitivity of the correlation function. Among
these approaches are:

. Design a.spatial frequency filter to be relatively insensitive to
rotation angle. This can be done in several ways such as using rela-
tively small angular field landmark and starfield images. In the case
of starfields this necessitates depending on fainter magnitude stars
than would otherwise be required. Another approach is to use rela=-
.tively large star images (e.g., defocused star images) when making the
filter and/or when forming the candidate starfield input image.

. Take advantage of the rotation sensitivity as a rotation reference for
controlling the vehicle attitude. An example here would be to make
use of a known landmark viewed near the vehicle nadir to provide a yaw
angle reference. 1In this approach a relatively large landmark is
desired for which rotation angular sensitivities have been shown to be
typically 0.1° or 1less.

. Make use of vehicle rotation (this applies particularly to a spin
stabilized spacecraft) to, in effect, provide a rotation search. 1In
this way, by measuring both the time of correlation, as well as the
usual two axes location of the correlation function, the three axes
attitude of the spacecraft can be determined (i.e., one of which is
varying as a function of time). This appears to be a very applicable
approach for a spin stabilized spacecraft. It is only necessary that
the time constants of the optical-to-optical interface device and of
the electro-optical readout be fast relative to the vehicle spin rate.

. Make use of a large number of spatial filters for each landmark and
starfield image to be stored, each one of which is made for a differ-
ent rotation angle. 1In this way rotation search can be combined with
pattern search by using multiple filters. This approach can make use
of multiplexed and/or mechanically registered multiple filters as may
be indicated by the application.

. Provide a means, in the vehicle, for rotating the candidate input
image relative to the spatial frequency matched filter. 1In principle,
this can be done by rotating either the input imaging device or the
matched filter or an optical element located between these two. The
first two are clearly unattractive whereas the third approach may be
acceptable for some applications. '
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If such an image rotation is required on board the vehicle, one of the
most attractive approaches is to make use of a motor driven derotation prism.
Several types are available including the Dove, Pechan or K prisms. Although
the Dove prism is the most common*, the Pechan or K prisms are preferred
because of their greater off-axis capability and shorter lengths. The prism
would be mounted in high precision bearing and would be aligned with high
precision. Derotation prisms mounted in such high precision bearing are used
in certain types of military periscopes.

A continuous driven prism rather than nulling servo drive is recommended.
Rotation rates would be selected which are compatible with the time constants
of the input imaging device and the electro-optical readout. Criteria are
similar to that for the spin stabilized spacecraft. An angular pick-off is
required to provide prism rotation attitude as a function of time.

These prisms can be obtained as both reflective and refractive types.
The refractive devices are generally solid glass prisms whereas the reflective
devices are generally hollow and are made with an assembly of optical flats
assembled in such a way as to perform the desired prism function.

The reflective prisms are generally lighter and less expensive than the
refractive prisms and have performance which is generally independent of wave-
length. :

With respect to stability and accuracy of performance some conflicting
claims are made by various designers and manufacturers of prisms.

Based on a review and interpretation of available data supplied by sev-
eral manufacturers as well as a survey of the technical literature, a con-
servative recommendation would favor a refractive Pechan prism. There are
indications that these are operable over angular field of view ranges of 10°
or more with lateral and angular deviations which would be equivalent to
2(10=3) radians or less. This is an error which would not be observable
within the expected resolution limits of the input image system.

The reflective prisms look very attractive but lack of extensive per-
formance data suggests that further evaluation of their performance would be
recommended.

3.5.3 Coherent Tllumination Source.- Because of the small size of the
star image as well as the relatively few stars in a typical starfield it will
be the starfield correlation operation rather than the landmark correlation
operation which will dictate the minimum allowable output power level of the
laser, Typically 5 stars will exist in the starfield. Each star will typi-
cally have an aperture dimension which is 1/500 of the width of the input
image media. If we assume that all of the output laser illumination is spread
uniformly over the input imaging media, then the amount of light which tran-

sits the input media through the 5 star image is 5(%;) 3%5 or about 2(10‘5)
of the laser power available,

*See Reference (19) which describes the characteristics of these prisms in
some detail.
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A conservative approximation based on experiments with such starfields
can be made that, operating with a typical spatial frequency matched filter,
0.005 to 0.05 of the light which transits the star aperture will appear in
the correlation function. Thus the overall "efficiency" of the input imaging
medéum when operating with starfield images is Judged to range from 107 to
10-

Let us compute laser energy required to operate with the solid state de-
tector arrays as described in Section 3.4. 1In the arrangement as described
there with the cruciform correlation function, the laser energy will typically
be equally spread over about 50 elemental areas of the array. Each element
of the PIN SA 50 array has an area of 3(107 ) meters2. The total illuminated
area will then be 1.50(10-6) m?. The tyglcal noise equivalent signal for a
solid state detector of this type is 10~° watt-sec/m®. Hence the noise
equivalent signal over the illuminated area would be 1.50(10~ 12y watt-sec. A
conservative requirement would be to achieve a minimum readout signal to
noise ratio of 10, Hence minimum required signal energy at the output plane
is 1.5(10° 11) watt-sec. We make the realistic assumption, for this type of
detector, that it is operating in a power integrating mode. Hence exposure
time can be traded off for laser power over rather wide limits.

Based on the previously discussed input medium efficiency of 107 to 10-6
we conclude that the 1aser energy requlred for each correlation operation
would range from 1. 5(10' ) to 1. 5(10' ) watt seconds, 1In order to arrive at
a conservative design requirement we will assume a typical energy requirement
of 10~% watt sec.

From the standpoint of a navigation system operating with a long relaxa-
tion time constant input medium, the power of the laser can be very low (e.g.,
some fraction of a milliwatt) because relatively long integrating time peri-
ods can be employed. For an attitude determination application utilizing a
fast relaxation time constant input imaging medium a higher power laser would
be required. For example if the imaging medium had a relaxation time con-
stant of 1/30 sec, then, for an energy requirement of 10-4 watt sec, a laser
having a power in the range of 3 milliwatts would be required.

For conditions of poorer spectral mismatch and/or higher attitude dynam-
ics an even higher power laser may be required.

We conclude that for the type of electro-optical readout described a
laser power of 0.1 mwatt or less would be adequate for a navigation system
whereas a laser power of as much as 10 mwatts could be required for an atti-
tude determination system, ¢

A conservative recommendation is made to incorporate a space qualifiable
HeNe laser having a power rating in the 1 to 5 mwatt range. For an initial
feasibility model, a laser such as the 1 mwatt Hughes Model 3078H is appro-
priate.

The 5 mw space qualifiable laser developed under contract to NASA (refer~
ence 28 and 29) is a candidate for an operational model of the system. This
contract had led to the proposed development of a space qualified laser of 5
mwatts with a total weight of 8 1lbs and an input power requirement of 15
watts. The laser head is a 16 inch long cylinder having a 2.5 inch diameter,
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A further alternative exists in the form of a Gallium Arsenide laser.
diode (cf. reference 20). The application of this very small low power device
to optical data processing has been described by Dr. A. Hussain-Abidi in refer-
ence 10, The output of this device operating at room temperature is at a wave-
length of 9000 2. Some inconvenience may be expected in initial alignment of
the system with non-visible radiation. Furthermore some further investigation
may be required to determine the optimum electro-optical readout with this
device, :

At the present time all known GaAs lasers which provide coherent radia-
tion do so in a pulsed mode (typically 100 psec pulses at 50 pulse/sec rep
rate). Some CW GaAs lasers have been operated experimentally at cryogenic
temperatures. However the cryogenic complications are clearly unattractive for
the present application. 1If and when GaAs lasers having high coherent CW out-
puts at room temperatures become available, they will be prime candidates for
a source of illumination for the present application.

Based on the initial experiment of Dr. Hussain-Abidi of NASA (Goddard)
there is reason for encouragement in the use of this device eventually as a
practical low power compact source of laser illumination.

3.5.4 Alternative Read-In and Read-Qut Modes of Input Imaging Medium,-
The input imaging medium must operate in two modes: read-in and read-out. It
is essential that either of these two functions not interfere with the other.
In this discussion we will presume the necessity for using an image intensi-
fier to compensate for the relatively low optical energy in relation to the
sensitivity of the input imaging medium. '

If the imaging medium cannot be placed directly against the output face
of the intensifier, then a relay (or transfer) lens will be required. If we
eliminate all designs. which would involve moving the input medium relative to
the intensifier then, for transmissive media, a relay lens is required. For
those input media which can be operated in a reflective mode (e.g., certain
types of photodeformables) then the medium can be mounted directly on the
intensifier output face and a relay lens will not be required.

Several general ways for accomplishing the read-in and read-out func-
tion are possible including those discussed in Table 3-2.

Figures 3-4 and 3-5 respectively show sketches of two different ways for
accommodating the read-in and read-out function in a single interface device.
Note the likely requirement for all cases, except the reflective readout case
shown in Figure 3-5, of a relay lens when operating with an image intensifier.
The requirement for relay lens is not an insignificant disadvantage, partic-
ularly from the point of view of optical energy loss.

An evaluation of relay lens operating with an intensifier has been made
which indicate these typical idealized transfer efficiencies:
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-FIGURE 3-5 -~ NONCOHERENT READ~IN. AND COHERENT READ-OUT ACCOMPLISHED ON -
OPPOSITE SIDES OF OPTICAL-TO-OPTICAL INTERFACE (TYPE C)
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. Transfer
£/# : Efficiency
0.7 297
1.0 13%
1.3 7%
1.6 5%

These numbers assume that each point on the intensifier phosphor radi-
ates with equal intensity over a hemisphere and that the transmissivity of
the lens is 100%.

Since a relay lens much faster than about £/1.3 does not appear attrac-
tive from an aberration point of view, a practical relay lens will have a
maximum efficiency in the neighborhood of 5 to 7%.

The above advantage of the reflective medium approach has to be weighed
against a very practical problem of mounting the reflective media. It has
been shown in several in-house experiments that "flatness" of the image medi-
um is far more critical for reflective media than for transmissive media. 1In
some experiments it was found that it was very difficult to hold the reflective.
medium sufficiently flat even though several techniques were tried (e.g., var-
ious versions of vacuum plate holders). 1In most cases bowing of the deform-
able film was excessive. Several other holding techniques were suggested
which have not yet been evaluated.

A further possible problem of the reflective readout approach is possible
adverse electric field interaction between the intensifier and the photo-
deformable such as photoplastic. It is expected that this problem may be
minimized, however, by operating the intensifier with its output plane at
ground potential. This has not yet been proven however,

Because of the advantages of avoiding a relay lens, further experimental
investigations of a reflective photodeformable are recommended. In the ab-
sence of any favorable results of such an evaluation a relay lens, however,
operating with a transmissive medium is recommended.

3.5.5 Storage and Retrieval of Matched Spatial Frequency Filters.- For
both the autonomous navigation problem and the attitude reference problem
there exists a problem of storage and retrieval of matched spatial frequency
filters. The number of required spatial frequency filters will be application-
oriented, However for a number of typical missions, the number of matched
spatial frequency filters required will typically be:

. For Autonomous Navigation

20 to 200 landmark filters
10 to 50 starfield filters

. For Attitude Reference

10 to 100 starfield filters
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For most applications* it .is expected that these filters will be made in
an Earthebased laboratory enviromment and will be recorded on a high resolu-
tion, high stability recording medium. A typical medium would be Kodak 649F
spectroscopic film, :

At least three techniques are potentially available for storage, selec=-
tion and retrieval of match spatial filters on board the spacecraft:

Use of mechanical motion techniques to store and retrieve spatial fre-
quency filters each one of which is stored on a separate frame,

. Use of some type of '"multiplexing" for multiple storage of spatial
frequency filters on a single frame,

. Use of advanced optically addressable 2D or 3D holographic4storage
medium,

Each one of these will be discussed below. . It is worthwhile to note
that the system which combines two of these techniques is also possible, For
example, multi~-complexed spatial frequency filters each of which is stored in
a mechanical retrieval system would provide an exceedingly large number of
spatial frequency filters.

Mechanical Storage and Retrieval of Spatial Filters.- In this approach
each matched filter is stored on a separate frame in the form of a slide or
a frame of a film loop. Filter selection and/or search is performed by se-
lectively moving the desired frame into precision registration in the spatial
frequency filter plane.

‘From the viewpoint of making the spatial filters this is very attrac-
tive since there need be no concern with operational crosse-coupling of multi~
plexed filters. Furthermore it represents a technique which has been. proven
in the laboratory#*,

However there are also several disadvantages, the principle of which is
the concern for long life reliability in a space mission. A further ultimate
concern may relate to speed of response of the selection and retrieval mech-
anism,

In general two approaches to mechanical storage and retrieval can be
considered. These two approaches are compared in Table 3-3,

*With the exception of the so-called "Unknown'" landmark tracking mode of
autonomous navigation,

**Reference 9, for example, cites the successful use of a pin registration
movie camera mechanism to perform this function.
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Spatial Filter Multiplexing Techniques.~ The concept of multiplexing
spatial frequency filters is very attractive primarily because it provides
a means of either completely avoiding or, at least, minimizing the need for
- using moving parts for storage, selection and retrieval of spatial frequency
filters.- '

In principle, the ability to multiplex Spatiél frequency filters is
limited only by the space bandwidth product of the storage medium and the
ingenuity for encoding the multiplexed filters.

Starfields are ideal candidates for spatial frequency multiplexing.
This is because unneeded redundant data in the image can be readily elimin-
ated. This can be done by eliminating unnecessary stars in a scene when mak-
ing a spatial filter by suitable amplitude thresholding. The number of stars
required for making a spatial filter is that which will insure acceptably low
false alarms and also an acceptable signal level in the event that part of the
starfield is truncated by the field of view of the telescope.

Although many multiplexing schemes could be considered, the approach of
Gorstein and Hallock (reference 8) is thought to be most appropriate. These
investigators have used a dual reference beam concept in making the spatial
filters, One reference beam remains fixed in the filter making device whereas
the other beam is allowed to have a new relative "shear angle" when exposing
each starfield. As a consequence of this type of filter multiplexing, the
correlation operation, upon realizing a recognition will yield two ''correlation
points" in the output plane. One correlation point will appear in the output
plane having an X~-Y location which indicates, in the usual sense, the vector
direction to the starfield relative to the telescope optics. The second cor=-
relation point will indicate the specific starfield out of the ensemble of
multiplexed starfields which is being recognized. The readout of its location
will be read out and the position will indicate the starfield recognized.

The above described technique can be regarded as a type of encoding fil-
ter in which the reference beam (here actually a 2 lobe reference beam) is
reproduced upon a successful correlation experiment. A somewhat different
approach to making multiplexed filters is described in reference 13. This
approach involves making the filter with a single exposure and using a separ=-
ate reference beam for each starfield so transformed. Upon recognition, the
location of the single "correlation spot" provides both starfield identifica-
tion and vector direction information.

Spatial Frequency Matched Filter Registration Accuracy Requirements.- The
accuracy with which the spatial frequency matched filter must be registered
and its relationship to system performance is a strong function of the nature
of the signal to be detected and the noise existing in the system, More
specifically it depends heavily on the space bandwidth product of the signal.

Before considering specific examples, some insight may be gained by
recalling what happens to an image when it is transformed to the spatial fre=-
quency domain. Consider a binary circular image of some finite radius (i.e.,
an aperture function). When this image is transformed to the Fourier domain
the function has the familiar J;(x)/x Airy function response. The smaller the
"aperture" in the spatial domain, then the larger is the ''diameter” of the
Airy function and vice versa, The single dimensional Gaussian function
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demonstrates this "inverse" relationsHip even more clearly, The Fourier
transform of a Gaussian function is known also to be a Gaussian function.
The standard deviation of these two functions will be inversely related.

Consider also the extreme case of a "delta" function and a two=dimen=-
sional uniform distribution function. These are known to be related to each
other by a Fourier transformation.

From the above discussion we arrive at an intuitive concept of an in=-
verse relatioriship in the dimension of information existing in two domains
which are related by Fourier transformations. Hence we can expect that an
input image which has information over a wide extent will have a relatively
critical sensitivity to registration of a matched filter in the Fourier trans-
form domain. )

In considering registration sensitivity, the matter of system scale fac-
tor must also be taken into account where we here define scale factor as the
units of displacement in the spatial frequency domain per units of spatial
frequency in the spatial domain*, The scale factor is:

AF  units displacement
277 spatial resolution/unit displacement

where A is the wavelength of the coherent illumination and F is the focal
length of the transform lens. '

Consider next some specific quantitative examples,

.a). . Making Matched Spatial Frequency Filters .of Starfield Images.~- In the

"~ extreme case (not necessarily of practical significance) the sim-
plest starfield will consist of a single star. If we assume the
star is adequately described by a binary disk aperture then the
Fourier transform of its intensity will be described by Jy(x)/x.
This is shown, in a center cross section view, by the envelope of
Figure 3~6. This figure shows the relative intensity of the signal
not only as a function of spatial frequency as existing in the spa-
tial domain but also as a function of lateral displacement in the
spatial frequency domain. (Recall that it is this displacement in
the spatial frequency domain with which we are primarily concerned
when we address the problem of registration of spatial frequency
images.)

In a spatial frequency matched filter experiment with a single star
image the Jl(x)/x function of the coherent aerial image should be
superimposed precisely on that of the stored reference filter. The
tolerable lateral departure of the spatial frequency filter would be
a function of the diameter of the star in the spatial domain.
Clearly for a very small star image (i.e., in the limit approaching
a delta function) there is no registration problem at all.

*Note that, for the present discussion, we do not have to be much concerned
which is the spatial domain and which is the spatial frequency domain. It
suffices to say that two domains exist which are related by a Fourier trans-
formation,
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Consider next the more practical problem of two stars in the star-
field. Figure 3-6 shows that the Fourier transform is a relatively
high spatial frequency interference fringe pattern, the amplitude of
which is contained within the Jl(x)/x envelope., The "size" of each
star determines the "size" of the envelope (in the inverse way as
discussed above). The relative displacement of the two stars deter-
mine the higher spatial frequency interference fringe pattern. A
criterion for practical registration for this starfield comes clear-
ly in view. The registration error should be small relative to the
displacement (in the Fourier domain) of these interference fringes¥*.

Note, for example, that the first interference fringe occurs at a
spatial radian frequency of 77/D where D is the displacement of the
stars in the spatial domain. Applying the coherent scale factor dis=-
cussed above this corresponds to a displacement in the Fourier do=-
main of:

AF

2D

Evidently the misregistration of the filter should not exceed some
fraction of the fringe distances. Typically it should not exceed it
by a factor in the range of 0.2 in order to avoid excessive degrada=~
tion. Specifically a misregistration by a factor of 0.2 will result
in a decrease in correlation energy of 20%.

Based on this assumption and an assumption of A =25 0.6 micrometers
we conclude that misregistration should not exceed:

6(10'2) % micrometers

As we will see in Section 4 a convenient value of F will typically
be about 50 cm, The maximum value of D will depend upon the image
format size (which we will assume to be 4.0 cm) and some expected
fraction of the format size over which a given starfield might extend
(which we will assume to be 0.25). Based on these assumptions we
conclude that the misregistration of the spatial filter shall not ex-
ceed &= 5 micrometers. As was discussed in Section 2.3 this is the
anticipated registration capability of mechanical approaches which
are typically available. Furthermore this matched spatial frequency
registration sensitivity is typical of that which have been measured
experimentally.

*These interference fringes formed by multiple star images must not be con-
fused with the much higher carrier spatial frequency existing in the spatial
frequency filter as a means of storing both phase and amplitude in the spatial
frequency filter.
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b)

An analysis of starfields containing more than two stars can proceed
in a similar fashion. It is evident that by having a larger number
of stars in the starfield and consequently relatively larger dis-
placements between them that the registration sensitivity will be
‘further reduced. Furthermore if it were necessary to do so, filter
registration sensitivity could be further reduced by selecting even
larger values of the parametric ratio F/D. As discussed in Section
4, F could be realistically increased to values as high as 100 cm and
the maximum value of D could be even further reduced.

From the above analysis we conclude that for realistic starfield
recognition, spatial filter misregistration ranging from 2.5 to 10 or
even more micrometers can be tolerated.

We will consider next the matter of spatial filter registration for
landmarks.

Landmark Images.- The analysis of filter registration relative to
landmarks will be based on the approach of VanderLught (reference 21).
In that approach the author predicts the effect of performance re-

' sponse as a function of sensitivity of spatial filter registration.

In doing this the author assumes somewhat of a worst case situation
where a relatively "long" input signal in the input plane is assumed.

Specifically an input signal of the type IS (u)l =1 Ojgllle,is
assumed. He then proceeds to predict performance based on the para-

_metric ratio (%)where F is the Fourier transform lems focal length.

The similarity of this ratio to the ratiu'<%> as discussed above for
starfields is evident.

Based on an assumption of uniform noise the author's analysis predicts
a tolerable misregistration ranging from about 5 micrometers for a

very low value of (%) and -a misregistration of 20 to 50 micrometers

for a value of (%) of 200. The ratio (%) can be thought of as being

indicative of the relative spatial frequency content of a landmark
image. For a '"typical" good landmark there will be considerable high

frequency'detail. Each detail can be considered as having an <%>

parametric ratio associated with it, For example a river may be in
the image plane typically having a width (its "L') of 0.1 or 0.2 cm.
If the system has a Fourier lens of 50 to 100 cm this would corre=-

spond to a parametric ratio (%}:h\the range of 250 to 1000. For

this image a spatial filter misregistration of 50 to 100 micrometers
could be tolerated. '

The author points out that for certain types of non-uniform noise

the spatial filter registration could be somewhat more critical than
for the case of uniform noise. (It should also be pointed out, how-
ever, that based on still other noise model assumptions that spatial
filter registration may be even less critical than that for uniform

noise).
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Because of the randomness involved it becomes difficult to find a
medel for predicting the performance of landmark correlation and
sensitivity to registration of spatial filters, However it is evi=-
dent from the cited analysis that landmarks having significant high
frequency detail will have relatively less critical spatial fre-
quency registration requirements. Landmarks having only low fre-
quency data (e.g., relatively low relief landscapes) will have more
critical filter registration problems and, furthermore will also be
less favorably considered because of the relatively poor correlation
function which can be anticipated.

In summary landmarks having high frequency detail should be selected
for best performance. '

Experimental results at General Electric have indicated that, for a wide
range of input image, misregistration of spatial filters of 10 to 20 or more
micrometers could typically be tolerated.

This appears to be consistent with results of other investigators. Ref=-
erence 9, for example, reports on the use of movie camera pin registration
techniques for selecting and registering spatial filters. Furthermore this
was performed successfully in a search operation at conventional motion pic-
ture rates. The device used is known to have registration uncertainty in the
range of 5 to 10 micrometers. This seems to be consistent with the analysis
and the known experimental results.
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4.0 OVERALL CONCEPTUAL BASELINE DESIGN OF THE "HOLOGRAPHIC TRACKER"

4,1 General.- Based on the overall analysis and experimental effort dis-
cussed in the foregoing sections some conclusions can be summarized in such a
manner as to provide the basis for a baseline conceptual design. Note that
the conceptual design is intended to prove the feasibility of the automated
system, A design of an operational system may have somewhat different char-
acteristics depending on the purpose of the application.

The baseline design will be a compact configuration achieved through the
manner of optical folding which appears most appropriate, This will provide
not only a relatlvely small size but will insure the desired high structural
rigidity.

The key components of the conceptual design, based on the foregoing
investigation will be:

. A 1 mwatt HeNe laser,

. A 20 cm Schmidt-Cassegrain telescope having an 8° field of view when
operating with a 40 mm image format,

. A 40 mm wafer type of image intensifier,
. An 80/20 beamsplitter to illuminate the input imagery medium.

. An input 1mag1ng module containing a near real-time opt1ca1-to-opt1ca1
interface. (Section 4,2),

. Funct10na1 and folding optical elements of the image processor
(Section 4.3).

. An electro-optical readout (Section 4.4).
. An input image rotating prism (an optional feature),
A conceptuél layout of an overall system is provided in Section 4.5,

4.2 Input Imaging Medium.- Because there exists more than one candidate
for the input imaging medium a recommendation is made to incorporate in the
conceptual design the capability for operating with alternative image storage
devices on an interchangeable module basis., This is attractive in view of the
recent advances in non-conventional imaging media and also because of differ-
ing needs for different applications.

A prime candidate would be some version of an optically excited liquid
crystal device, This is a self-erasing device capable of non-interfering
simultaneous read-in and_read-out. Relaxation time is not variable and is
believed to be about 10~l sec at the present time. Continued successful
evaluation of this type of device would further encourage the use of this

device. N i
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Another promising candidate is GE's photoplastic recording material
(PPR),. Since this is a device which requires a separate erasing function it
would be attractive where a long or variable correlation time were desired.
A preliminary investigation indicates that the presently moving charging and
heating head can be replaced with a grid of fixed charging and heating wires,
thus avoiding the requirement for this moving element.

It is recommended that the system be designed so as to accept these
input imaging devices as well as other newer devices presently under devel-
opment. ’

4,3 Comparison of Reflective vs Refractive Optics in the Design of the
Coherent System.- Until recently most coherent optical data process=-
ing has been performed on an optical bench using transform lenses as the pri-
mary Fourier transform optical elements. When designing a compact flight
qualifiable device optical folding of the system with reflective elements be-
comes very attractive.

A recent report (reference 10) has described the application of parabo-
loidal mirror segments to obtain the Fourier transform function and at the
same time provide folding of the system. The author of the reference has pre-
sented an analysis predicting that a lower degree of aberration would be
expected from the use of these functional mirrors as compared to spherical
lenses. The author of the referenced report has also demonstrated good per=
formance of such a system in the laboratory.

Since there is no known experimental evaluation of a functional mirror
system versus a functional lens sytem evaluated under the same conditions it
is difficult to make a performance comparison., It would seem that it may be
just as difficult to make perfect mirrors as to make perfect lenses, Lenses
can, for example, also incorporate aspheric surfaces such that aberrations
can be made less than anything which is measurable.

Although the functional mirror system looks attractive, there may be
greater problem of light scattering from the mirror surface than from the
lens surface. Previous measurements indicate the effect of light scattering
from a mirror surface may be as much as 10 times that of a lens. 1In general
scattered light close to the optical axis of a coherent system can result in
reduction in correlation performance in terms of S/N by a factor as great as
10, Such scattering might come from dust or imperfections in the surface.
This is an area that needs more investigation., The question to be asked is:
Under ideal dust free clean conditions, and in view of the usually greater
light scattering sensitivity of reflective surfaces, how does the S/N per-
formance of a functional lens system compare to that of a functional mirror
system when evaluated under the same conditions? The answer to this question
is critical in view of the desire to maintain acceptable S/N performance
under degraded viewing conditions. A further question yet to be answered
relates to the relative costs of functional lenses and functional mirrors
having equivalent performance.

The most attractive feature of the paraboloid mirror segment approach is
its self-folding characteristic., Because of this and because of the thus far
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encouraging experimental results of the author of the referenced report, the
paraboloid mirror segment approach will be tentatively recommended for the
base line system of the conceptual model.

4.4 Qverall Scale Factor Considerations.- The scale factor of the
system will be determined by the performance goals and the available sizes
of key components,

For the initial feasibility model tracking accuracy goals of 1 min, of
arc (30) have been established (see Section 2.1). Furthermore an 8° field of
view for the telescope has been established (Section 3.5). Thus the ratio of
tracking accuracy to field of view of about 2(107°) is established. A con-
servative approach for a conceptual design would lead to the selection of an
input imaging system which has a total resolution in the neighborhood of

[2(10'3) -1 line pairs in two axes. This is conservative since, as pointed

out, the band limited spatial frequency process, when operating on a starfield,
for example, can lead to a tracking accuracy which is significantly greater
than the resolution of the input imaging system of a single star. This is a
consequence of the smoothing function of the correlation function and its
readout as well as of the peaking function of the band limited filter.

The application of a 40 mm image intensifier would be consistent with
this conservative approach. The wafer tube can provide some 20 to 30 lp/mm
resolution or a total of about 800 to 1200 line pairs along a diameter.

Standard sizes of most intensifiers are in the 18 mm, 25 mm, 40 mm, and
80 mm diameteér sizes, The 18 mm and 25 mm size is judged as being too small
and the 80 mm size as being excessively large. Furthermore the intensifier
having a useful diameter of 40 mm would be consistent with the near 35 mm size
format of the photoplastic recording and the optically excited liquid crystal
device. :

, Based on the above a 40 mm active input image area is selected. The
input device itself as well as the spatial filter are selected in a 40 mm
format.

It remains then to select the parameters of Fourier transform optics,
Recall that the scale factor relating displacement in the spatial frequency
plane to spatial frequency in the input image is proportional to AF where F
is the focal length of the Fourier transform optics. 1In order to achieve a
relatively high scale factor a relatively high f/# system should be used. 1In
typical practical systems the f/# will range from the extremes f/40 to f/11.
A compromise must be made between a relatively short system and a system which
produces a convenient scale factor. As discussed previously (Section 2.3), a
scale factor of about 107~ cm/rad/cm is convenient., For a HeNe laser this is
achieved with transform optics having about 60 cm focal length. The optical
element (i.e., lens or mirror) will have to be somewhat larger than the 40 mm
circular format of the image. As a minimum the transform optics must have an
incremental radius great enough to capture the highest spatial frequency sig-
nal existing near the periphery of the image. For the scale factor selected
(10‘3) cm? and for an assumed peak input resolution of about 30 lp/mm this
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corresponds to an increment of 1.8 cm. Thus the minimum aperture of the
functional optics should as a minimum be 40 mm + 18 mm or about 6 cm.

As a realistic compromise between physical length and scale factor
transform optical elements having focal lengths of 66 cm operating over the
6 cm center of a 7 cm diameter element is proposed.

For the conceptual design a further conservative recommendation is to
use an image dissector type of electro-optical readout based on the use of a
one inch image dissector. Thus the active readout area of the readout system
is consistent with the overall scaling of the optical processor.

Although the image dissector is tentatively recommended, the ultimate
goal is to use a solid state detector array.

Based on the scale factor as discussed and the components selection pre-
viously discussed a conceptual layout of the overall system can be established.

4.5 A Conceptual Layout of an Overall System.- A layout sketch of one
conceptual design is shown in Figure 4-1. It incorporates all of the compo-
nents described in Section 4.1.

It incorporates off-axis paraboloidal section mirrors resulting in a
triangular shape compact design. Since an application of current interest is
that of starfield tracking for a spinning vehicle, no rotation compensation
device is incorporated. “ '

The overall device would fit in a volume 132 cm x 48 cm x 24 cm and would
be expected to weigh about 30 lbs. The estimated operating power would be 15
to 30 watts.

It should be evident that many variations of layout and physical packag-
ing are possible so as to be compatible with a given spacecraft and mission.
The layout of Figure 4-1 is but one representative example of a compact de-
sign.
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5.0 CONCLUSIONS AND RECOMMENDAT IONS

5.1 Conclusions.- The "holographic tracker' concept appears to be a
practical approach to providing sensed data for a spacecraft attitude refer-
ence and/or an autonomous space navigation system.

As previously indicated the performance believed achievable is compatible
with realistic space mission requirements. Its demands on the spacecraft in
terms of size, weight and power are compatible with realistic space missions.

5.2 Recommendations.- The primary recommendation of this investigation
is that the program be pursued through phases of detailed design and fabrica-
tion and laboratory tests of a "holographic" tracker.

Following these phases an extensive evaluation of the device in a phys-
ical simulator is recommended. '

In addition to the pursuit of the above recommended effort, further sup-
portive technology effort is also recommended in these specific areas:

. Further experimental evaluation of some of the more advanced (including
various channel plate types) image intensifiers together with advanced
real time input media (including PPR, opt1ca11y excited liquid crystal
devices and others).

. Development of cruciform encoding spatial frequency filter or cylin-
drical lenses together with solid state linear array detectors to per-
mit more compact 'parallel' readout of the correlation function (as
discussed in Section 3.4). »

. Experimental evaluation of laser diodes in a pattern correlation opera=-
tion in order to lead to a more compact lower power source of coherent
illumination.

. Further experiments with multiplexed spatial filters of starfields in
order to establish the practical limits on the number of reference pat-
terns which can be thusly stored.

. Further evaluation of reflective readout imaging material such as re=-
flective type of photoplastic recording so as to ultimately avoid a
requirement for a relay lens when operating with an image intensifier.
Primary problem of reflective readout media is that of holding the
media sufficiently flat.
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APPENDICES

Appendix A - The Application of Spatial Filter Techniques to Precision

Autonomous Space Navigation.- This appendix describes an autonomous space
navigation system which uses optical spatial filter techniques for automati-
cally recognizing and tracking both known planetary surface features and star-
fields. The primary navigation constraints utilized are the vector directions
to known landmarks measured relative to a stellar reference frame. The tech-
nique is applicable to navigation of a wide range of both manned and ummanned
spacecraft. It provides high precision navigation especially when in plane-
tary or lunar orbit and also during terminal guidance.

The unique part of the system relates to the spatial filter method by
which the landmarks and the stellar reference directions are recognized and
tracked.

Specific features and advantages of the navigation system are:

a) It has greater potential for navigation accuracy than other known
. autonomous techniques. It can provide primary unsmoothed measured
navigation constraints with uncertainties under 30 meters even in
the presence of a high degree of natural obscuration, such as clouds.

b) Recognition by this system eliminates the critical registration
problem; a pitfall of conventional "map-matching' techniques.

c) It is coﬁpletely self-contained and passive and can be adapted to
either fully automatic or manually-assisted operation.

d) It can provide recognition and tracking data in either digital or
analog form with equal precision for both planetary landmarks as well
as starfields (which can be as low as + 10 sec of arc). :

e) Laboratory tests on several features of the process have shown sig-
nal-to-noise ratios as high as 400:1 for starfields and 250:1 for
lunar and planetary features. 1In most cases the target area can be
as much as 90% obscured and still allow realiable tracking.

f) The use of a light-sensitive fast response imaging medium permits
real-time navigation. (Typical processing time delay is 50 milli-
seconds.)

Navigational Concept.- A brief review of some navigational concepts may
be helpful, 1If the angle between a known star reference direction and a land-
mark having known planetocentric coordinates is measured on board a spacecraft,
the spacecraft is known to be located somewhere on a conical locus having the
landmark at its vertex. Simultaneous measurement of the angles between two
star references and a landmark would correspond to the locus of two intersect-
ing cones or two radial intersecting lines. In practical navigation it is
simpler to take measurements between star references and landmarks at succes=-
sive known times to provide all necessary data. .. .. .. . .. . . . . .
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The data from a continuing sequence of landmark tracking is processed by
recursive statistical techniques, such as a Kalman filter, to provide updated
estimates of the vehicle's present and future position and velocity state.
This approach makes the usually realistic assumption that the vehicle's state
estimate can be adequately described in terms of a linearized departure from
a nominal vehicle ephemeris. Since the general statistical approach is simi-
lar to that described for other space navigation systems, this report covers
the techniques for automatically obtaining constraints by means of spatial
filters.

In the present system obtaining the vector direction of a landmark rela-
tive to a stellar frame involves automatic recognition and tracking of both
planetary landmarks as well as stellar reference fields by spatial filter
techniques. Since it is desirable to use the same equipment for both functions,
a short period reference is used for determining the orientation of the recog-
nition and tracking system while it is performing, in sequence, these functions
of landmark and starfield tracking. This relative angular measurement can be
most effectively implemented by means of an intermediate short-period inertial
reference.

Usually the computer would have initial approximate state data (based on
prior measurements or launch data) which is to be updated. This data should
be adequate to permit recognition filter selection. It will be the function
of the optical recognition system to identify the landmark and to provide a
recognition signal indicating the location of the landmark in the camera's
field-of-view. The direction of the telescopic camera optical axis will, in
turn, be obtained by the short period inertial references mounted on a common
frame with the telescopic camera.

Recognition and Tracking by Spatial Filtering.- Mathematically, a spatial
filter is a two-dimensional Fourier Transformation of a conventional optical
image into the new optical information domain of spatial frequencies. The
physical mechanism by which this is accomplished is the phenomenon of diffrac-
tion, and the spatial filters used in this work are a special type of recorded
diffraction spectra.

In practice, the starting point is a photographic transparency of the
desired information or landmark. By placing this in an appropriate optical
system the diffraction image or frequency transformation is obtained and can
be photographically recorded. This recording is the spatial filter. It is
also possible to produce a diffraction spectrum of the filter and return to
the original image. This process of "reconstruction" is possible because the
Fourier Transform of a Transform is the original subject. Thus both the phys=~
ical apparatus as well as the mathematical description for obtaining trans-
formations back and forth between the two optical image domains are seen: the
conventional image domain and the domain of spatial frequencies. Ideally,
all the information of a given scene can be described in either domain.

Those more familiar with electrical or time-varying signals are aware of
the advantages of matched filtering to separate and/or recognize signals in a
background of noise. In the optical analogy, the two-dimensional optical sig-
nals are converted to frequencies by the diffraction system and passed through
the two-dimensional spatial filter, The correct frequencies pass almost
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unattenuated while other frequencies are largely suppressed. The transmitted
frequencies are then reconstructed to form a normal image which becomes the:
signal. The leakage of other frequencies reconstruct to produce a 'noise"
background. ‘

One advantage of this frequency transformation is that an object can be
recognized anywhere in the field of view with no requirement for image over-
laying or registration.  Further, the technique can be mechanized to accommo-
date rotational misalignment and varying image sizes encountered at different
ranges. The spatial filter also provides very exact position information for
the landmark in the field of view which is needed for a precision navigation
system.

In all these transformation, recognition and tracking operations it is
necessary to operate with a transparency of the image. This transparency can
be either the conventional photograph with opacity variations which produce
amplitude modulation of the light, or a surface deformation material which
produces phase modulation of the light, Recently developed surface real time
materials can permit real time operation of the system.

- Figure A-1 shows the basic optical layout of a recognition and tracking
system., There are three optical "domains':

a) A conventional image domain where the input transparency is located.

b) A frequency domain where the appropriate spatial frequency filter
is placed. ' :

¢) A second conventional image domain in the output plane where the
recognition image appears. Due to the special way the spatial filter
was made, the recognition image in every case is a round spot of
light rather than an image of the object.

CONVENTIONAL SPATIAL CONVENTIONAL
IMAGE FREQUENCY IMAGE
DOMAIN DOMAIN DOMAIN

TRANSPARENCY
SPATIAL
FILTER i
RECOGNITION
IMAGE
- FIGURE -A=1-- - - - —— -~ o oo
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An essential feature of the system is that the position of the image in
the frequency domain is independent of the x-y location of the object in the
input plane making it possible for an object to be recognized anywhere in the
field. On the other hand, the recognition image is conjugate to the object
and its position in the field can be used to determine the location of the
landmark.

Making the Spatial Filter.- Consider the means for making a spatial fil-
ter for an object to be recognized and tracked. The best method is the "two-
beam" processi(l) diagrammed in Figure A-2, which used a second or reference
beam of coherent light to introduce interference fringes, these fringes act
as grating-like elements in the filter causing the recognition image to
appear as a star-like spot of light off the axis of the optical system.

INPUT REFERENCE BEAM
P
LANE FREQUENCY

KEY -
TRANSPAREN - SPATIAL
cY FILTER
FIGURE A-2

Experimental Results of Earth Landmark Recognition and Tracking.=- A num-
ber of features of the proposed system have been tested in the laboratory.
Landmark tracking experiments were conducted using photographs obtained from
GEMINI GT-4 and GT=-5 flights. The experiments were made with transparencies
derived from prints obtained from the United States National Aeronautics and
Space Administration and in particular those showing areas of Arabia, the
Nile Valley and Lower California.

(1) 4, VanderLught, "Signal Detection by Complex Spatial Filtering', IEEE
Transactions on Information Theory, April 1964, p. 139.
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Selection Landmark.- Figure A~3, a portion of the high contrast coast
line at the end of the Arabian peninsula photograph from which typical
results were obtained was the first and most obvious choice of landmark from
which a spatial filter was made. During recognition experiments this gave
very good results although equally good results were obtained by using either
much smaller or larger areas as those outlined. To obtain good recognition,
it was also found practical to choose a small valley area circled in Figure
A-3, or a fairly inconspicuous desert area.

These tests, conducted on several different photographs including some
of poorer quality, showed that a conspicuous landmark is not necessary. Any
land area containing distinctive detail is satisfactory.

Artificial Generation of Landmark Image.~ Tests showed it also possible
to use drawings or maps of landmarks as a basis for making spatial filters to
recognize areas in these photographs. In general, the signal-to-noise ratios
obtained were lower than when a portion of a photograph was used. This was
due to inaccurate drawings and omission of details.

Effect of Obscuration on Recognition.=- According to present estimates,
the Earth mass is covered by clouds 70 percent of the time, It was difficult
to obtain additional high altitude photographs of theése areas with different
amounts of cloud cover and the situation was simulated by adding cotton wool
"clouds'" to the photographs. It was found that up to 90 percent of the area
of the landmark could be covered by clouds without interfering with the recog-
nition of the landmark. It was confirmed by tests that if a portion of the
landmark appears at the edge of the field-of-view, the landmark will be recog-
nized.

Effect of Obscuration on Tracking.- Several tests were made to determine
if partial obscuration of the landmark by clouds or other cover would deviate
the "aiming point" or cause a loss of tracking accuracy. In every case the
uncertainty was under one part in 1000 of the field-of-view. This corresponds
to uncertainties of less than 11 seconds of arc for a three degree field-of-
view camera system.

Effect of Rotational Misalignment.=- A series of tests were conducted to
determine the error tolerance permissible in the rotation of the filter in
relation to the landmark. Some results are shown in Figure A~4., They can be
summarized by stating that if the landmark area is small the tolerance can be
large, up to 20 degrees, and if the landmark area is very large the tolerance
is small and can approach one minute of arc, if desired. This variable sen-
sitivity can be an asset. Mechanical means have been developed to rotate the
filter and peak the output signal to allow additional navigational data to be
obtained from vehicle orientation.

Effect of Size Mismatch.- The spatial filter must be made for a landmark
at some particular size. If the size as seen by the camera on board the
spacecraft is different due to change in altitude or slant range, recognition
may not be obtained. A series of tests were made to determine the error tol-
erance and the results were very similar to the rotational tolerance. Size
differences up to 15 percent were acceptable for small landmarks, while for
very large landmark areas the tolerance can become less than one percent,’
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Mechanical means have also been developed for varying the effective size of
the image that will cover size variations up to ten times. This sensitivity .
could also be used to calculate additional navigational data such as altitude

or slant range.

‘Lunar Landmark Tracking.- This discussion relates to several possible
missions necessitating realistic future requirements for high precision self-
contained navigation when near the moon. One of the major questions related
to automatic lunar "landmark" tracking is: Can one devise a spatial filter
which will provide recognition and tracking over a wide range of solar illumi

nation angles?

Experiments were conducted using a series of photos of the same area of
the moon shown under different solar angles. One area was Mare Vaporium ad-
jacent to the Sea of Tranquility and was obtained from lunar Atlas Photos(1),
Four photo areas are shown in Figure A-5. The specific “landmark" selected
surrounding Crater Manilius is shown encircled.

In each photo the lighting is different and it may be assumed that the

" libration and nutation are also slightly different showing the same area in

a somewhat different perspective. It is evident from the photos that the
various solar angles significantly effect the observed landmark geometry.
Nevertheless, the ability to devise a single spatial filter to recognize the
landmark in every case with a signal-to-noise ratio of 30:1 or greater has be

been experimentally verified.

<1)-Photographichunar Atlas; University of Chicago Press, Edited by G.P.-
Kuiper.
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Figure A-5.

Five Photographs of the Same Area of the Moon at Different Times
in the Lunar Day



Obtaining Stellar References.-~ Experiments have also demonstrated star-
field recognition and tracking. In these experiments starfield 'recognition
areas' were extracted from images of larger starfields. These "recognition
areas" were then converted to spatial filters for use in the recognition and
tracking operation., Good results were obtained regardless of whether the
starfield was thinly or richly populated; whether it contained bright stars
or no bright stars and in the presence of diffuse nebulosity, Several recog-
nition areas were chosen near the North Celestial Pole, in thinly populated
regions of Ursa Major and in densely populated regions of Auriga containing
the galactic equator., Spatial filters were made from areas containing as
many as 236 stars or as few as seven stars. These experiments were conducted
with both silver photographic transparencies of thé starfields and photo-
deformable transparencies with equivalent results, Typical signal-to-noise
ratios were 400:1 which indicate very good performance.

As in the case of landmarks, the sensitivity to relative rotation of the
starfield and the filter can be varied by choosing an appropriate size recog-
nition area, and the tolerance can be as large as several degrees or as small
as a minute of arc. The system can be mechanized to take advantage of this
sensitivity and obtain complete three-axis reference signals from one star=-
field.

Because the inertial reference is used only as a short-period reference,
gyros need not be of high performance in terms of drift characteristics. The
spatial filter technique can be used to monitor and update a gyro inertial -
frame which serves as the real-time attitude reference. The gyro can be
established without the need for a conventional inertial platform by using
high angular freedom gyros, the bases of which are attached to the optical
system.

Aspect Angle Compensation.~ The spatial filter for any landmark can be
made only for one aspect angle, ideally from the local zenith. If the land-
mark is viewed from a greatly different angle it will appear foreshortened in
one direction and sometimes may not be recognized. The sensitivity to aspect
angle is a function of the size of the landmark area, and for typical areas,
we have measured tolerances in aspect angle up to 20 degrees from zenith,
Still larger variations in aspect angle can be accommodated if optical com-
pensation is used. This can take the form of an anamorphic lens or the same
effect can be produced by tilting the object transparency normal to the opti-
cal axis. Compensation for aspect angles up to 45 degrees has been obtained
and presumably larger angles could be accommodated.

Signals for mechanizing any of these compensations, rotation, size or
aspect need not be obtained from any independent navigation of a priori
ephemeris system response itself. 1In view of the fast response of the
electro-optical readout, these compensation operations can be performed in a
very short time.

Total System Error.- Since experiments have demonstrated that uncertain-
ties in location of the recognition image, due to various obscuration effects,
were under 1 part in 1000, vidicon readout resolution (with a demonstrated
point readout resolution of one part in 1000) can be expected to be the pri=-
mary (exclusive of mapping errors) source of uncertainty in obtaining an
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unsmoothed navigation constraint, -Unsmoothed single measurement constraint
uncertainties are in the range of 20 to 40 feet for low altitude satellites.

Uncertainties are reduced if a longer focal length telescope system is se=-
lected.
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Appendix B - Star Exposure Experiments with Rapid Process Silver Halide
.Material

General.- As discussed in the final report for NASA Contract (NAS 12-2148)
certain types of rapid process silver halide material were judged as having
possible potential as an input image medium, Because of the relative sim-
plicity of processing, Polaroid diapositive film (Types 46L and 146L) were
judged to typify approaches which merited further consideration.

Although this type of medium is normally developed by moving it through
rollers, a modification whereby the rollers would pass over the film result-
ing in the desired "in place" development was conceived. Further GE experi=-
ments have also demonstrated the practicality of using relatively high
temperatures to develop this type of film at very high speed. Specifically

development in periods as short as 1 second was demonstrated.

The initial judgement concerning the suitability of this media for the
present application, however, was subject to further experimental evaluation,
The results of this experimental evaluation is discussed here.

Two types of Polaroid diapositive were evaluated:

Type 461 (Normal Contrast), ASA 800
Type 146L (High Contrast), ASA 200

In these experiments several stars were imaged. We will report here on
experiments with the star Arcturus which were judged to be among the most
meaningful. Arcturus has a visual magnitude of +0.24 and an orange to yellow
color.

Experiments with 16 Inch Telescope.- Figure B-1 shows plots of the image
diameter of Arcturus as formed on Polaroid diapositive Types 46L and 146L,
with the 16 inch telescope under atmospheric conditions which were judged fair
to good. As discussed previously the basic resolution of the telescope was
ad justed to provide a minimum point spread function of about 0.07 mm. Hence
star image size greater than this can be attributed to blooming in the photo
and, as such, a measure of sensitivity.

The faster 46L film is shown to require about 1/4 the exposure of the
slower 146L film, This is the ratio as expected.

In addition to an abscissa scale showing exposure time there is also
another scale showing the energy density scale assuming the following estimated
conditions:

. Telescope Point Spread Function 0.07 mm

. Atmospheric Attenuation Factor 0.4
Optical Transmittance of Telescope: 0.6

. Spectral Mismatch : 0.8

The total input optical power to the telescope, neglecting atmospheric
effects, is computed to be approximately 2(10'9) watts. -Based on -the above
attenuation factors the useful collected optical power from Arcturus at the
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image plane of the telescope is computed as approximately 4(10'10) watts.
Based on the above-diameter of the telescope point spread function this cor-
responds to an optical power density of 10-2 watts/cmz. With this as a basis
it is possible to put an energy density scale on Figure B-1 which is propor-
tional to exposure time.

If we assume that we wish the medium spread function to be about the same
as the telescope optical spread function (0.07 mm in this case) then an exam-
1nat10n of Figure B-l would indicate an energy density requ1rement of about
5(10‘ ) watts sec/cm? for the 46L material and about 2(10-7 ) watts sec/cm?
for the 146L material.

This compafes with 10™8 and 4(10‘8) watts sec/cm? as predicted for 46L
and 146L respectively and as reported in the final report to NAS 12-2148,

In order to obtain a broader basis for this photometric evaluation it
appeared appropriate to experiment with more stars in addition to Arcturus,
Next we will report on an evaluation with some very faint stars.

In order to obtain an evaluation of Polaroid with fainter stars the eval-
uation continued with images of Epsilon Lyrae. This is a well-known double
double high in the sky at 10:30: RA, 18 hr. 41 m, Dec. N 39 deg. 35". It is
composed of a southern pair known as epsilon 1 consisting of a 4.6 and a 6.3 M
star separated by 3 seconds and a northern pair known as epsilon 2 consisting
of a 5.2 and a 4.9 M star separated by 2.6 seconds. The separation of 1 and
2 is 207 seconds. .

The 46L tranparencies show 1 and 2 to be 7.8 mm apart, therefore the
scale of all the photographs taken through the 16 inch telescope is verified
as 1 mm = 26 seconds. The field of view through the shutter measures about
28 mm demonstrating that the total field of view is 12 minutes of arc. 1In
none of these photographs obtained with the 16 inch telescope were the compo-
nents of epsilon 1 or epsilon 2 resolved, although the images are non-round.

Halfway between 1 and 2 and off to one side is a 9.5 M star and directly
then between is a 12,5 M star. Our photometric evaluation here will be based
on images of these stars,

The diameter of the recorded star image which were obtained on two dif-

ferent nights in 1971 are as follows:

EPISON LYRAE ON 461 FILM

DIA. STAR IMAGE
EXPOSURE STAR JUNE 10 JUNE 21
30 sec El .49 mm .43 mm
E2 45 mm .39 mm
M 9,5 Star .30 mm
M 12.5 Star .067 mm
5 sec El .34 mm
E2 031 mm
M 9.5 Star .072 mm
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The 30 sec exposure and the 5 sec exposure were judged to be about the
minimum exposures for the M 12.5 and the M 9.5 star respectively.

Based on our previously discussed parameters the usable power and power
density in the image plane of the M 9.5 and M 12.5 stars are estimated as fol-
lows:

POWER AT TELESCOPE USABLE OPTICAL
APERTURE NEGLECTING POWER AT IMAGE OPTICAL POWER
STAR ATMOSPHERE PLANE _ DENSITY
M 9.5 Star 3(10713) watts 0.6(10"13) watts | 1.5¢1079)
watts/cm?
M 12.5 Star | 2(10"1%) watts 0.4(10"1%) watts | 10710
‘ watts/cm2

Based on the exposure data and the previously discussed point spread func-
tion criteria it is concluded that about a 30 sec exposure was required for the
M 12.5 star and a 5 sec exposure for the M 9.5 star. This would correspond to
energy density requirements as follows: '

STAR OPTICAL ENERGY REQUIRED
M 9.5 8(10-9) watts sec/cm?
M 12.5 3(10-9) watts sec/cm2

Therefore based on the detection of much dimmer stars than Arcturus we
still converge on an estimated energy regui;ement for the 46L material in the
range of 5(10'9) to 5(10‘8) watts sec/cm® for the 46L material and about 4
times that for the 146L material. This appears to be in reasonably good
agreement with the expected value of the energy required.

Experiments with 4 Inch Telescope.- As discussed in Section 3.1 the 4
inch telescope was in adjustment so as to provide an optical point spread
function of about 0.01 mm. It appeared appropriate to evaluate the Polaride
medium with this smaller point spread function so as to determine whether or
not this smaller input point spread function would have any effect on the
sensitivity or noise characteristics of the film,

These experiments were performed on the night of August 12 under unus-
ually good seeing conditions. Experiments were made with a large number of
stars centered around Alpha Cygnus, Gamma Cygnus and Beta Serpentis. Stars
imaged on the medium in these experiments included-stars as faint as 9th mag-
nitude,
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An estimation of the key typical parameters of the experiment with the
4 inch telescope is as follows:

. Telescope Point Spread Function 0.01 mm
. Atmospheric Attenuation Factor 0.4 mm
. Optical Transmission of Telescope: 0.6 mm
. Spectral Mismatch : 0.8 mm

Table B-1 summarizes results of the experiments with 46L film with
respect to exposure, energy and energy density required to image a star of a
given magnitude. '

TABLE B-1

MIN,. EXPOSURE TIME, ENERGY, ENERGY DENSITY REQUIRED.TO
IMAGE STAR OF LIMITING MAGNITUDE

EFFECTIVE
OPTICAL POWER ENERGY
AT APERTURE | AT APERTURE
LIMITING MINIMUM (NEGLECTING | (NEGLECTING
STELLAR EXPOSURE ATMOSPHERE) | ATMOSPHERE)
MAGNITUDE (sec) (watts) (watts sec/cmz)
9 300 C3@07%y | 90712
8.4 120 5¢10”1%) 6(10"12)
8 ) 60 9(10™1%) 5(10-12)
7 25 2(10713) 5(10-12)
6 10 7(10713) 7(1071%)
5.4 7 (10-12) 7(10712)
5 4 2(10°12y 8(10-12)
4 1.6 5(10-12) 8(10~12)
3 .6 1.1(10-11 7(10-12)
2 .2 3(107tY 6(10"12)
1 ' .08 8 (1011 6(10712)
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Based on a telescope optical spread function of 0.0l mm the data in
Table B-1 indicates a required energy density at the star image in the neigh-
borhood of 10-7 watts sec/cm?. Although this suggests a sensitivity somewhat
lower than that obtained with the 16 inch telescope, it still indicates a
sensitivity within a usable range even for starfields without an image intensi-
fier. ‘

The noise problem continued to persist and continues to suggest consid-
erable doubt as to the utility of this material for starfield recognition and
tracking,

Consideration of Noise.~ In most of the experiments with the Polaroid
diapositive media discussed above a disturbing type of noise appeared in a
degree greater than was anticipated. This noise was in the form of '"pinholes"
which, in appearance were not greatly dissimilar to the images of stars them-
selves. Typically these noise pinholes had diameters in the range of 0.1 to
0.5 mm and appeared in density distributions typically comparable to that of a
typical realistic starfield.

In analyzing the star images themselves it was frequently difficult to
distinguish the stars from the pinholes. Positive identification of stars
could sometimes be accomplished only with the aid of a star atlas. Variations
in the development (i.e., temperature and, as suggested by the film manufac-
turer, speed of pulling medium through the rollers) were tried. However none
of these techniques seemed to improve the noise situation.

A possible solution might be to overexpose the stars so that even the
faintest desired star would be significantly larger than the largest noise pin-
hole. This would suggest a required energy density in the range of 10-6
watt sec/cm“ or more. However the better approach seems to be to look for more
suitable material operating with an image intensifier,
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Appendix C - Landmark Experiments with Rapid Process Silver Halide

Materijial.- These experiments were performed to evaluate the performance
of Polaroid 146L and 46L diapositive material as an input imaging medium for a
landmark tracker. The results of this work is summarized in Section 3.2,

The initial tests were made to determine to what extent added heat could
increase the development speed of the material.

A print of Arabia, four generations from the original, one of the GEMINI
photographs was used. This was copied using a Polaroid camera. Exposures
were first made on 46L film to compare results. The copies on 46L (low con-
trast film) showed better gray tones, but the reproduction of detail on 146L
(high contrast film) was remarkably good.

All of the exposures on 146L film were made at f/8 at 1/125 second. The
properly developed transparency left little to be desired in general appear-
ance. When the development at room temperature (75 degrees F) was reduced to
5 seconds the transparency still looked good but had less density in the black
areas.

When the development was reduced to 3 seconds minor tearing of the image
appeared and at 2 seconds the tearing was severe, a considerable portion of
the image was lost. This tearing results in a series of parallel wrinkles in
the emulsion which in coherent light produce strong diffraction resulting in
noise in the readout. '

In the next series of tests the platen in back of the film and the roller
that spreads the developer were both heated with an infrared lamp to about 120
degrees. The film was in contact with the platen during exposure and pulled -
under the roller during development. The temperature of the film was not
known, but was somewhere between room temperature (75 degrees) and 115 degrees.

Using this system to heat the film, good transparencies were made with
development times of 3 and 2 seconds. Some of these show tearing, others do
not, and in general the density is higher than transparencies developed at room
temperature for the same length of time.

It took several tried to reduce the development time to 1 or 1% seconds
and the resulting transparency was very low contrast, the image a pale brown
color and while there is no obvious tearing of the emulsion, when it is exam-
ined in coherent light one can be seen across the image. Probably the reason
this is not easily seen is the very low contrast of the image.

Results.- The above set of transparencies were compared to a spatial fre-
quency filter for the '"Mountain scene', No. 2390 and the signal and noise
measured,

One input transparency with 46L low contrast film as the input imaging
media gave the following result:

Signal : Noise
100 (full sensitivity) 3

(Full sensitivity means maximum sensitivity of the meter and all subsequent

values are on a comparable basis.)
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The following results were obtained with 1461 (high contrast film):

DEVELOPMENT

EXPOSURE TEMP. °F SIGNAL NOISE
15 sec. 75 deg. 320 (See Note) 16

5 sec, 75 deg. 110 15

2 sec. 75 deg. - (See Note) 50

3 sec,- | 110 deg. No. 1 80 7

3 sec. 110 deg. No. 2 210 23

3 sec. 110 deg. No. 2 (Masked) 210 5 (See Note)
3 sec. 110 deg. No. 3 1 147 25

2 sec. 110 deg. No. 1 230 7

2 sec. 110 deg. No. 2 : 115 (See Note) 7

1 sec, 110 deg. - 50

Notes on Above.- The 15 second development 146L transparency gave a
stronger signal than the 46L transparency. This is probably due to the fact
that the latter was more dense and transmitted less light., The 146L trans-
parency is probably close to the ideal density.

The transparency developed 2 seconds at 75 degrees showed considerable
tearing and ripples in the emulsion which acted as gratings and scattered
light, The correlation image could not be found.

The 3 second development No. 1 had two flaws which were not serious.

The 3 second development No. 2 had two short tears which produced con-
siderable noise. These tears were in one corner and could be masked. This
did not change the signal, but did reduce the noise from 23 to 5 scale divi=-
sions.

The 3 second development No, 3 had four small tears due to separation of
the emulsion. These produced a high noise signal. Due to their location they
could not be masked to reduce the noise.

The 2 second development No. 1 was a low contrast image, but produced a
good signal,

The 2 second development No. 2 was much denser than No. 1 and produced a
weaker signal.

The 1 second development produced a correlation image that was too weak
to measure. The transparency was very low contrast and noisy due to a tear
across the center.

Comparison with Microflat Plate.- In order to obtain a comparative refer-
ence some experiments were made with microflat plates as an input image media.
A very good transparency on 649 emulsion gave the following result:
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Signal - Noise
420 10

The chief difference that could be seen was that the diffraction pattern of

the microflat plate was nearly perfect and undistorted, while the diffraction
patterns of all the Polaroid film transparencies were wavy and broadened due to
thickness variations in the film.

It should be noted that this effect was not seen in the case of stars
because in the star transparencies most of the picture was opaque and the star
images were extremely small. Therefore the likelihood of a thickness error
occurring in one of these tiny images was extremely small. 1In the present
case of a landmark the images extend over a large area and thickness varia-
tions are seen., The stars are thus seen to be a rather special case and
resulted in a signal and a signal-to-noise ratio practically the same as the
microflat plates. In the landmark experiments the thickness variations result
.in a spreading of the diffraction image so that all of its light did not fall
on the proper area of the filter and the signal was less,

Except for the consistently lower signal values and the occasional high
noise values due to tearing of the emulsion the results on 146L film are ap=-
proximately the same as the glass plates. The correlation images were always
sharp and free of satellites and the noise background uniform and normal.

The size of the image on the transparency was 50”x 52 mm. If the exper=-
iment had been done with smaller images the effects of thickness variations in
the film would have been less.

Polaroid P/N Film.- One transparency was made on Type 55 P/N film. The
chief difference between this image and 146L is that the image is a negative
instead of a positive and the transparent areas are gray instead of clear.

For this latter reason and the general low contrast of the image the signal is
less than with 146L film.

Signal Noise
37 1.5
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Appendix D - Description of Experimental Evaluation of Image Intensifier

Operating with PPR Imaging Medium.- The experimental set-up was previ-
ously shown in Figure 3-3. The image intensifier used was a 3-stage Genera-
tion I intensifier made available by the Night Vision Labs of the U.S. Army.
Measured luminous gain of this device was 47 000.

The experiments were performed using a set of five simulated star images
of various magnitudes. The nature of the test was to make a relative compari-
son of the PPR response with and without the intensifier,

In order to get the best image quality from a set-up as complex as the
one used, it would be necessary to make a careful aligmment of all the ele-
ments; collimator, telescope lens, image intensifier, relay lens and camera.
The elements should be square to the axis and co-linear. Also the focusing of
the object on the intensifier and the focusing of the second image on the film
should be done with great care and the results checked by making a series of
exposures with slight changes in these distances. None of these refinements
were exhaustively tested and it is possible that our results in terms of res-
olution are less than optimum.

Relay Lens Used.- The available relay lens was a Perkin-Elmer 5% inch
focal length, £/2 lens made for 1:1 conjugates. The total distance from the
input image at the rear of the intensifier to the output image on the film
was 15 inches. With a shorter focal length lens this could have been reduced
to 8 inches or less. The white light transmission of the lens used was 73.
percent, The image quality over a 1 inch field was in excess of 100 line
pairs/mm at the last time the lens was tested. All relay lenses are specials
since there is little demand for them and this one owned by GE cost $3000.

If we assume that the phosphor screen on the intensifier radiates light at -
uniform intensity over a hemisphere, then the phosphor light is spread over
180 spherical degrees. An f/2.0 lens has a collection angle of 28 spherical
degrees, The flux collected is therefore calculated as 2,98 percent of the
total, based on uniform radiation. 1In practice it turns out that depending
on the face plate construction, phosphor backing and other considerations;
estimates on the basis of Lambertian distribution may be low by a factor as
much as 2,

Combining the 2,98 percent flux collection and the 73 percent transmis-
sion results in an efficiency value for ten relay lens of 2.17 percent with
the further consideration that non-Lambertian distribution may raise this as
high as about 4 percent,.

It is possible to buy more efficient relay lenses, though the increase
in efficiency is paid for in bulk and weight which increases faster than the
efficiency. An f/1.0 system is about as fast as can be made with lenses and
the increased number and thickness of the glass elements results in less
transmission of light then the geometrical aperture ratio would indicate.
Very fast relay systems are made of a pair of Schmidt telescopes face to face
with added field flattening lenses. Such a system can have an aperture ratio
of .60 or better, but it has considerable losses due to mirror reflections
and central obscuration. The actual efficiency of the best relay system is
believed to be about 10 percent, based on Lambertian distribution, though
this may be closer to 20 percent in practice.
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Test of Relay Lens.,- The relay lens was not believed to be an important
contributor to loss of resolution in the test set-up. However . it undoubtedly
contributed to some loss of contrast, all lenses do.

To make this test the resolution chart was photographed directly through
the Boller and Chivens telescope on PPR, it was photographed through the tele-
scope plus the relay lens and through the entire set-up of telescope, image
intensifier and relay lens.

TEST OF RELAY LENS

EXPOSURE (Sec) CONDITIONS RESOLUTION 1 pr/mm on PPR
21 Telescope Only bt
19 Telescope énd Relay 44
8 Teleécope, Relay 19 b
and Intensifier

Discussion of Test of Relay Lens.- These values seem reasonable. The
finest set of bars on the chart were at 44 line pairs per mm, It is impos-~
sible to accurately predict the effects of a combination of lens and film
resolution without very detailed information about both of them. The sim=-
plest approximation is:

1 1 1
+ =
Resolution Film - Resolution Lens - Resolution of Combination

_ The resolution of the telescope lens is about 100 lp/mm. This is based

on the fact that a 5 micrometer star image is the smallest that was obtained.
This represents a "line". A line pair would then measure 10 micrometers and
the resolution would be 100 1p/mm.

The resolution of 7 micrometers thick PPR when tested with the 'deep"
images is about 200 lp/mm. Therefore, on the basis of the approximate equa-
tion given above the resolution of the combination should be 67 1p/mm.

The loss in resolution caused by adding the relay lens was very small,
but the loss caused by the intensifier was considerable. As mentioned
earlier, this could be due partly to faulty alignment or focus,.

There is also considerable difference in the appearance of the images of
a bar chart with and without the intensifier. The lines on the original
chart are exactly equal in width to the spaces. The PPR images made without
the intensifier show this relation maintained down to all but the smallest
set of bars. The images made with the intensifier all show the luminous
images wider than they should be at the expense of the spaces.
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This image spread is equal to .about 30 micrometers added to the width. of
each bar. If this is a correct interpretation of the effect, then bars wider
than 30 micromgters should be resolved. For bars 30 micrometers in width or
less the irradiance will completely fill in the space and resolution will be
lost. A bar having a width of 30 micrometers is equal to 16.6 lp/mm which is
close to the measured resolution of 19.

If this condition holds for star images they will all be .about 30
micrometers larger with the intensifier than without.

Measurement of Diameter and Depth of Star Image Deformation.-~ Nine PPR
exposures were made of a set of "large" simulated stars using the intensifier.
The diameter and depths of the deformations obtained on the PPR are tabulated
below.

The development and charge conditions were constant in all exposures,

DEPTH AND DIAMETERS (MICROMETERS) OF SIMULATED
STAR IMAGES ON PPR WITH IMAGE INTENSIFIER

EXPOSURE STAR NO.
(Sec) 1 2 3 4
Depth Dia. Depth Dia. Depth Digf Depth Dia.
15 | .48 | 159 .36 | 120 .36 90 .24 51
7 45 | 132 45 96 .36 84 .18 48
4 .36 | 105 .27 81 .18 - .09 -

" The chief difference between these images and those obtained without the
image intensifier is that these images are larger and the slopes on the sides
are less steep. In the case of star images made without the intensifier the
diameter to depth ratio was as high as 20:1 and seldom less than 50:1. 1In the
above tests with the intensifier the ratio varied from 150:1 to 300:1,

Comparative Exposure Gain Using Intensifier.- This measurement was made
using the artificial star projector with its lamp operating at 80 volts and
included tests 8 and 9. This intensity was too great for the image intensi-
fier which was attached to the back of the telescope. The light was attenu-
ated by neutral density filters to a suitable level and exposures made. After
the test the filters were checked in white light and red light for transmis-
sion and were found correct to at least .l density. Exposures were then made
with the intensifier and its relay lens removed using the same lamp voltage,
but no filters. The same exposure time was used in each case., It is not
possible to say that the images with and without the intensifier are exactly
the same because of the difference in diameter and slope angle of the depres=-
sions produced in the two cases, but they appear equivalent,
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COMPARISON OF IMAGES - STARS

Without Intensifier: Filter none, Time 15 seconds. Four stars
well defined, depth .6 - .3 micrometers

With Intensifer : Filter den. 3.0, Time 15 seconds., Three
stars well defined, depth .42 - .2 microm-
eters, '

Filter den. 2.5, Time 15 seconds. Four stars
well defined, depth .6 - .2 micrometers.

0f the above two exposures, the best agreement is with the second in
which a filter with a density of 2.5 was used. This filter results in a
light attenuation of 320 times so that the comparative gain of the intensi-
fier in this application is 320 times.

A further set of tests was made with the resolution chart instead of the
artificial star plate and a voltage of 110 volts.

COMPARISON OF IMAGES - BAR CHART

Without Intensifier: Filter none. Time 5 seconds. Depth coarse bars
.63, Fine bars .40,

Filter den. .5. Time 5 seconds. Depth coarse
bars .54, Fine bars .36.

Filter den. .7. Time 5 seconds. Depth coarse
bars .63. Fine bars .18.

With Intensifier : Filter den. 3.0. Time 5 seconds, Depth coarse
bar .43, Fine bars .18.

The best match in this case is between 3.0 density for the intensifier
and .7 density without. This is a difference of 200 times, or an exposure
gain of 200 times.

Estimation of Gain-Second Method.- A second set of tests were made using
the bar chart and a light level which appeared to saturate the intensifier,
Exposures were made with light absorbing filters behind the image intensifier.
The lamp. voltage and exposure time were constant.

SECOND METHOD

EXPOSURE NO. FILTER | DEPTH COARSE BARS DEPTH FINE BARS

15 None - .36 .18
16 1.0 ) .54 24
17 1.6 .18 -
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Exposure No. 15 is clearly overexposed and No. 17 is underexposed. The varia-
tion between the first and last is 40 times (density 1.6).

Probable Effect of Weak Slopes.- In the tests described the chief differ-
ence between the images with and without the intensifier was that the inten-
sifier appears to diffuse the image and results in PPR modulation with a some=
what weaker slope angle. This difference may have an effect similar to un-
sharpness in an amplitude image. 1In amplitude images sharp edges result in
many orders of diffraction and a high total of integrated diffracted light.
Diffuse edges result in fewer orders of diffraction and a low total dif-
fracted light. Diffuse images therefore produce weaker correlation images
and are difficult to detect. It seems possible that the weaker slopes of the
intensified images may have an analogous effect in the phase image, though no
tests of this have been made. '
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