g L e T

PLACE

F.: | -‘..‘j
8 e .. " /5@%/ g 18 August 1978
mminer?
S

-

%9-1018a
GK’ - /o’(;SJ/‘?

POST LANDSAT D
ADVANCED CO:.CEPT zVALUATION

FINAL REPORT

The National Asronautics snd Spece Administration

" 3. w,
, .~ - j", - p . P‘y
&.. . . o “‘Lﬂﬁd’
Prepared for
Goddard Space Flight Center
Greenbeit, Maryland 20771
{Z7~=10 .5¢) Dl T eSO LaNRSyT N

LwaNTET NTF-355)€

COCNTENT TYLLUYTICN tinal Serort (Sene-ral

Tlectris Jo.) S R U N L B

oy

GENERAL §B ELECTRIC

+ w

Lo Xad

571 98T
Taclas
G3I/4% 0 J515¢

— ;s
space division . @

Contract No. NAS 2-9580
GE Document No. 78SDS4238

-~
Vet et iyt b R WY R DT Fe Ua g 1SN A N BB -




-

Lo B . BN B B

[R—7

GE DOCUMENT NO. 78SDS4238

18 AUGUST 1978

POST LANDSAT D
ADVANCED CONCEPT EVALUATION
FINAL REPORT

PrePARED FOR:

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
GODDARD SPACE FLIGHT CENTER
GREENBELT, MARYLAND 20771

CONTRACT: NAS 2-9580
TECHNICAL OFFICER: FRED S. FLATOW, CODE 943

GENERAL @D ELECTRIC

SPACE LIVISION
Valley Forge Space Center
P. 0. Box 8555 « Philadelphia, Penna, 19101



L rm e,

A

This final report is submitted by the General Electric Space Division in

partial satisfaction of the contractual requirements of Contract NAS 2-9580,

The key contributors to this report include:

L. Alexander
A, Alvarado
B. Bevan

C, Carrera

OO Pw

Chestek A, Park
Chua R. Porter
Dodson W.K, Stow
Kocher K. Tomiyasu

The authors gratefully acknowledge the support of the management and the

contributions of many technical consultants of the General Electric Company

throughout the study,

APFROVED BY:
L, Alexghder
PIACE Program Manager

Any questions or comments regarding this report should be addressed to:

Larry Alexander

Program Manager

General Electric Company
P, 0. Box 8555
Philadelphia, Pa, 19101
(215)962-1838

ii

Fred S, Flatow

Technical Officer, Code 943

NASA, Goddard Space Flight Center
Greenbelt, Maryland 20771
(301)982-5268



o A p———— o

7.0

SECTION

TABLE OF CONTENTS (CONT'D)

Radar Holographer
Microsat

¥«rasol Radiometer
Rada. Ellipsometer
Ferris wheel Radar
Sweep Frequency Radar
GEOSAR

6.2 S:nsor System Concepts Deferred
6.” Ground Processing Concepts
6.4 Interrelationships of System Concept-

REFERENCES

T

7.1

7.2

7.3

7.4
7Tb.1
7.4.2
7.4-3
7.4.4
7.4.5
7.4.6
7.4.7
7.4.8
7.449
7.4,10
7.4.11
7.4,12
7.4,13
7.4.14
7.4. 15
7.4.16
76,17
1.64.18
7.4.19
7.4420
7.4.21
7.4,22
7.4.23
7.4.24
7.4.25

REFERENCES

ECANOLOGY REQUIWEMENTS AND FORECASTS
Methodology

Groundrules and Definitions
Ident1fied Technolecgy Requirements
Teriinology Recuirements/Forecasts Results

Solar Arrays

High Energy Density Secundary Batteries

Cryogenics
Large Structures

2-Polarizacion N-Frequency Phased Arrays

Radiation Resistance
Pointing

Epheweris

Low-Noise Microwave Receivers
Large Optics

Adaptive Optics

Ionosphere Model

Stable Oscillators

Ranging System
Dissemination Concepts
On-Board Storage

Ground Storage

On-Board Processirg

Ground Processing

Data Base Management Systems
Software Advances

Solid State bensors

Ferris Wheel Chip

Extractive Processing

Lascer Systems

SNECIDING PAGE BLANK NOT FILMED

iv

PAGE

161
165
167
168
174
190
192
196
201
206
215

221
221
225
227
229
229
232
235
244
253
255
258
261
265
269
272
273
278

282
284
287
289
292
294
300
308
K38
318
325
329

-,

-~

R i

~4



TABIE OF CONTENTS (CONT'D)

SECTION
8.0 PRIORITY STRUCTURING AND DECISION SUPPORT
8.1 Background Discussion
8.,1.1 Terminology and Assumptions
8.1.2 Technology Dollar Benefits
8,1.3 The Value of Enabling Technologies
8.2 PRISM: A Priority Structuring Methodology and
Decision Support Tool
-+ 8.2,1 The Ballpark Mode
— 8.,2.2 The Goodness Measure Mode
I 8.2.3 Comparison of Methods
8.3 PRISM Results
8.3.1 Delphi Survey Data
8.3.2 PRISM Inputs and Assumptions
8.3.3 Optimum Technology Ranking/Funding for
Various Budget Levels
REFERENCES
APPENDIX A - THE PRIORITY STRUCTURING METHODOLOGY (PRISM)
Al Methods of Calculation
A2 L; ~rator's Manual
A3 PRISM Listings

A4

Detailed PRISM Flowcharts



FIGURES

FIGURE NO,

WOONIOMPEWN =

10

v wn
y )
P
[

5-12

wviwn
" va
p—
S w

Q‘O"O‘O"O‘?O‘O‘O"O“
- N WVE WN

'
o
<

=11
6-12

PLACE Future System Concepts
Technology Requirements Posed by System Concepts
Representative PRISM Output

PLACE Study Methodology
Formation of System Concepts
Credibility Continuum

PIACE Mission Analysis Methodology

Key Set Support for Agriculture Objectives

Key Set Support for Range Management Objectives

Key Set Support for Forestry Objectives

Key Set Support for Geological Resources Objectives
Key Set Support for Land Use Objectives

Key Set Support for Water Resources Objectives

Key Set Support for Environmental Quality Objectives
Key Set Cupport for Disaster Assessment Objectives
User/Engineer Specification Dichotomy

Requirements to Satisfy Subobjectives of Key Set
User and System Requirements: Some Distributions

Exploratory Technology Forecasting Methodology
PLACE End-to-End System Concepts

Geosynchronous Ground Trace

Earthwatch - Inclined Repeating Orbits

Frequency of Earthwatch Viewing - Six Hour Orbit
Earthwatch Viewing Intervals ~Six Hour Case
Sub-Satellite Trace for Four Hour Orbit

Station Contact Profiles for Four Hour Orbits
The Data Processing Explosion

Future Data Base Machine

Data Sects

Hierarchial Pointer Structure in the Structural Memory
Evolution of "Century" Concentrator Module
Fresnel Concentrating Solar Array

Space Systems Technology Model
Landsat H System Concept

Analysis of Nite-Lite

Earthwatch System (oncept

GEOS System Concept

An Oblique View of the Texturometer
A Schematic View

Data Transformstions

rptical Design Approximations
Texturometrr-Sveter Coacept
Opto-Mechanical .. +ign Calculativns
Atmospheric Turbulence

vi

153
155



FIGURES (CONT'D)

FIGURE NO.

6-13 Thermal Inertia Mapper - System Concept

6-14 Radar Holographer - System Concept

6-15 Microsat System Concept

6-15A  Parasol Radiometer - System Concept

6-158B Geometry of the Radar Ellipsometer

6-16 Radar Ellipsometer - System Concept

6-16a Range and Doppler Curves for a Bistatic Radar

6-17 An Oblique View of the Roto~Tensile Structure

6-18 The Support Structure for the Planar Cable Net

6-19 The Primary Structure Plane: A Web Composed of Cables,
Forming Diamond-Shaped Cells

6-20 The Axial Opening Method of Deployment

6-21 Rotation Velocity and Energy Calculations

6-22 The Radial Opening Method of Deployment

6-23 Radar Equation Used in Ferris Wheel Radar
Analysis

6-24 A possible parametric design of the Ferris Wheel Radar

6-25 Maximum echo depth for a number of different ground mat'ls

6-26 A generalization of ground conductivity at about 1 MHz

6-27 Ferris Wheel Radar - System Concept

6-28 Sweep Frequency Radar - System Concept

6-29 Partial electromagnetic spectrum showing relative trans-
parency of the Earth's atmosphere and ionosphere

6-30 SAR Geometry

6=-31 Subsatellite Track

6-32 Sensing Parameters

6-33 Anomaly Calculations

6=-34 Satcloud-System Concept

6-3% Future System Concepts Deferred

6-36 Future System Concepts Deferred

6-37 Future Cround Processing Concept

6~38 Global Data Base Alternatives

6-39 Processes Performed on Input Data

6-40 Conputational Power Requirements

6=41 Examples of Extractive Processing Requirements

6-42 Generic Information Extraction System

6-43 PLACE System Concepts Menu

6-44 System Functional Similarity Clusters

6-45 Time Phasing of System Concepts

7-1 Technology Requirements/Forecasts Task Flow

7-2 Technology Requirements Posed by System Concepts

7-3 Efficiency of Low Temperature Refrigerators and Liquefiers
as a Function of Refrigeration Capacity

7-4 Volume of Low Temperature Refrigerators and Liquefiers as
a Function of Refrigeration Capacity

7=5 Mass of Low Temperature Refrigerators and Liquefiers as

a Function ot Refrigeration Capacity

vii

PAGE

162
164
166
167a
171
172
174
176
176

177
177
179
181

181

187
188
189
191

192

194
197
198
202
202
203
204
205
207
208
209
210
212
213
214

222
228

238
239
240



'

FIQURES (CONT'D)

FIGURE NO, PAGE
7-6 Cost of Low Temperature Refrigerators and Liquifiers 241
7-7 Dual Polarized Polychromatic Phased Arrays 254
7-8 GEOS Scanning Pattern 259
7-9 Stellar Attitude References 262
7-10 Satellite Ephemeris 264
7-11 Low Noise GaAs FET Performance Trend 267
7-12 Large Optics 270
7-13 Cvrrent Oscillator Frequency Stabilities 279
7-14 l..terogeneous Array of Processors 291
7-15 Devie.o Density Projection 311
7-16 Ferris Wheel Radar IC Chip 312
7-17 Extractive Processing Interrelationships 319
8-1 Structure of the Priority Analysis Problem 333
8-2 The Value of an Enabling Technology 337
8-3 PRISM - Ballpark Mode 340
8-4 PRISM - Goodness Measure Mcde 342
8-5 Relative Value o~ Programs 348
8-6 Guesstimated Technology Custs 351
8-7 PRISM - Ballpark Mode - Results 353
8-8 PRISM -Goodness Measure liode - Results 355

viii

ot

»o



<«

TABLES

TABLE NO, PAGE
2-1 Key Set of Mission Objectives 2
3-1 PLACE Study Objectives 15
4-1 PLACE Mission Categories 23
4-2 Remote Sensing from Spacecraft 24
4-3 Future Earth Resources Mission Objectives 26
4-4 Secondary Benefits of the Key-Set Mission 38
4-5 EM Sensing Requirements 53
5-1 Geosynchronous Orbit with Circular Ground Trace 66
5-2 Earthwatch View Times - Six Hour Orbit Case 71
5-3 Computer Summary of Earthwatch Viewing Conditions 17
5-4 Earth Resources Orbit Comparison 82
5-5 Shuttle Operating Costs 91
5-6 Launch Cost Comparison (75% Load factor) 95
5-7 Expected GEO Transportation Cost 96
5-8 SEPS TO GEO Transportation Cost (Late 1980's) 99
5-9 Transportation Amortization Cost - $10 Billion Program 100
5-10 Boeing SPS Transportation Cost Estimate 103
5-11 MA Return Link Budget - User to TDRS 107
5-12 SSA Return Link Budget - User to TDRS 108
5-13 KSA Return Link Budget - User to TDRS 109
5-14 Cost/Mass Trades in Space Shuttle Era 114
5-15 Concentrator Design Parameters 119
5-16 Relative Importance of Space Power System Parameters 123
5-17 Future Energy Storage Mass Comparisons 125
6-1 PLACE System Concepts 136
6-2 Landsat H System Concept 139
6-3 Radiance and Irradiance of Natural Luminants 144
7-1 Technology Achievement Levels 224
7-2 Comparison of Present levels of Efficiencies for Photovoltaic

Materials 230
7-3 Even Trade Values for Increasing Solar Array Specific

Power - $ Per Watt 231
7-4 Solar Array Projection 231
7-5 Large Helium Refrigerators and Liquifiers Ordered

Since 1975 242
7-6 Forecast - Cryogenic Refrigeration Characteristics 243
7-7 Structursl Materi~i Status Estimate 250
7-8 Seniiconductor Suscejtibility to Radiation 256
7-9 Rotation Sensors - Comparison of P riormance and

Characteristics 260
7=-10 Key Research Required 320
8-1 The Goal Program Matrix %7
8-2 Delphi Analysis Third Round Responses 349

ix



. :
T A e e e B S e e e ———————————— s < o

1,0 INTRODUCTION

Every society, company and organization has groups of people that perform
three kinds of functions: (1) the implementing and running of today's
programs; (2) the planning and budgeting of tomorrow's programs; and (3)
the long-range speculation about what may happen next week, or may not

happen at all, The PLACE Study is of the third kind.

It is an imaginative look at what the future of earth resources could be

in the 1985-2000 time period, We have sought to stretch our minds in this
examination, to go beyond the credible to an area called the semicredible;
to ask what is possible in the future, and what it will take to achieve it;

to identify those technology seeds which should be planted now,

The principal objective of the PIACE Study is the identification of key
technology requirements of earth resources satellite systems toward the end
of the century, The study is based on previous looks to the future, yet
contains scveral new, innovative future system concepts, The full technical
breadth of the Gencral Electric Company was employed in the formation of

the system concepts and in the subsequent technology forecasts, Although a
specific set of system concepts was used to drive the technology requiremengs,
it is likely that an independent set would pose similar technology

requirements,

This report is intended to be a complete documentation of the performance
and results of the PLACE Study, The reader ic invited and urged to challenge,

w:dify, or carry on any of the results presented herein,
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2,0 STUDY RESULTS AND CONCIUSIONS - A SUMMARY

The principal objectives of the PLACE Study were (1) to create a Space
Systems Technology Model, and (2) to iduntify the key technology require-
ments posed by this model in the 1985-(0)00 time frame. Secondary objectives
were (1) to examine future mission objectives; and (2) to develop a tool to
assist in the priority structuring of the technologies, “.he results of the
PIACE Study which satisfy these objectives are (1) the key-set of mission
objectives; (2) the Space Systems Technology Model; (3) the key technology
areas; and (4) the priority structuring methodology (PRISM), which are summarized
in Section 2,1 below., In achieving these results, the PIACE Study attempted
to be imaginative, to go beyond what is entirely credible to an area called
the "semicredible" (see Section 3,3), Presented in Section 2.2 are the
conclusions which were drawn from the analysis and several recommendations

for further study, based on those conclusions,

2,1 SUMMARY OF RESULTS

2,1,1 KEY-SET OF MISSION OBJECTIVES

In examining a range of 91 possible earth resources mission objectives which
may be desirable in the 1985-2000 time frame, a key-set of eight objectives
was selected in order to focus the study, The key-set of mission objectives

and their corresponding mission categories are presented in Table 2-1,

Table 2-1, Key-Set of Mission Objectives

AGRICULTURE - Crop Production Forecasting
RANGE MANAGEMENT - Grazing Potential Determination
FORESTRY - Timber Stand Volume Estimation
GEOLOGY - Geological Resources location
LAND USE = Land Use and Census Enumerction
WATER RESOURCES - Watershed Monitoring

ENVIRONMENTAL QUALITY- Water Pollution Detection
DISASTER ASSESSMENT = Abrucc¢ Event Evaluation
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The selection, for the purposes of this technology study only, was tased on
two criteria: (1) economic and other societal importance and (2) the
ui:wsity of the objectives and the perceived diversity of the resultant
technology requirements., The key-set of mission objectives initially

drove the system conceptualization process, In addition, at the conclusion
of the study, the priority structuring methodology related the system con-
cepts and the technology requirements back to the key-set of mission

objectives,

2.1.2 SPACE SYSTEMS TECHNOLOGY MODEL

The Space Systems Technology Model or the list of PIACE future system con-
cepts is presented in Figure 2-1, It contains 12 future earth resources
systems concepts, a comprehensive future ground processing concept and an
assumed Advanced Tracking and Data Relay Satellite capability, It contains
geosynchronous, intermediate and low earth orbit spacecraft, optical and
microwave spacecvaft, qui .-look and mapping spacecraft, passive and active
spacecraft, and sin- . and multiple spacecraft systems., It contains extensions
of present-d» _c¢ perceived near-term capabilities and new measurement concepts
not v’- _y thought of before such as measurements of texture, ellipsometry,
holography and microwave ground penetration, It contains a number of systems
which exploit the poter‘:ial of large structures in space including the

texturometer, microsat, parasol, ferris wher:l and the ellipsometer,

A complete description of the Space Systems Technology Model is presented in
Section 6, A list of each system concept und an accompanying short description

of each follows:
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1. GEGS - Geosynchronous Earth Observation Svstem - a2 large earth-
looking telescope providing a8 quick-look iuaging capability at 3m resolution

for disaster assessment in optical wvavelengths,

2, GEQSAR - Geosynchronous Synthetic Aperture Radar - uses the north-
south drift of the gaosynchronous orbit t.o provide range-rate measurements
required by syncthetic aperture, It can provide daily microwave coverage of
its viewing area which can be used for disaster assessment, monitoring soil

moisture, and many other uses,

3., Radar Holographer - a bistatic microwave measurement system with
geosynchronors illuminator and low earxth orbit collector(s) which provides
a truoe hologram of the earth's surface, This microwave omnidirectional view

may be useful for a number of classification objectives,

.

4, Earthwatch - a subsynchrouous (6000 nautical mile) multisensor
vehicle which could provide both wmapping and quick-look capabilities for

earth resources observation,

5. Landsat-H - a possible future Landsat system incorporating a
"smart" pushbroom scanner and & synthetic aperture radar for earth resources

observation,

6. Ther.al Inertia Mapper - two spacecraft which measure the thermal
emissivity of the ground at 10 meter resolution at pre-dawn and post-dawn

opportunities,

7. Sweep Frequency Radar - a microwave texture measuring system
which investigates the rescnant backscatter cf the ground at 10 discrete fre-

quencies for identification and classification of ground materials,
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8., Microsat - a large (600 x 1200 meter) passive L-band radiometer

which provides soil moisture measurements at 1 Km resolution.

9. Texturometer - an optical ground texture measuring device that
employs complex processiug and optics to provide point measurements of spatial
energy from 1 mm to 1 m, which could be useful for classification of ground

materials,

i0. Ellipsometer - a bistatic radar system that measures the ellip-
ticity of the reflected wave and calculates soil moisture, vegetation

moisture and vegetation bheight,

11, Parasol Radiometer - a larger (10 Km) version of Microsat em-

ploying a phased array concept.

12, Ferris Wheel Radar - a large (30 Km diameter) low frequency
(30-30G MHz) ground penetrating radar that is spin-supported and provides

measarements of subsurfiace boundary layers for geological investigations,

2,1,3 KEY TECHNOLOGY AREAS

Following completion of the Space Systems Technology Model, the technology
requirements of each system wzre identified and technology forecasts were
performed to determine whether the technologies would be mature enough when

the various systems needed them, External technology drivers which could
influence the development of a technology area were identified and the
expected resultant technology stimulation, required by NASA, was characterized,
A summary of the technology requirements of the PLACE system concepts is
presented in Figure 2-2, 1In the figure, bLlack dots depict enabling tech-

nolugies and white dots enhancing technologies. Enabling technologies must
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be funded prior to implementation of a system concept, Enhancing techknol-
ogies merely reduce implementation costs, Complete statements of the

technology requirements and technology forecasts are presented in Section 7.
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Figure 2,2, Technology Requirements Posed by System Concepts
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2.1.4 PRIORITY STRUCTURING METHODOLOGY (PRISM)

In order to tie together the mission objectives, system concepts and tech-
nology requirements and forecasts, a priority structuring methodology was

developed, This methodology, embodied in a software program called PRISM,
allowed for the examination of the complex interrelationships and interde-
pendencies ‘nherent in the set of mission objectives, system concepts and

technology gaps.

A representative output of the PRISM program is presented in Figure 2-3,
The reader is urged to fully understand the assumptions (Assumption Set A),
methodology and inputs presented in Section 8, before drawing conclusions
with respect tc a particular technology being funded or not funded, The
costs of each technology are representative and are for research only over
a 15-year time period, Given a 15-year research budget level for earth
resources technologies of Y00 million dollars, all technologies would be
funded and all programs enabled, On the other end of the scale, given $300
million, only extractive processing should be funded and no programs are
enabled., Intermediate levels of funding reflect several or all of the large
structures not being enabled, One clear insight, gained from the analysis,
is that tne cnst and benefit oi extractive processing and large structures

dominate the technology requirements of future earth resources systems.

2.2 CONCIUSIONS AND RECOMMENDATIONS

It is difficult to perform a study within the semicredible, One has to
walk a fine line between 'being written off as a fake'" on the one hand
and being roo conservative (ho-hum) on the other, Time will be the judge
of whether the PLACE Study maintained that precarious line, The results,
however, are worth the risk, By participating in such a study, one gains

insight into what potential the future holds in store in future technology
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challenges and in the rewards of meeting those challenges, The following
are conclusions and recommendations which we offer, based on our "trip" into

the semicredible,

2.2,1 CONCLUSIONS - SYSTEM CONCEPTS

A number of imaginative system concepts have been proposed for this future
time frame -*hich demonstrate new measurement capabilities, which exploit

the potential of large structures in space, or which simply present a glimpse

of possible future avenues of growth,

A number of new measurement capabilities have been suggested that could
enhance our ability to remotely sense earth resources in the future. These
new measurement parameters include texture as an aid to identification and
classification; ellipsometry for assessment of vegetation status; holography
for its omnidirectional view, and microwave ground penetration for its sub-

surface mapping capabilities,

Two of the system.concepts investigated are especially attractive due to
their '"nearer" term implementation prospects, These are the Earthwatch
system concept and'the GEOSAR system concept, Earthwatch, primarily for its
dual potential for quick-look and mapping capabilities, presents an inter-
esting alternative to the current Landsat/GEOS ideology, GEOSAR for its

unique capabilities in rapid microwave mapping,

In the Landsat H system concept, a glimpse has been presented of how the

Landsat program could grow to a fuller capability.

A number of programs have exploited and demonstrated the potential of the
use of large structuies for future earth resources systems, These large
structures include the Texturometer, Microsat, Parasol, Ferris Wheel, and

Ellipsometer system concepts,

10




2,2,2 CONCLUSIONS - TECHNOLOGY AREAS
Rather than look at individual technologies that were and were not funded in
the exercising of the PRISM software, it is more instructive to step back

and look at some of the insights gained in working with the technologies,

The major conclusion drawn is that the cost and the benefit of extractive
proce-sing and large structures dominate all future earth resources technology
cequirements in the time frame of interest, It is hoped that individuals
interested in more specific go/no-go type decisions would put their own

values into the PRISM program, in order to help them make these decisions,

The real value of the PRISM program is the insight one gains while using it,

and not in looking at the results of others.

During the performance of technology forecasts, a number of exciting and
controversial projections were derived., Aside from the key areas of large
structures and extractive processing mentioned above, these include forecarts
for the 1995 time frame in the areas of on-board processors, ground storage
systems, solid state sensors, multifunction sensor chips and laser systems,
The on-board processor forecast indicated the early availability of powerful
heterogeneous arrays of processors, The ground storage forecast indicated

a preference for improvements in present tape cartridge and optical disk
storage systems rather than some of the new memory technologie: for extremely
large data bases, In the area of solid state sensors, the projection indi-
cated that current device problems would be overcome to allow 1 micron
spacing between detectors, Multifunction sensor chips, as exemplified by

the Ferris Wheel chip, will enable a new generation of phased arrays using
large structures, Laser systems for atmospheric calibration and night

imaging will be made possible by the development of long life laser systems,

11
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One generality which can be atated as a result of the analysis is, given

that (1) the expected benefits of a program or system concept are greater
than the expected costs, and (2) the sum of the potential savings due to
technology enhancements is generally a small fraction of program costs,

then enab'ing technologies become much more important than enhancing tech-
nologies, This may be an obvious conclusion to some; however, often enabling
and enhancing technologies compete for the same research dollars without

this fact being noticed.

2,2,3 RECOMMENDATIONS
Five recommendations are made for fut:.c work based on the performance of
the PLACE study.

l, The Earthwatch and GEOSAR system concepts appear to merit an

immediate closer look due to their potential for nearer term implementation,

2, Research is recommended to evaluate the feasibility of those
new measurement concepts suggested by the PIACE Study including reasurements
of texture, microwave hLolography, ellipsometry and microwave ground pene-
tration, This fundamental research is needed now, so that the concepts may
be implemented towards the end of the century, if the measurement principles

are validated,

3. Increased emphasis must be placed on those enabling technologies
identified in order to realize the full potential of future earth resources
systems, The most important of these have been identified as thc areas of
large structures and extractive processing, Other key areas include on-board

processors, sclid state sensors and laser svstems,
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4, The Priority Structuring Methodology (PRISM) software develoned
has demonstrated potential for use as a decisiuvii support tool and should be

further developed and used,

5. The PIACE methodology shculd be applied to a combined set of
future earth resources, weather and climate missions with a view toward

combining several tyt<. .  sensors on common platforms,

13




3.0 STUDY METHODOLOGY

The methodology employed in the PLACE Study evolved during the early per-
formance of the study and is presented in the subsequent sections, Prior
to a discussion of the study methodology, definitions of some of the terms

used in the study will be presented to avoid possible semantic confusion,

Mission Category - t"e major ar:as within Earth Resources to be included in

the PLACE Study, e.g., Agrizulture, Forestry, etc.

Mission Objective - goals which may be partially or fully satisfied under

the major mission category headings, e.g., global crop production forecasting,

water availability forecasting, etc,

Mission Subobjectives - subgoals required to fulfill the needs of one or

more mission objectives, e,g., soil moisture monitoring, plant stress

determination, etc.

System - a combination of hardware, software and people required to provide
data for the various mission objectives, e.g,, Earthwatch, Geosynchronous

SAR, etc,

Program - the effort and resources that go into the development of a system,

Exploratory Technology Forecasting - a method involving examining technology

trends to indicate the levels of technology that may be available in some time

frame, This creates the situation of a '"solution looking for a problem,"

Normative Technology Forecasting - a method involving an examination of future

technology needs and the projection of technological solutions to satisfy
these needs, This technique relies on the old adage,''necessity is the mother

of invention,"

14



3.1 STUDY OBJECTIVES

The PLACE study objectives are listed in Table 3-1. The principal objective
of the PIACE Study is the identification and forecasting of the "most im-
portant” technology requirements of earth resources satellite systems in

the 1985-2000 time period, (The criteria for importance will be discussed

at length in Section 8 of this report,)

Table 3-1, PLACE Study Objectives

PRIMARY

o 1ldentify the kay techncologies of Earth Resources Satellite
Systemg of the 1985-2000 tiwme period

o Provide a comprehensive 'Space Sve:smg Technology model'’
for Earth Resources rograms for this pe.l~*
SECONDARY

e Identify and categorize future Earth Resources mission
sbjectives

e Develinrn a *n0' to exwmine the key interrelationships of an

assumed ss: oi ::‘ssion objectives, system concepts and
projected techu~logy caps

Since the critical technology areas are to be based on po:antial earth
resources satellite systems, a second primary objective of the stuiv will be
the creation of a plausible scenario of these future system opportunities,
referred to as a ''Space Systems Technology Model."” Based on the primary
objectives, then, the two principal outputs of the PLACE Study are (1) the
future system concepts which make up the "Space Systems Technology Model"

and (2) the technology forecasts in the identified "key" areas,

15
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Two secondary objectives of the study, which support the primary objectives,
are also identified, In order to provide a basis for the Space Systems
Technology Model, an investigation of future mission objectives in the areas
of earth resources was conducted, This may be regarded as an analysis of
the "kinds of things we will want to be doing in earth resources toward the
end of the century," The final objective arose from the need to exarine thc
interrelationships and interdependencies of .he aforementioned sets of
mission objectives, system concepts, and technology areas, The two outputs
of the study which satisfy the secondary study objectives are (1) the
specification and analysis of a key set of mission objectives and (2) a
priority structuring methodology, embodied in a computer program called

PRISM, which may be employed as & decision support tool,

3.2 STUDY APPROACH

The overall approach employed in the performance of the PLACE Study is

depicted in Figure 3-1, Groundwork for the system concepts was performed

in thyee areas: (1) Mission analysis, (2) Exploratory technology forecasting,
and (3) Examination of future system elements, The mission analysis involved
an investigation of future earth resources applications objectives, The
exploratory technology forecasting was an attempt to identify future technology
solutions, looking for problems to solve, In several key system and sub-
system areas, future technology tradeoffs were performed to indicate probable

system clements to be used in the 1990-1995 time frame,

The method of combining the results of these three areas into system concepts
is presented in Figure 3-2, The top horizontal flow, labelled "User Driver"

is the optimal 'systems analysis' approach to the construction of system

16
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concepts, One starts with a stated need, quantifies the need, relates the
need to a set of system specifications, and then combines all the specifica-
tions into a resultant set of system concepts, However, we did not feel that
it was possible to pursue this approach in the PLACE Study, The reason fo:
this is that the required links relating missi.n objectives to user require-
ments and user requirements to system specifications are not even known for
today's sys-ems, not to 1 :ntion system: 20 years in the future. To illustrate
the problem with the first link given the mission objective of grazing po-
tential determination, one has a difficuit task determining a consistent

set of user requirements for such parameters as precizion (accuracy),
observation frequency, response time, etc. Howsver, the difficulty with the
first link pales when compared with the difficulty in specifying the socond
link, That is, given the user requirements, what are the system specifi-
cations, As an example, given the desire for 98% accuracy in a crop pro-
duction forecast, optimum system specifications for the required spectral
bands (.4Fm-10m) and instantaneous field of views (IFOV's) are not known,

In a study published by the National Research Council in October 1977

(Ref. 3-1), a conclusion reached was tha: not enough is currently known about
passive and active microwave responses in order to specify such system
parameters, That is, the relationship between phenomena and cbservables is

not well enough understood,

The bottom horizontal flow of Figure 3-2 represents an alternate method of
construction of system concepts, This involves a forecast of the technology
that will be available in the time frame of intarest, and putting together

*he technclociclly hast pre-ible systems independent of application., However,
this woulcd '~ begging the question of the study since the study's principal

objective is to identify key technology areas for earth resources. That is,

18
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¢ne wouldn't start with key technologies in a study to identify key technologies.

The procedure employed in the PLACE Study, as shown, was to employ both of
these methodologies combining the¢ needs and solution trends with eagineering
and scientific judgment, to arrive at the system concepts to be employed.
Referring back 1o Figute 3-1, unce the system concepts have been obtained,
identiiication of their "key" technology requirements and the (normative;
forecasting of the siate of the art in each of these technology areas then

follows,

A separate portion of the study involved the comstruction of a priority
structuring methodology to assist in examining the interrelationships of the
mission objectives, system concepts and projected technology gaps. The
heart of this methodology we a computer program called PRISM which vas
successfully used to analyze the intricate set of interrelations and inter-

dependencies,

3.3 NASA MANDATE FOR VISION

NASA has requested that the PLACE Study be imaginative and innovative in its
forecasts of what is possible in the 1985-2000 time frame. Also, by disre-
garding political and institutional constraints, the study was to investigate
what '"can be'" ratltier than wha: "will be," The application of this charge is
illustrated in the "credibility continuum' presented in Figure 3-3, More
specifically, it illustrat.. the tentative bounds of an area that we call

the semicredible, within which the PLACE study was performed, That is, in
its forecasts, the study went beyond the entirely credible, to an area called

the semicredibie, yet (hiopefully) stopped short of concepts which may be

deemed incredible,
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The first thing that one notes in looking at the credibility continuum is

that the border between the semicredible {what could happen) and the in-

credible (what could not happen) is a subjective one.

this line will move to the right or to the left,

For different observers,

For this reason, examples

of mission objectives, system concepts and technologies are presented in

each region tc illustrate where the authors' borders lie,

The two system

concepts t.at lie in the semicredible region in the figure are described in

Secrion 5., Note that some of the applications models that will be required

to support operational systems objectives do fall into the 1-credible region.

CREDIBLE

GLOBAL CROP
OBJECTIVES PRODUCTION
FORECASTING

LANDSATE
SYSTEMS

2-0 ARRAY
TECHNOLOGIES DETECTOR/
PROCESSORS

Figure 3-3,
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MICROSAT

LARGE
STRUCYURES
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SYSTEM
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T
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There are several significant implications of working in this area called
the semicredible which will be discussed at th:is point, The first is that
the PIACE results and conclusions have neither the cfficial approval nor the
official endorsement of NASA or the General Electric Company, but rather
represent the opinions and views of the authors of this study, At the

present, the system concepts do not appear in any NASA future plan,

The second significant implication is that the future system concepts sug-
gested could not be fully evaluated for technical or economic feasibility,
and therefore may be vulnerable to fatal flaws., It is expected that as the
various concepts are investigated more fully, their technical and economic

feasibility will continue to be evaluated,

Finally, it must be noted that all forecasts for mission objectives, system
concepts and technologies are based on projections of current trends and
perceptions of future needs, They are therefore limited in not being able
to take unforesee~ -~vents into account., That is, some new discovery could

turn up in 1985 wh1  changes the whole picture,

One final word concerning the assessment of the semicredibility of the system
concepts, is illustrated by an observation by Sir Arthur C, Clarke: "Any
sufficiently advanced technology is indistinguishable from magic,'" 1Initially,
many of the PLACE system concepts appeared incredible, However, as the study
progressed and the technology requirements of each system concept became

better understood, the system concepts became more and more credible,

REFEREWCES

3-1 Committee on Remote Sensing Programs for Earth Resources Surveys,

Microwave Remote Sensing from Space for Earth Resources Surveys,
Commission on Natural Resources, National Research Council, October 1977,
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4.0 MISSION ANALYSIS

The initial task in the study was an investigation of future carth resources
applications objectives. The procedure followed in performing this in-
vestigation is {llustrated in Figure 4-1. The initial step was to set the
bounds of earth resources for this study and to construct a complete list
of possible earth resources objectives for the 1985-2000 time period.

This list .as narrowed to a key set of mission objectives and the in-
clusiveness of the key set was then evaluated. Finally, the implications
of the key set objectives in terms of user requirements and trends toward
system specifications were invesrigated. The selection and prioritization
of future mission objectives is discussed in Section 4.1. An analysis

of the interrelationships of the selected set of mission objectives is
presented in Section 4.2, Finally, Section 4.3 contains a discussion of
the implications of the selected (key) set of mission objectives for

future system specifications.

EST!MATION
- NASA REVIEW . OF FUTURE !
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Figure 4-1. PLACE Mission Analysis Methodology

22



4,1 MISSION OBJECTIVES

The analysis of future earth resources objectives begins with setting
bounds on what is included in earth resources for this study. It then
goes on to the identification of possible future objectives in earth
ra2sources or 'what are the kinds of things we will want to be doing in
earth resources towards the end of this century'". At this point, a key

set of mission objectives was selected in order to focus the study.

4.1.1 BOUNDS OF EARTH RESOURCES

In order to gain an understanding of the limits of earth resources as

used in this study, it is instructive to examine what was not included

as well as Qhat was included, as shown in Table 4-1. It was difficult to
exclude Weather and Climate missions because of their close ties to many
of the included Earth Resources missions, but this was necessary

due to the limited resources of the study. Therefore, any weather and
climate parameters required in the processing chain for the earth resources
mission, were assumed to be available as needed. The remainder of the
excluded list was either determined for similar reasons or was initially

"ground-ruled" out of the study.

Table 4~1, PLACE Mission Categories

Agriculture Weather and Climate

Range Management Atmospheric Sensing (Except Calibration)
Forestry Earth and Ocean Dynamics

Geolog.cal Resources Energy/Comm/Nav

Land Use Military Applications

Water Resources Aircraft/D,C.P.'s

Environmental Quality Extraterres;rial

Disasteor Assessment Criminal Activities (Except Pollution)
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This study considers only spacecraft sensors. Information relayed from
ground-level or atmospheric sensors, via Data Collection Platforms or
tran3ponders will b2 assumed to be available from other sources. Further-
more, historical records of weather, land use, images, and the like,

have heeop assumed to be available in data banks. Remote sensing from
aircraft is also outside the scope of the study. This has made subtle

changes ir 1ipproach for the reasons outlined in Table 4.2,

Table 4-2, Remote Sensing firom Spacecraft
(as opposed to aircraft)

Advantages:

Rapid total-system response time (delay between requesting an image,
of any random point, and receiving it)

Rapid scanning of a large area gives an instantaneous synoptic view
(correlatc separated but time-varying phenomena)

Ability to sense in remote areas
Less affected by political boundaries
Low mechanical stress environment allows large, stable structures

Scintillating atmosphere is distant from sensor.

Neutral:

Lower relief displacement in images

Sensor controlled remotely from human operator.

Disadvantages:

Low redundancy of spacecraft and sensors

Poorer spatial resolution for a given angular resolution; larger
apertures are required

Cloud occlusion affects some sensors

Earth surface measurements are affected by entire atmospheric path
Time delay, due to finite speed of light, 1s greater

Morc difficult to repair sensors

Tonizing radiation more intense.
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Although the applications are intended to be world-wide, there is a bias
toward USA goals simply because it is more difficult to know of inter-

national requirements,

Also, while the time of consideration is the last 15 years of this century,
it can more accurately be described as "future indefinite', simply because
prognostication is so unreliable. A number of sources were examined

(Ref. 4-1-27) in a search for inspiration on the general future of the
world. Although this was of little use, one of the foundations of this
study is the belief that technological achievement can influence the

future toward the direction of predetermined goals. In that sense these

goals or objectives "could happen” in the time frame of interest.

4.1,2 SELECTION OF MISSION OBJECTIVES

These requirements, needs, and goals have been obtained from two sources.

The first has been the estimates of earlier published studies (Ref. 4-28-60).
The second major source has been from meetings with General Electric

personnel; key ideas have been received from those listed below.*

The aggregation of these mission objectives is given in Table 4.3. At

the ievel of generality chosen for this list, there are 82 different
objectives. This compilation has emphasized primary needs and goals; an
example would be monitoring estuaries. Secondary, or sub-goals, such

as determining lund-~water boundaries, are listed only if they are not
covered by a previous goal, or if they better define the goal. Many

of these needs overlap somewhat, but they are often repeated in a different

context in order to help insure that few important goals are fnrgotten.

*Arch Park, Bill Needham, Ralph Baker, Ron Fries, Ned Buchman, Al Smith,
Dottie Schultz, Dave Dietrich, and Dick Porter, all GE; also, Fred l'latow
of GSFC.
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Table 4-3. Future Earth Resources Mission Objectives

AGRICULTURE

1. Identify crops (this includes fruit trees and cotton) to level of
species and variety

2. Measure their acreage and location

3. Estimate their yield from: vigor and stress factors (soil moisture,
chemistry and fertilizer, and physical structure; plant disease,
insect infestation, and weed encroachment; soil temperature; water
and ai~ pollution), planting time, and damage (frost or wind)

4, Determine production and food reserves from stockpiles and areas which
have been harvested; forecast production from acreage and yield for
each crop

S. Optimize Crops: Type of crop for each area, planting time, and soil
amendments

6. Predict onset of insect and disease attack

7. Design irrigation projects, given water needs and resources; determine
the need for and timing of irrigation

8. Map soil types and distribution and determine their productivity
capability

9. Measure soil moisture and salinity

10. Measure soil radioactivity and pesticide residue

11, Map soil erosion, by wind and water, and deposition

12, Monitor desertification and drought.

RANGE MANAGEMENT

13.
14,

15.

16.

Inventory rangeland and classify vegetation
Determine potential for grazing, in animal unit months

Monitor status of forage: Palatability, range readiness, population
pressure, and stress

Predict carrying capacity of range, and inventory livestock

Estimate grasslands fire potential.
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Table 4=3. Future £arth Resources Mission Objectives (Cont'Zd)

Y

FORES TRY

18. Create type stand classification by species

19, Measure stand area and density distribution of species group

20. Detect timber stress: Drought, insect, disease

21. Estimate stand volume and grade (Factors: Diameter, maturity,
age, height, and density)

22. Predict seed-bearing years

23, Monitor and measure production

24. Inventory the understory

25. Estimate forest fire potential.

GEOLOGICAL RESOURCES

26, Map Geology (Morphology, Lithology, Structure) and verify or revise
existi ng maps

27. Locate Geological Resources: Underwater, beneath vegetation, or
deeply buried

28. Correlate resources with their surface expressions (anomalous
colors, textures, patterns, and vegetation and its stress)

29. Locate metallic mineral deposits (see GEOSAT Committee Report, Ref. 4-41)

30. Explore for nonmetallic minerals and construction materials (for
example, evaporites, phosphate, limestone, clay)

31. Locate fossil fuels: coal, petroleum, and gas

32, Locate radioactive ores: Uranium and Thorium

33. Explore for Geothermal and Geopressure resources

34, Detect river migration and delineate flood plains

35. Determine susceptibility for landslides, subsidence, and mine cave-in

LAND USE

36. Produce land use maps to level III Classification

37. Generate thematic maps and orthophoto maps

38. Detect change in land use (agricultural land conversion, for example)
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Table 4-3, Future Earth Resources Mission Objectives (Cont'd)

LAND USE (Cont'd)

39.
4C.
41,

42.

43.

44,

45.

D..termine land capability (potential for a given use)
Periorm global demographic census
Map settlement patterns and transportation nets

Determine optimum routes for transportation, communication, and
pipelines, and optimum sites for building and industry

Evaluate construction characteristics at a location as determined by
geology, soil, and topography

Monitor housing and industrial heat loss

Monitor recreational, archaeological, and historical areas.

WATER RESOURCES

46.
47.
48,

49,

50.
51,
52.
53.
54,

55,

56.

57,
58.

59.

Forecast regional water balance
Determine water availability and consumption
Monitor snowsheds and water content of snow

Monitor watersheds: Forecast regional runoff and detect incipient
floods

Identify areas suitable for aquaculture, both vegetation and fish
Inventory water bodies, including reservoirs

Select reserveir sites and detect reservoir seepage

Locate groundwater resources

Monitor glaciers and lake and river ice

Monitor sea ice: Drift velocity, extent, thickness, leads, age,
salt content, temperature

Detcct hazards to navigation in the ocean and inland waterways:
Location of shoals and their depth, ice bergs

Route and monitor shipping: Weather, waves, and currents
Monitor fishing fleet and its catch

Monitor marine and iresh water plants and animals (plankton, fish,
red=tide mammals)
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Table 4-3. Future Earth Resources Mission Objectives (Cont'd)
WATER RESQURCES (Cont'd)

60. Determine ocean water temperature and composition (chlorophyll,
gelbstoffe, salinity, dissolved oxygen, nutrients)

61. Measure coastal zone conditions (erosioan, dredging, dune migration)
62, Monitor estuaries (salt-fresh water interface, pollution, vegetation)
63, Locate sites for marine construction and mining (ports, pipelines,

power plants).

NOTE: It is recognized that several of the secondary goals (requirements),
of the primary goals listed here, will be outside the scope of the
PLACE Study and therefore assumed available.

ENVIRONMENTAL QUALITY

64. Evaluate quality of life indicators

65. Monitor changes in cities (urban blight and population density)

66. Analyze urban heat islands

67. Detect oil spills on land

68. Monitor waste disposal on land: Sewage sludge and lend fill !

69. Monitor radioactive waste storage

70, Monitor wildlife, its habitat areas and migration

71. Detect pollution of fresh water; map its dispersion and locate
its source (chemical, oil, and thermal pollution)

72. Monitor quality of fresh water bodies: Salt water incursion;
entrophication; water suspended solids, their particle size and
constituents.

DISASTER ASSESSMENT

Detect, monitor, assess damage, and plan relief from natural and man-
induced disasters:

73, Fires

74. Landslide

75. Subsidence

76. Earthquakes and Tsunamis
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Table 4-3., Future Earth Resources Mission Objectives (Cont'd)
DISASTER ASSESSMENT (Cont'd)
77. Volcano eruptions
78. Explosions
79. Radioactivity dispersal
80, Violent storms (hurricane, tornado, wind, snow, and ice)
81. Floo’s

82. Frost.

There are two interesting points to be noted about these projected needs.
First, all needs ot today will still exist toward the end of this century,
however the emphasis will shift toward achieving higher accuracies

through improved performance. Secondly, no new goals will appear; society

will just grow more capable of doing things that should be done today.

Are there any requirements which remote sensing from spacecraft cannot
solve? There are some specific tasks for which no general and effective
technique has been found. One example is the monitoring of radioactive
materials in transport, storage, and use, for nuclear reactors, or per-

haps the mapping of disease, such as that of hens in a poultry 'Factory'.

4,1.3 SELECTION OF A KEY SET

The original list of mission objectives has been analyzed in order to
determine those mission objectives which were considered most critical.
This key set of mission objectives includes one from each of the eight
mission categories, The eight members of the key set have been selected
because of their diverse requirements and their importance in the economic

and social scnse,
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The philosophy of selecting a key set is related to that of determining
experimental test sites: both utilize a representative sample. The

system concepts that were constructed attempted to fulfill the require-
ments imposed by the key set as a minimum. It was felt that most non-key
set objectives would be fulfilled automatically by these same system
concepts. The following paragraphs outline the goals of the eight missions
in the key set. While not always stated, all objectives are global in

nature.

1. Crop Production Forecasting

This goal requires the prediction of the world's future production of all
crops. excluding timber and forage. In addition to grain and vegetables,
other crops included are: cotton and other fibers; orchard produce; and
fuel crops, which may be important in the future. Crops will be given
emphasis in this study in proportion to their aggregate value, and minor
crops (greenhouse, uncultivated) will be given less consideration. The
forecasts will be updated during the crop growing season; forecasts,
however, will not be made for over a year in the future, The major aspects
of production forecasting are the identification of crops, the measure-
ment of their acreage and location, and the estimation of their yield as
determined by vigor and strese factors. Furthermore, the production
itself is later determined in order to improve the accuracy of future
predictions. Economic constraints, which may leave crops unharvested,

must be considered in order to correlate potential and actual precduction,

Key Set Subobjectives

Identify crops
Measure acreage

Esrimate yield

AT ..

Detcrmine production and reserves,
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2. Grazing Potential Determination

The current status of the range is evaluated and then its carrying

capacity is estimatced in animal unit months., The response time of this

evaluation must be fairly short re ative to any significant change in

rangelan: potential within different areas of the range. While there

will be no need to enumerate the livestock and wildlife on the range, their

presence wi’'l be indicated by the grazing pressure. An ‘{mportant, but

difficult to evaluate, parameter which shculd be measured is the ralatability

of the forage. This can be estimated by the type of vegetation, its

moisture content, and physical condition, such as dust cover. Additionally,

the condition of the soil affects the potential for grazing; standing

water, salt buildup, and bearing stress are important factors. Weather

conditions and snow cover are important, too.

Key Set Subojectives

Inventory rangeland
Determine grazing potential
Monitor forage status
Predict range capacity
Inventory livestock

Estimate fire potential.

3. Timber Stand Vo lume Estimation

A number of different factors must be determined in order to evaluate the

quantity and quality of timber in an area; some of thuse are: tree

diameter, height, age, maturity, and density. The primary eccnomic im=

portance of these measurements is the estimation of the valu: of the

lumber which could be logged in an arvea.

e . e e o
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for evaluating the water balance in a watershed, for monitoring reforesta-
tion after logging, and as an indicator of the recreational value of the
land. Implicit in these evaluations is the identification of the species

distribution of timber stands.

Key Set Subobiectives

Create type stand classfication
Measure stand area and density
Dete:t rimber stress

Estimate stand volume and grad.
Monitor production and regrowth
Inventory understory

Estimate fire potential.

4. G-ological Resources Location

To the extent that it is possible with remote sensing, surface, buried,

and underwater geological resources must be located and identified.

These resources include economically extractable minevals, metallic and
non-metallic, also construction materials, fossil fuels, and geotheimal
resources. Howevar, the location of geologically suitable censtruction
sites is not a part of this objective. While some buried geological
resources might be indicated at the surface by vegetation stress, anomalous
colors, or geological structure, many valuable resources are .:thout

surface expression,

Key Set Subobjectives

Map geolngy
Locate hidden resources

Correlate surface expressions
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Locate metallic minerals
Locate nonmetallic minerals
Locate fossil fuels

Locate radioactive ores
Explore geothermal resources

Determine landslide susceptibility.

5. Land ''se and Census Enumeration

It is desirable to apply satellite remote sensing to the need for
creating thematic and land use maps to a classification depth of Level III
(Ref. 4-61). After these maps have been created once, the requirement is
then for the detection and identification of changes in land use. Since
there is no conceivable way of counting people directly from a satellite,
indirect indicators of population must be used. Since these are much

the same parameters which make up a thematic map, this goal will also
include the enumeration of the global population., Furthermore, this de-
mographic census will be periodically updated and will indicate changes

in population deunsity.

Key Set Subobjectives

Produce land use maps

Generate tnematic maps

Generate orthophoto mups

Dotect iand use change

Determine land capability

Perform demographic census

Map wet: lemest parterns

Determine ~“ntimum routes

Evaluate construction charcoteristics
Monitor recreational arcas.,
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6. Watershed Monitoring

The aim of this mission objective is one of monitoring the earth's surface
supply of fresh water. This also includes snow and ice cover on the land;
however, icebergs as water supflies are not included. The flow and

storage of water on the land's surface are the tvo fundamental parametere;
the flow in streams and rivers and the storage of snowfielas and reservoirs.
The entire water cycle is not considered; rainfall ard evaporaticn and

also groundwater flow are excluded from this objiective. While much of

tivis mission could also be accomplished with Data Collection Platforms,

only direct satellite approaches will be studied.

Key Set Subobjectives

Determine water availability
Monitor snowsheds

Monitor watersheds

Forecast runoff

Detect incipient floods
Inventory water bodies
Select reservoir sites
Detect reservoir seepage
Locate groundwater resources
Monitor glaciers

Monitor estuaries.

7. Water Pollution Detection

Inland water bodies are subject to a wide variety of pollutants; chemical,
oil, and thermal pollution are the major types. Additionally, salt water
incursion and eutrophication can degrade the quality of fresh water. Some
water-suspended solids are pollutants also, and it would be valuable to

know the particle size and constituents of these solids. The objective
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of satellite remote sensing will be four-fold: detecting, identifying,
monitoring, and, if possible, tracing fresh water pollutants to their

source.

Key Set Subobjectives

Monitor fresh water quality

Detect fresh water pollution.

8. Abrupt Event Evaluatiun

There are two types of abrupt events or temporal discontinuities which
can be monitored with remote sensing: man and natural disasters anc also
short lived events. While disasters are human calamities, short-lived
events such as scm2 zlacier bursts or the flocking of birds can cause no 2
harm and can provide valuable scientific information. Both types of

events can have similar sensing requivements: the primary need is for

«n any-time, fast~response remotec sensor. Some of the disasters to be

monitored could be fires, explosions, radioactivity dispersal, severe ;
pollution, landslide, avalanche, subsidence, earthquakes and tsunamis,
volcano eruption, violent storms (hurricane, tornado, wind, snow, and ice),
floods, and frost. The aim is not to predict these disasters, nor is it

to detect them; these require a different operational system and some-
times different sensors. Instead, the goal will be that of monitoring
known disasters and also, to the extent that remote sensing can help,
aiding the relief planning for these disasters. The short term aspect of
disaster assessment, determining the extent of damage, is included

within this mission; the longer term aspects, evaluating financlal loss

Aapiie g cconctracttr are wore suitable for another mission.
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Key Set Subobjectives

Monitor, assess damage, and plan relief for
Fires,
Explosions
Radioactivity dispersals
Severe pollution
Landslide and avalanche
Subsidence
Earthquake and tsunami
Volcano eruption
Violent storm
Flood
Frost

Short-lived phenomena.

4,2 ANALYSIS OF THE KEY SET

By meeting the requirements for a given mission objective from the key
set, many other objectives are at least partially fulfilled. Table 4-4
and Figures 4-2 through 4-9 gives an estimate of the minimum extent to
which the 82 mission objectives will also be met when each of the eight
objectives of the key sct are satisfied, Note that these figures do not
indicate the extent to which the final system which meets the require-
ments for satisfying a key set mission objective could also satisfy
another objective; they are only based on the inherent requirements of
each objective and have made no assumptions about specific systems,
Furthermore, the figures do not indicate the proportion of information,

which 18 generated by satisfying a key set objective, which could be
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applied to another objective; again, this slightly different concept

would change the table.

Under the category of Disaster Assessment, each of the four separate
functions (detect, monitor, assess damage and plan relief) apply to a
different extent to each of the types of disasters. However, to simplify
the figure, each of the four functions was included in each type of

disaster indicated.

From the point of view of the end user of information from remote sensing,
there are four major requirements. These are: (1) accuracy, which can
be either identification accuracy, measurement accrvicy (area, position,
velocity, thickness, volume, height, moisture content, temperature), or
detection probability; (2) the parameter range to be measured; (3) the

frequency of successful observation; and (4) the response time, or the

delay between sensor observation and user information. From these require-~

ments, certain system specifications can form.
Table 4<4. Secondary Benefits of the Key-Set Mis.:.ons

Indicates minimum extent to which the 82 mission sub-objectives will

be satisfied by the 8 objectives of the key set

If all systems were used to trv to sntisfy all objectives (key set

and non-key set), almost all objectives would be satisfied

The following tables assume chat systems are operated only to satisfy

the key set objectives.

© & 6 ®

NONE SOME MUCH MOST ALL

=== INCREASING PROPORTION



366
S 696

> P98 O

- e o i %o

> P

G & & 999

P> & & @ 9

5aA1393{qQ ®an3Inota8y 104 31 >ddng 3asg Loy

$S

2000 5 5599 G

*Z-% @andyy

NOT1VIOI41143S3A YOLINOW
NOISO¥3 10S dVW

NOILINT10d T110S J¥NSYIW
ALINITIVS T110S 5MNSV3W
JUNLSIOW T10S 3yNSV3W

S3dAl T10S dVW

NOILVOTYHYI 3ITINAIHOS
S123rodd NOILVOI¥YI N91S3d
3SVISIA ANV S1D3SNI 121d3yd
Sd0¥J 3ZIKIL1dC

S3A43S3y¥ ANV NO!12NAOo¥d 3INIWY3IL3Q

ai31A 3JLVWILS3
JOVIYIV JUNSVIW
Sd030 Ad411N30)

39



POP P

89A13103(q0 jusweadeusy aBuery 10J 310oddng 325 Kay

300055

"g~y 2anf1y

IVIINZL10d FHTH FLVWILSTH
AI0LS3AIT AYOIN3IANI]
ALIDVdYI 3OoNVYH 131d3¥d
SNLVLS 39v¥04 YOLINOW
IVIANILOd SNIZVYO INIWY3L3A
ANVI3ONVY AYOLN3IANI

§°



saa1309lqQ £L1389103 X103 3Jxoddng 3ag L3y “H-4 aan3d1jg

TIVILIN3LO0d 3dId4 31VWILS3
AY0LSY3ANN AYOLN3ANI

> DD
"

HLMOY93¥ GNY NOILINAO¥d ¥OLINOW
Sw) S¥VIA ONIY¥VIE-@33S 121a3¥d
3Qv¥9 ANV 3WNTOA INVLS 31VWILS3

SS3¥LS ¥IAWIL 193130
ALISNIQ GNV VI¥Y ANVLS J¥NSYIW

050 S$6GO

NOILVIIJISSVII ANVLS 3dAl 31V3YD

41



$F

b

I4Y

TD
>

50900000

$3AT122(qQ sadanosay [edoF801095 103 3xoddng Jag Kay

*g-% 2an81y

ALITI911d30SNS 3AI71SANYT 3NIWY313d
SNIVld dOo071d 3J1VY3INIT3A
NOTLVY9IW ¥3A1Yd 103130

S$333N0S3y TVWYIHI039 3¥071dX3

S3¥0 3IAI11LIVOIdvY 3ILVIOO0T

S73nd 11sS04 31VvI01

STIVA3INIW DITIVLIWNON 31VI07
STVYIANIW JITIVLI3IW 3LVI01
SNOISS3¥dXI 3IIV4UNS 3ILVI3IHY0D
$£323N0S3y¥ N3IGAIH 31vI207
AL0T1039 d¥W

42



o

83A1303{qQ 9s) pue] 10J 3xoddng 335 L3} °g-4 anB1j

| P SY3¥Y TYNOILVINOIY HOLINOW

$SO7 LV3H ¥OLINOW
SO1LS1¥3LOVEVHD NOTLONYLSNOD ILVNTVAI
N S3LN0Y WNWILO INIWYILIQ

Y.

SNY311Vd IN3IW3TLL3S dVW
SASN3J JIHJ4VYOOW3A WHOJH3d

Al119vdVd ANV 3INIWY¥313Q
JONVHD 38N ANV 12313d
SdYW OLOHJOH1¥0 31VYINI9
SdVW JI1VW3IHL JL1VY3INIO
SdYW 3Sn ANV 32ndoyd

000509035555

43



< AT

| N Voo -

r
L
[

saAT3dafqo sedanosay Aa3eM x0J 3xoddng 3135 L3y /- 2anS1y

= NOI1JNYLSNOD 3INIY¥VW 31VI0)
P S31¥VN1SI HOLINOW

SNOILIANCD 3INOZ IVLISV0D 3JUNSVIW
' NO111SOdWOD NV320 I¥NSY3IW

JYNLVYIdWIL NVIZ0 INIWH¥ILIA,

2] STIVWINY ONV SINVId ¥31VM ¥OLINOW!
13374 ONIHSI4 HOLINOW

ONIdd1HS ¥OLINCY ONV 31Nn0Y¥

SOYVZVH NOILVOIAVN 123130

391 V3S YOLINOW

301 H3AIY ANV 3NV 2OLINOW

) SHIIIVI9 HOLINOW

‘ $3JYNOS3IY ¥ILVMANNOYD 31VI07
! 39%433S ¥10A¥3IS3IY 1232130

m P . S311S ¥I0AY3S3IY 12373S

' S31J0d ¥31VM AYOINIANI

- S311IS 3¥NL1NJvALY A41.1N3AI
_ A SQ001d IN3IIHIONI 12313a

440NNy 1SVI3Y¥O0d

! ; SA3HSYILYM HOLINCW
‘ SG3IHSMONS dOL1INOW

(4,) ALITIGYIIVAY ¥d3.YM 3INIWY¥3L3A
mU JIONVIVE ¥3.VM 1SVYDO3¥04
o % 5 |
> AW % v,
LN %, g O @ 9, %
oL\ S o3, 2% <
AWAW AV&W anT AMWW ,AWXW. &W&w
BIN%D 3 % B W

44



& 9696
P56 09

saarjoalqo A£31veny Tejuamwuoayraug xo0j 3xoddng 3jag Loy

PRSP

‘g~ 9an314

ALITIVND Y¥Y31VM HS3U4 YOLINOW
NOTLNTI0d ¥31VYM HS3¥4 123134
3417071IM YOLINOW

31SVM 3A110VO1QVY ¥OLINOW
IVSOdSIad 31SVM ANV 301INOW
S771dS 710 ANV 12313d
SANVTISI 1V3H 3IZATTYNY

SIONVHO NVEIN YOLINOW

3417 40 ALITVND 31VNIIVAI

45

e ieA———a— i 4



sant,23(qQ Juowssassy 4938e81Q 103 3Ja0ddng jac Lay *6=% 3an81yg

‘SIN3A3
1dnN¥8Y 3HL 40 TV OL ATlddY
SNOILONNd 3iVi¥d3sS dn04 3HL :TION

VN3WON3IHd Q3AI17-140HS
15034
aood

WHO0LS IN3T01A

NOIL1dNY3 ONVYITI0A
IWVNNSL ANV INVNOHLIYVI
JON3A1sENS

JHONVIVAV ONV 3d171SANV
NOILNTI0d IYIA3S
IVSY3dSIA ALIALILOVOIGYY
SNO1S01dX3

S3d14d

4317134 NVid
JOVWVA Ss3ssy
HOLINOW
13313a

46



oy .l

delay between sensor observation and user information. From these require-
ments, certain system specifications can follow; the four principal oncs
are: sensed parameter (or wavelength or spectrum); spatial resolution
(horizontal and vertical); radiometric (or paramecric) accuracy; and the

vrbit wnd number of satellites required.

Tre user requirements are ideally the starting points for system design.
A parameter such as resolution should not be listed as a user require-
ment because it pre-supposes too much about the system configuration; the
user is interested in the result and not necessarily how it is achieved.
An example of this dichotomy is shown in Figure 4-10. It is instructive
to examine this dichotomy *ecause it points out the difference between

a user requirement and a systen specification quite clearly. One often
feels that there is a gray area in between what a user can tell you about
his needs and what an engineer requires to shape a systems concept. The

diagram illustrates that the gray arca is, in fact, black magic.

To the extent that it is possible, Figures 4-11 and 4-12 list guesstimates
for the user requirements of the key set of objectives. These numbers are,

furthermore, attempts to define what might ve needed in tte year 2000.

4.3 TRENDS TOWARD FUTURE SYSTEM SPECIFICATIONS

In the ideal vorld, systems can be designed from the cuantitative require-
ments of the users of remote sensing. 1In Figure 3.2, the design flow is
along the User Driven line, In actual practice, however, many of these
linkages are not known and systems must be specified with the help of

estimates of future technology ard the thinnest skeletons of systems concepts.
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Many previous studies (Ref.4-1-27) have listed estimates of the require~
ments for certain parameters. Figure 4-4 shows the distribution of four
of these parameters. For these graphs, all mission objectives have been
lumped together. Furthermore, the different studies may each give
different estimates for a given need; all of these are included. The
parameters which were specified by ranges are entered on the distribution
for their entire length. The data are "noisy'" because of the tendency

to estimate with round numbers. The broken lines are only free-hand
approximations to the trend of the data points. The mode of each curve

is marked and Landsat=-D capability is indicated.

In one distinction, there are two types of remote sensors: those which
map particle or photon flux and those which measure scalar or vector
fields. The former are much more common; most system requirements are
based on optical or microwave solutions to user's needs. While resolution
is one of the most important parameters for these electromagnetic systems,

there are many others. Table 4-5 lists some of the other parameters

which must eventually be specified; few of these can even be estimated now.

51

R it



M

mco.musp,_uum,mo auwosg ..mucmEopa.a_uwx
SuILIWNI o —
NOILN10S3Y (H1430) AVOILH3A
ou ot 10 100 -S.w
_ "WED' x\_\tw
-~ ¥ :
‘ —
" /) v $a3ando0
X o 19 y3aWNN
48
b §
ot
NOILNT0S3Y qVDLLE3A
SH3ILIW NI ‘NOILNTOS3Y
L0
'FKM
um“n M xx*
\ uu -10S
lvf xi-
% ]
oa m lg—,
x4 \
] x \
v dogy SQ33N
I 40
o 4IGWNN
f
4 002
]
[}
!

\

a LVYSANV1I—

—0S¢

NO1LN10S3Y IVILVES

Ll B

ar

wa31s£s pue a9sfl

‘1~ 2an31d

INWIL 3SNOJS3Y

40¢

10V

09

108

sa33aN
30
HIGWNN

Joot

NOILVAHISEO 10 AININD3HS

SHV3IA OL HINOW ¢
HV3A L

Avat
b EELLL

T
x XX

-

a LYSONV

NOILY

1 \ L |
ONVIW3G NO—=*|

-~

x

x
X NIIMmL

-
\ —
\ AR

» V

-
x
x

AH3s80 10 AJNIND3Y3

888 ¢

0c
sa33N

HIBNNN

!

-0¢L

1ovt

52



Table 4-5. EM Sensing Requirements

Time of year

Time of day; solar angle relative to view angle
Frequency of observation

Time duration for one observation

Location or region; accuracy of location
Area to be surveyed; geographic scale

Detect, map, or sample
if sample: pixel cluster size and spacing
if detect: threshold criterion
Probability of successful observation per attempt
Stereo; required parallax angle; depth resolution
Obliquity

Format of output; correlation with earth coordinates
Response time

Radiometric correction

Geometric correction

Spectral band of sensor
Amplitude resolution; shape of IFOV
Polarization of sensor

Spectral band of active source
Polarization of source

Pulse frequency of source; synchronization with sensor

Power output of source; angular coverage.
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5.0 EXPLORATORY TECHNOLOGY FORECASTING

Exploratory technology forecasting is a projection method which involves
estimation of the current state of the art and examination of technology
trends in order to estimate the level of technology that may be available
in a future time frame, This creates the situation of "a solution looking

for a problem,"

In the PIACE Study, projections of future technology drivers were arrived at
via a number of routes, Future system building blocks were then used in

the creaticn of system concepts, as discussed in Section 3,2, The inclusion
of this activity in system conceptualization tasks allows for a balance be-

tween needs driven anc technology JIriven system: .,

The methodology employed in the exploratory technology forecasting activity
is illustrated in Figure 5-1, ''Blue sky' sessions were held which included
GE's Space Systems personnel in an attempt to broaden our technological
horizons with respect to future system elements, The results of these
sessions were combined with recent literature un technology forecasting and

interviews with select technology experts in sev -al fields to yield a li-.

of future technology options, This list was then modified by the "imagineering"

of the study team to broaden its content, The resulting concepts in the areas

of sensors, platform and suj;port subsystems and dat. systems provided a firm

base of technology drivers for the creation of the future system concepts,

The list of possible future system elements that resulted from the exploratory

technology forecasting exercise is discusged in Section 5.1 The results of

several specific "future technology trade studies' are presented in Section 5,2,

59

ITLTE

LR R R



Er. .

“BLUE SKY*
SESSIONS

EXPERT
INTERVIEWS

RESULTING CONCEPTS

SENSORS,
PLATFORM/SUPPORT SUBSYSTEMS,
DATA SYSTEMS

LITERATURE

SEARCH “IMAGINEERING”

Figure 5-1, Exploratory Technology Forecasting Methodology

5.1 POSSIBLE FUTURE SYSTEM ELEMENTS

The discussion of possible future system elements will be divided into
sensing concepts, orbits, platform concepts, support subsys’e<ms, and data
system concepts, A description of the future space transportation and com-

munication systems agsumed to be available is presented in Section 5.2,

Each of the future system concepts will be an end-to-end system, as illus-

trated in Figure 5-2,

Division into this fore highlights the concept of required data processing
moving more aad wore towards the sensor in future system concepts, It also

allows the discussion of the possible future system elements presented below,
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Figure 5-2, PIACE End-to-End System Coacepts
5.1.1 EXPLORATORY SENSING CONCEPTS
LY S —— . mma ime s .

em——vw e . “.isible ana infrared (IR) imaging sensors, of {he type currantly being flown

and developed, were proposed. Passive multispectral sensors including push

broom arrays (also called multilinear arrays), whisk broom arrays (of the

M,S and TM type) and solid state cameras all were considered obvious candi-

cates for future use,

Less obvious was the proposed use of active visible

and IR sersors using lasers that would provide capabilities for atmospheric

caiibration, detection of luminescence conditions (both fluorescence and

phosphorescence) and night imaging. Finally, the concept of a "smart"

visible/IR sensor that could edit its own data, or perhaps modify its

acquisition programming based on the data content, was proposed, This con-

cept was incorporated intc :-he Land:at-H system concept and will be discussed

in greater detail in Section €,2,1,

A number of imaginative microwave sensors were proposed for possible future

use, Aside from the contemporary synthetic aperture radar (SAR) in low earth

orbit, the use of a SAR in geosynchronous orbit was proposed and was eventually
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developed into the GEOSAR system concept (see 6,1,12), A number of kinds

of real aperture radars was proposed including large structuves, bistatic
radars employing principles of holography and ellipsometry, and the notion

of a "swarm'" of small satellites acting in unison as a phased array. Several
of these ideas were developed into PLACE system concepts, while the last

was deferred to a later time due to currently insurmountable technical
problems (Section 6,2). Passive microwave radiometers employing apertures

of various sizes were proposed and finally an accurate off-nadir altimeter
was suggested, Each of these ideas was investigated further and either was
developed into one of the PLACE future system concepts or was deferred until

a later time,

A new concept in remote sensing measurement from space proposed was that of
quantifying ground resource spatial frequency or texture, Both optical and
mic w~ave m asurement techniques were suggested, These suggestions were
later developed into the texturometer and sweep frequency radar system

cuncepts,

Finally, gravity and magnetic field measuring spacecraft were proposed to
assist in the global minerals exploration task, A tether satellite concept
and a Faraday rotation magnetometer were analyzed; however, the systems were
deferred to later study because of insufficient measurement precision (see

Section 6,2),

5.1.2 ORBITS
In addition to the familiar Landsat class of low, near polar sun synchrcnous
orbits, the PLACE Study was intended to explore the utility of any other

orbits that might be found to have significant benefits for earth resources
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missions. The initial investigations were not in any way constrained,
except by the laws of orbit mechanics; nevertheless, it quickly became clear
that the orbits with significance for future earth resources fall neatly into
about four loosely defined groups, as follows:

« Sun synchronous, Landsat group

. Space Shuttle sortie group

. Earthwatch group*

. Twenty-four hour period group

The ground coverage characteristics of low-earth sun-synchronous orbits

have been well documented by u. C. King (Ref. 5-1), so no effort was spent

in exploring them further. For a specific future mission requirement with
short access requirements, given sensor characteristics and transportation/
propulsion parameters, some detailed comparison of this orbit group of "high"
altitudes with othe.s, such as the Earthwatch group, will be needed to define
optimal cost:/coverage parameters, For example, daily (once per day) coverage
of the earth using present Landsat sensors and orbits would reguire eighteen
satellites, The same number of spacecraft in an "Earthwatch' orbit con-
stellation could provide continuous coverage, but with either lower resolution
or much larger semsor optics, Further, the Earthwatch constellation would

require mose orbit-to-orbit transportation,

Similarly, no effort was expended to define the earth resources observations
that could be made from Shuttle sortie orbits, In the first place, the
properties of these orbits are well known, and second, no missions were

included in the final set that required sortie flights,

* Medium altitude (6000 n, mi) 1uclined orbit suggested by Pogue (ref 5-3),
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The variety of ground traces that can be made available from a one day
period satellite has long been recognized, An early, but comprehensive,
description of the effects of orbit inclination, eccentricity and argument
of perigee was presented by Stafford, et al, ‘n Ref, 5-2, A good example of
the adaptation of daily orbits to a specific mission purpose was done by

Pogue, i1 Figure 2 of Ref, 5-3,

This shaping of a daily orbit to suit a mission purpose was used in the
PIACE Study to favor the geometry of a ground trace for a geosynchronous
synthetic aperture radar concept, A "circular" ground trace was judged

to be most suitable for this mission concept, Figure 5-3 shows the general
shape of the ground trace favored, This orbit is inclined one degree, has

a period of 1436,078 minutes, an eccentricity of 0,008, and an argument of
perigee of -90 degrees. Data on the ground trace, and the elevation, azimuth
and range to a typical ground target in the central U.S. (longitude 100 W

and laticude 40 1) are shown in Table 5-1, These data have been used to

show the technical feasibility of synthetic aperture imaging from 24 houc

orbits,

The "Earthwatch Concept" by William Pogue referred to earlier also pointed
out the advantages of medium altitude orbits inclined to about 55 degrees
as a means of providing frequent global coverage, A particular orbit con-
tiguration suggested by Pogue (Figure 5, Ref, 3) was a six ".our period
(technically, 1/4 of a sidereal day) at an inclination of 55 degrees (,96

rad), fhe resulting ground trace for this orbit for one day is shown in
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TCMIM LAT LOMi ELEY RZ RAHGE

7a2.40 —1.00 2599 PSS T SNaTd, 2
T35, 75 —0,33 259,59 42,67 -17Ta,54 20471
Tel.18 -0, 92 859,34 42083 < ~a.75 SuaTl.l
77943 -, 97 29,72 32,70 —1TE.EE SN4ET .9
T, 24 —n,9S 2SE.T3 0 4E.71 - sa,5n SMded 1l
SN, 2 .9 2S5R.ET 42. 74 —172.50 L S
213,57 -0.91  252.a2 2.7 —173.42 2NeSE, 9
232,973 —Q.EE 29997 42.79 =172.325 044703
247,29 -g.25 293.52 Z.88 —-179.87 ZN440. 57
S551.655 -0.21 S5%.92 2,38 =179.1% SN2 TT
57601 —0.7E 253,43 42,90 —yi7a.18 SL4Es.23
San, 37 -0, 74 252.39 42.94 =172 00 20415, 02
ang,. 73 -, 59 E9%, 35 g2, —17F.00 2n4us, 28
Q19,09 —. 65 253,31 43,03 —173.94 S0IF4.7V
Q23,45 —0.e0 259,37 43,002 -17E. 22 Ta
a47 .31 -0.55 &£59.24 43,14 -{173.23 Fees
2. 17 -0.49 2%3.21 43.1% =178.78 20Ien.2S0
STAR.OT 44 209,13 43,89 T2.74 4T T

QQa, 30 A 299,18 43.31 -{173.71 4,320
) D) —0. 3T 259.14  4F.EF - TE.ET T
101962 —0.2E 299,12 43,44 —1T2. 65 S0uI0I.ET
1033, 3 —-g.20  299.11 43.50 =178.83 223,54
1043, 29 ~0.14 259,10 43,308 ~J72.61 E20250.en
1EE,. 70 —0 0 259.0% 43,683 -175.5% 2o [
1077 00 -, 02 2S9,.03 0 43,70 -172.53 2ue Se
1091, 42 Q.05 @50.0% 43,78 -1TE.5E 2 46
1105.782 .11 253,10 43 o3 —-17E.S5% & 41
1120, 14 n.17  &5a.10 43,90 =-178.60 &0 43
1134,.S0 n.2% &99.18 43, a8 =1TE.eE 2N -3 |
1142,358 D.2%  2S9.i3 44,03 -17E.04 2n1as, oo
1183, 82 0,35 299,15 44,03 - TR S01ET. 04
1177.59 D.41 259,17 44,15 -17TE.70 S01S5.00
1191.,.39 Q.47 £5%.20 44,21 -17T3.74  S0143,92
12068, 31 R.52 259,23 4.2V - SHLTE 20131068
133067 0,55 259,26 4,033 < TILUET O 20113.89
a5, 03 Q.63 299.89 34,38 -1TS.89 R IP RIS
1293, 39 D.eS 259.3T 44,44 ~1TE.94 00T R0
1353.79 D72 &SR.ET 44,949 =-179.M1 SHOET .80
1avE. 1l 0.7H 299,48 944,93 —{7a, 07 SoavE. 34
1232, 47 DLE0 299,45 44,57 ~17T3.15  S0e9, 5
1308, 53 0,38 253,51 4.5l 17,22 S0ml.51
1321.1% QLET ES3.9e 44,50 -T2, 30 S0nS4.el
1335,.99 n.an  2S9.e1l REGRE IS o = 2undv. T
1R, 3 Q.23 259.87 44,71 ~17E, AT S00dE, oo
130g, 28 0,98 259,72 44,073 -{7a,55 SN0zv.14
137304 fLA7 SSR,TE 0 34,09 -{7Ta, RS S00TI. e
1393, 00 NS SSE.Ed 0T S1THOTE Eo0in, 0
1407, 26 BLEE 0 2SI, 44,78 S1TTLED S0NET.TR
1d4z21.7& {00 @59,95 44008 - Sa LA SEE, S0
143, 0 1,00 &Sen,ul o TR {7a, s Jonah. we

on
~3

ORIGINAL PAGE 'S
OF POOR QUALITY.,



31910 Surieadsy pauryoul - ydjemyiiey °‘4-¢ 3InI1J

o St ¢ S 0f 11 03 SL 06

| A

s PN 3 T A b7t g

68

| 1]
_ sidél “UNRRR agl
1 M 5% i N K R
g b 1 TECNK T
a dRRERAARK IO
. | ] N 1y 4 i ARSURY
i 2 AL FL b 7T _.(_M @j
N T SRP B4k o ANUNI Q\ 'ailk. ThRRER?
ok N S HHHA NG PN L
I AN s s MR VAT
T m - =¥
Y M H_..‘ 4, i
M Ay i gan 4R
& A b -
V¥ > P “ 3. -4 A,A:ﬂ
™ -1 t | T
2T | T
" 414 11 REte ] |
1] S 2
‘ Bacdsas Yyl BT AYTR
D= A .ﬁ_. __ L t e . «A
+iot it et d= S
. 1[4 ]41414 {11 uzaesatinl ]
[ ] o [ 4] [11} o o 11} o 1] [} [} o

ar




L4

This figure also shows how the visibility of a given target varies as a
function of its location and the desired viewing elevation angle, For
example, point "A" (latitude O, longitude 92.5°w> can be seen twice a day
with an elevation angle of 40 degrees, with each viewing period being 60
minutes long, It should be noted that target A is simply typical of eight
equatorial longitudes, spaced equally between ascending and descending ground
tracks. Each of these pcints could be seen for two hours every day by a
single Earthwatch satellite at a very favorable viewing inclination ot

40 degrees,

For a more favorable choice of parameters, Figure 5-4 shows how a target,
"B'', can be seen three times a day by a4 single satellite at a viewing
elevacion of 20 degrees, for a total view time of 283 minutes, Again,
target "B'" is a typical one of eight, four at 40 degrees N latitude and four

ac 40 degrees S latitude,

Table 5-2 presents more complete Earthwatch view times for the 'worst case"
longitude for a six hour 55 degree inclined orbit, 'Worst case' longitude
is half-way between ground traces - the hardest place to see. Note that
cases A and B are simply two cases from Table 5-2, They have been under-
lined so that the cor- :lation between Figure 5-4 and Table 5-2 is clearly

delineated,

Figure 5-5 is a more graphic representation of the data for the six hour
orbit, with a 20 degree viewing elevation requirement, Note that a single
satellite can see every point on the glowve two to four times per day, This
is a capability not available to either low, sun=synchronous orbits (Landsat

group) or geosynchronous orbits,
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Table 5-2. Earthwatch View Times - Six Hour Orbit Case
VIEWING VIEWING TIME TOTAL il
LATITUDE ELEVATION ORBIT 1 ORBIT 2 ORBIT 3 ALL ORBITS .
0 10° 96 130 130 356
20 0 104 104 208
30 0 81 81 162
| 60 60 120
{sussnasussennsnsianp lllllllllllllIlllPllllllllllllllll#!lllllllllllllllIllllllll!lllllllllllll
50 0 36 36 72
20 10 142 120 120 382
20 106 96 96 298
3¢ 64 70 70 204
40 0 42 42 84
50 0 0 0 0
30 10 143 115 115 373
20 114 90 90 294
30 87 62 62 211
40 59 32 32 123
50 17 0 0 17
40 10 140 108 108 356
115 84 84 2
1000000 0RRARDEENINAY/ (BREEESARNNE-ARAERRLARNRENRNNN000 lllllllllllllllll_llllllhlllllllllllllll
30 9% 54 54 202
40 75 20 20 115
50 53 0 0 53
60 30 0 0 30
50 10 136 106 106 348
20 115 78 78 271
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Unfortunately, the viewing periods are not uniformly spaced during the day,
so the determination of the number of satellit«s required to maintain a
specified frequency of observational opportunity becomes complex, This

is illustrated in Figure 5~6, The top of the figure shows how one, three,
and five satellites can provide "fill-in'' coverage at the worst case places
on the ¢ 'uator (Target A) for a specified 40 degree viewing elevation, For
the three constellations of satellites specified, the possible daily viewing
of the equator (minimum) is two, six, and ten hours: and the maximum "outage'

(non-viewing) times are 863 minutes, 291 minutes, and 150 minutes respectively,

The bottom half of Figure 5-6 shows the improved situation for target '"B,"
a worst case 40 degree latitude point with a 20 degree elevation requirement,
Again, the cases shown are for one, three and five satellites, The total
potential viewing times at the worst 40 degree latitude points are 4,7 hours,
14,1 hours, and 23,5 hours, The maximum "outage" or non-view times for these

three cases are 524 minutes, 226 minutes, and 116 minutes, respectively,

These initial viewing conditions were manually extracted from computer print-
outs of the form of Table 5-1, but for lower orbits, and with much finer

time resolution used to defin: elevation limits, To expedite the evaluation
of alternative orbits - specifically five, five and a half, and six revo-
lutions per day - the computer program was modified to summarize the pertinent
contact data needed for analysis, A sample of the resulting format is shown

in Tabie 5-3,

Figure 5-7 shows the ground traces for a four hour orbit (more precisely,
six revs per day), together wiih the ground targets examined, From the

computer data it was concluded that selection of "best" and "worst' cases
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Table 5-3. Computer Summary of Earthwatch Viewing Conditions
ORIGINAL PAGE Ib
OF POOR QUALITY
STATION CONTACT SUMMARY )
PERIOD= 359.017 LATITUDE 7.753 LONCITUVE 42,500
ELEV . STARTYT _ _..END ___ __ DELTA AZSTART  AZEND
5.20 15.96 161,59 165,65 =75.31 73,92
5.30 683,59 622,99 142,61 =33,57 156,71
5.30 992.26 00 30 "156075 ov
5.00 J. 1134.62 162,36 0. 38.77
S.,0N  1452,56 1598.21 165,464 =74,70 74,12
10.70 &3.61 136,11 95.50 -50,95  48,.%3
13.00 486,26 616.06 127,78 =40.,12 160.92
13.30 999.26 0. 3. ”161.02 0.
12,30 _ 0, . _ 1128,94____ _ 129.8%  C. _ _403.36 _ _
10,22 14727,49 1573,01 95,52 =-50,28 49,22
15,00 0. 0. J. 0. 0.
15.00 491,79 609,42 117,63 61,99 165.06 __ .
15.00 1005.91 0. 3- '164.22 O.
15.00 0. 1123.39 117.48 0. 42,28
15.30 D. 3. 3. 0. 0_.__ —
20,30 3. 2. 3. 0. 0.
22,00 497.21 633.98 135.87 ~44,22 169,25
20,20 197°12,28 0. ___ . __% =169.,48 0. _
20.20 J. 117,96 105.67 0. 46,57
29,90 2. J. J. 0. 0.
2,00 . Q. _ . . 0. _ _ . ___Qe.__ 0. _ 0. _ .
25.00 502.53 596.97 96,43 -46,89 173,62
25.30 1018,.43 0. Je -173.92 0.
25.20 0 0. 1%12.81 94,18 0. . 67,30
25,00 s 0, 0, J. 0.
30.00 J. 0. Jd. J. 0.
32,00 307.80. 591,02 83,22 _-SJ.14 178,29
30.00 1('26.42 0. 30 '31079 00
30.00 0. 1107, 31 82.89 0. 50.60
30,90 1e 0, 0o 9, 0.
35.00 J,. J. J. 0. %.
35.90 513.08 585.17 72,29 =54,10 -176,52
35,00 1023.32 0. _ J. 176,05 0. .
33,30 J. 1132.9) 71,49 0. 54.66
__35.00 9. 0. 3. 0. 0.

. 45: . ﬁ!_.A‘”_____d_'_ 3- 0- . Oo o m
40.00 $18.45 579.31 $3.%6 -59.,L4 -170.51
63,30 1535,23 2. J. 159.91 .
£3.10 7. 1094.58 53.35 0. $9.76
42,00 J. 0. Je S De
45.10 J. 9. J. 2. 0.

45,20 1042,35 0. J. 162,36 0.

45,00 0. 1392.89 %,53 0. 66.39

‘s.ao o. g. 3' D. 0.
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was not simple, Figure 6 illustrates how the total viewing time from a
xingle Earthwatch satellite is a function of both desired view angle and
target latitude (at the "worst" longitude), Further, the choice must be
made etween maximum total viewing time as an optimizing parameter versus
minimum non-contact time as the desired goal, In general, it was concluded
that lower orbits provide less total viewing time per satellite day, but more

frequent observatioual opportunities,

A useful summary of the PLACE orbit selection parameters based on the
difficulty of attainment is shown in Table 5-4, All launches are via

space Shuttle, to the nearest standard Shuttle orbit, Hence, sun-synchronous
orbits are attained by onboard propulsion from a 300 kilometer altitude

104 degrees STS orbit, and so on, Any required plane changes from the

Shuttle orbit are made oy the satellite propulsion system,

rfhe relative Shuttle usage (the last column) is a measure of the cost of
achieving mission orbit for each orbit class (per cent Shuttle usage/1000 Kg
payload). This does not reflect the size of sensor systems needed to pro-
vide the desired ground resolution, nor the number of spacecraft needed to

attain a desired contact frequency,

5.,1.3 EXPLORATORY PLATFORM CONCEPTS

During the early exploratory technology forecasting phase of the PLACE Study,
some attention was given to possible "platform concepts" (read: spacecraft,
less sensors) that might ¢iable earth resources missions that are not yet

feasible within the present limitations of spacecraft capabilities,

A fundamental premise of the study, of course, is that launch from earth to

low orbit will be via the Spuce Transportation System (Shuttle). Hence, it
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is immediately evident that larger spacecraft are not only possible, but

will be routine by the year 1985, the beginning of the PLACE era. Further,
even early in the PLACE Study, there was considerable attention being given
to the assembly of shuttle-sized payloads into very large structures in orbit,
At the time of the exploratory forecasting work, most of this at.ention was
focused on the Solar Power Satellite, large power modules to support Shuttle,
and man-tended large space structures, Based upon any one of several con-
cepts under active development, kilometer sized structures for PLACE missions

were a distinct possibility by the late 1980's or early 1990's.

A very simjlar observation about fhuttle and standard spacecraft was made
early in PLACE exploratory forecasting, The essence of this idea was that the
combination of low launch cost per kilogram, via STS, and low spacecraft unit
cost, via standard modules, could easily lead to the use of constellations

of multiple spacecraft for a single mission, This suggestion took root in

the Earthwatch concept, where five to ten (or more) identical vehicles provide

the temporal access needed by a variety of earth observation programs,

This i 'ca of multiple satellites was pushed to its limit with the suggestion
of a constellation of a thousand or more small satellites, each weighing but
a few kilograms, and costing only a few thousand dollars each. The enormous
reduction in cost per function of electronic circuits, large emphasis upon
low cost svlar arrays, and the emergence of high strength aramid polyamide
composite plastics were all noted as important indicators that simple and low

cost space platiorm could be made,

Enough effort was devoted to this concept of a "satellite swarm" that the

feasibility of building many spacecraft cf this class was shown to be well
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within the bounds of the semicredible that had been set for the study.
This concept resulted in the SATCLOUD system which is discussed in Section 6.2.
Although the platforms concept seemed workable, it did not result in a

usable system because sensor problems could not be solved,

In the future technology trade studies described in Section 5,2, the analysis
of future space transportation trends concludes that technological -apability
and economic necessity would result in the use of solar electric ion engine
propulsion systems, at least by the late 1980's, as a means of reducing the
cost of space operations in high orbits; e,g., geosynchronous., This view

was predicated upon; (a) cthe present (and projected) high cost of expendable
stzges to reach geosynchronous orbits; (b) the very high cost in both initial
development and Shuttle launch mass for a reusable chemical system; and (c)
the projection that means of avoiding or repairing (e.g., annealing) the
solar array damage resulting from extended travel through the Van Allen

belts would be available in the early 1980's, Hence, it is expected that
hioch orbits will be relatively less expensive in the future than they are

at present,

It was also noted that previous studies of SEPS (Solar Electric Propulsion
Stages) had suggested the use of a "sortie" mode for short missions, much as
Spacelab uses a dedicated Shuttle flight to achieve a set of mission oL-
jectives, This capability may be useful for PIACE development missions,

but none of the final set of PLACE systems adopted this operating mode,

Another platform concept suggested was that of satellites which could be
made to "fly formation," i,e,, side by side, or one above the other, These

orbits are cleurly '"impossible" in the sense that nearly continuous thrusting
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1s needed to overcome gravitational forces and maintain these positions,

For an orbit altitude of 1000 km, a one km side by side separation requires
an out-of-plane thrust that varies between zero and about 1074 g. A one km
above-below formation would take a continuous thrust (applied to either
satellite) of about 2 x 1074 g. The conclusion drawn was that either arrange-
ment could be maintained for days or weeks using advanced ion thrusters and
lightweight solar arrays, None of these "impossible'" orbit constellations

were adopted in the final set of systems concepts,

5.1.4 EXPLORATORY DATA SYSTEM CONCEPTS

A number cf exploratory data systems concepts were discussed as part of the
exploratory technology forecasting exercise, The prime motivation for
auvances in this area may be regarded as an explosion of data processing
requirements and capabilities, These driving forces are illustrated in

Figure 5-9, We see the ground processing requirements increasing dramatically
in the short term, However, a corresponding increase in capability is also
taking place, as exemplified by GE's Federation of Functional Processors (FFP)

and the Goddard Massively Parallel Processor (MPP) concept,

A number of technology advances are tal .g place in this area, In micro-
circuits, for example, chip size is increasing, cost is decreasing, and speed
is increasing with no leveling oft of these phenomena projected for the

ncar term,

Multifunction chips which both remotely sense and process data are being
developed, Current work is being done on a concept of imaging on a charge
injection device focal plane, taking the Hadamard transform of the image on

the same chip and reading the transform out in parallel from the sense/process
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chip, Another example of the use of multifunction chips is the insertion

of logic into memory to allow ror faster accessing of data,

Research is now being conducted to investigate the values of epitaxially
depositing lithium niobate onto Silicon in order to be able to pearform

acoustical, optical, and electronic processing, all on the same chip,

Finally, the use of Gallium Arsenide to replace Silicon in LSI technology
holds promise, The potential here is for infrared sens.ng and more rapid

processing (than Silicon) on one chip.

A number of concepts for large storage and management of data are also being
investigated, A viable solution for a Data Base Management System is the
design of a b ;hly parallel and pipeline orierted computer - a data base
machine, By _ corporating basic data base management functions (retrieve,
ingert, delete) into hardware, not only can more reliable basic functions be
provided but software reliability will also be improved since the S/W
requirements will be less complex and the system S/W will be smaller in size,
Conventional von Neuman type computers are not designed for data base
menagement, They speud much of the time interpreting data base management

calls instead of executing them,

Device technology advances primarily in the following areas will increase
the data transfer rate: processors, semiconductor random access memory and
all electronic bulk memories, The cost-to-performance ratio of central
processing units will decline rapidly over the next ten years, It is safe

to assume all electronic systems will replace fixed head disks in the 1980's,

Presently, electron beam accessed memories are only feasible in large sizes
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and they could provide capacities of 107-108 bytes and block access time

of 5 psec. Mostek has a 65 K bit RAM with an approximate 150 nsec access
time and a projected 50 nsec by the 1980's, Semiconductor researchers have
applied the Josephson junction to memory. IBM has demonstrated a 16 K bi-
RAM with 15 nsec accece< time, However, this operation is only achieved

at cryogenic temperatures,

Moving head disks will probably continue to be the mainstay of data base
bulk storage. Dcnsity improvements should allow at least 109 bytes per
drive in the '80's, Very large, on-line archival systems should also be

12
available with capacities exceeding 10  bytes.

Another attractive concept is to separate the structural information ot the
data base (e.g., indices) from the data base itself to minimize the number
of accesses to the data base, The amount of mapping information such as
pointers in the storage device should be made as small as possible,
clustering the contents of the data base, such that data likely to be

simultaneously accessed will be placed physically close together,

Since mapping information would be accessed frequently to process queries,
this information should be kept in a fast, functionally specialized
"structure memory,'" {for our application, 1013 bits). A data base computer
conceptualized by Hsiao (1) contains specialized components for the storage
of directory information, for the processing of dire-tory information, for

the storage of the data base and for security enforcement,

Presented in Figure 5-10 is Hsiso's concept of a data base machine (ref, 6-4),

A typical geographic-based information management system data set is presented
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in Figure 5-11, Finally, the hierarchical nature of the structure of

such a data set is illustrated in Figure 5~12,

Although the concept of optical processing onboard a spacecraft appears
remote at the present time, one could envision it eventually taking place

due to the tremendous potential for parallelism, inherent in the process,

5.2 FUTURE TECHNOLOCY TRADE STUDIES

Early in the PLACE Studv, it was decided that some of the exploratory
technology forecasting efforts would be aimed at an area identified as
future trade studies. Their purpose was to break away from 'conventional"
habits of thought, acquired over years of designing weight/volume limited

spacecraft to be launched by expendable boosters,

To illustrate, when a spacecraft designer begins a '"new" design in 1978,
he has many 'givens," The new spacecraft will collect power with silicon
solar cells, store it in nickel-cadmium vatteries, have an acvtitude control
eystem using four momentum wheels (three if the mission is short und weight
is very tight), etc, Things were always so, and things will continue this
way, unless:

- we think of a better way, and

- the new way is a dramatic imprcvement,

The first point should be obvious, but the second is not, Unlikely as it
sounds, cuter space is now ultraconservative, Spacecraft customers, quite
properly, want to buy what they know will work, There is serious d.ubt
chat one could ever sell to anyone, a spacecraft containing a subsystem

whose principal claim to fame was that it cost half as much as the oid way,
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provided (1) there was a flight proven alternative way to do the function,

and (2) the subsystem function was esseatial to mission success,

An expensive subsystem which could reduce cost by an order of magnitude,

possibly could be sold, preferably if it has had a flight test first,

In order to break new ground in thinking about satellite design, it seems
important that the focus be far enough into the future that change from
present practice seems assured, Hence, the effort was to "t...ak 1992,"
which is 15 years away. Then we can 3o back 15 years in the space business

for a mental comparison,

The basic ;resumption of this effort was that economics will dominate future
decisions, i.e., the lowest price for an equivalent solution will prevail,
provided that the price is truly lowest and the functions really equivalent,
However, no cost/benefit ratio study could predict the magnitude of CB radio
sa_2s, or the instant popularity of pocket calculators, as soon as the
technology permitted. Hence, the {uture trade study effort cried to recognize
any special restraints or forcing functions outside of technology, that

seemed likely to affect the course of future developments, Finally, a basic
economic premise for future trade study analysis was cthat costs should .e
compased in mission orbit, i.e., inciuding apace transportation costs, bot..

surface-to orbit, and orbit-to-orbit,

5.,2,1 FUTURE SPACE TRANSPORTATION
In the past, launch costs and the envelope limitations imposed by payload
fairings have been crucial design considerationt, often dominating all others,

even to the po'nt of compromising reliability by limiting design margins

»
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(or redundancy) or by imposing complex deployments, In the Shuttle/PIACE
era - 1985 and beyond - both weight and volume counstraints will become much

less important, In orde- to define some cost/mass rativs for PLACE systems,

transportation to mission orbit was addressed,

Before projecting into the future, consider the present STS costs, The

non- JOD govermmsmt use cost for S1S, fixed for three fiscal years, will be
abcu. $18 milliion 1975 dollars (Ref. 6-18), It will deliver 29,500 Kg to
LED uc 28.5° inclination, or 18,000 Kg to low sun-synchronmous orbit, Thus,
on a dedicated basis, the .980-83 cost is $610 per Kg to low inclinatiom, or
$1,000/Kg to sun-synchronous, in 1975 dollars, However, for less than a
full load, 1337% of these prices will apply, to allow for a 75% load factor,
Hence, most payloads will pay $814, or $1,333 per Kg.

The first question is, "What cost can be expected in the last half of the
decade?" There are numerous suggestions to convert the boosters to winged
flyback, or hydrocarbon engines, or Loth (Ref, 6-10,11), It does not appear
at all likely that NASA will invest the necessary billion dollars or so to
develop these options unless the traffic is substantially greater than planned,
However, if the planned traffic develops, there are two mechanisms for émt

improvement: payload growth and cost learning.

Table 5-5 shows a simple breakdown of STS cost elements (Ref, 6-11),
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Table 5-5, Shuttle Operating Costs

Per Cent $ Based on $18M Cost

Orbiter 15 $ 2,70 M
Solid Rocket Booster 40 7.20 M
External Tank 23 4, M
Facilities 22 3,96 M

| $18.00 M

In each cost area there are activities where, historically, cost learning
occurs, In the orbiter area there is both maintenarce and launch preparation;
in the booster there is propellant manufacture, recovery operations, and
refurbishment, The external tank is a big airframe production line, and
facilities operations are good candidates for learning, After considering
all the combinations of learning curves and fractions of the cost subject to
learning, it turns out that either a 987 learning curve on all costs, or

a 957 learning curve for half the costs, gives the expectation that the per
flight cost should be down to about $15 million per flight (1975 dollars) in

the second half of the 1980's,

There is bound to be some growth in the orbiter payload capability with time,
Every booster and airplane experiences this, In addition, there is already
some margin in the system design which may not be used in the development
phase, It seems reasonable to project about a 20% growth by the second half
of the deczde, This would allow for a payload of about 35,000 Kg (35 Mg) for

low inclination, or 21,600 Kg for sun-synchronous orbits,

94

PR,

e - -y PR .
e [ Attrees

bt - e
v
e ck

!

.-
[

ety
—
. N

-y
x
—d




s e reltg o .

@ i < e oA

———

The combination of these factors leads to a '"what is likely" cost of $571

and $926 per Kg (75% load factor) in the mid-to-late '80's, given adequate

traffic, These results are summarized in Table 5-6,

Table 5-6, Launch Cost Comparison (75% load Factor)

Inclination Present Late 1980°'s
28,5° $814/%g $571/Kg
90° $1333/Kg $926/Xg

The cost to achieve geosynchronous earth orbit (GEO) is now an order of
magnitude more than for low earth orbit (IEO). There are at present two
upper stage designs being pursued to take spacecraft from LEO to GEO, The
first is the Spinning Solid Upper Stage (SSUS). This design is intended to
place a spacecraft containing its own apogee kick motor (AKM) into a transfer
orbit, starting from the STS orbit, This design is being developed in two
sizes, one suitable for Delta-class payloads (SSUS-D) and the other for
Atlas-Centaur (SSUS-A) class payloads, The second design is the Interim
Upper State (IUS), which is being developed by the USAF, It is a 3-axis
stabiliced design and provides all of the functions needed to move any pay-

load  from STS orbit to GEO,

The price and performance has not been announced for any of these designs
yet, (circa mid-1978) but enough is known to provide some informed speculation
on GEO costs, Since the upper stage cost data is so sketchy it is considered

to be the same for both early and late 1980's, Table 5-7 shows the projected
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costs, It must be noted that the cost per Kg in this table is constructed
by allocating an STS cost based upon the number of upper stages that orbiter

can provide,

Table 5-7, Expected GEO Transportation Cost

1tem Early 1980's Late 1980°'s

STS Launch Cost $18, M $15 M

Us No./Launch 2 2 ?
Useful Payload-Kg 2250 2400 ’
Cost=-each $15 M $15 M .
$ per Kg $10,667 $9375 i

SSUS~A No./Launch 2 3
Useful Payload-Kg 1100 1300
Cost-Each $§SM $S5SM o
$ per Kg $12,727 $7692

SSus-D No,/Launch 4 5 ‘,
Useful Payload-Kg 550 700 :
Cost-each $3 M $3I M
$ per Kg $13,636 $8571

In considering what new transportation system elements might become available

in the late 1980's and in the 1990's, three principal data sources were con-

sulted, These were the technology forecasts done in the NASA "Qutlook for

Space" study (Ref, 5-16), the NASA/AIAA symposium on space industrialization {
(Refs, 5-11, 14, 15, 21), and the Boeing study on Solar Power Satellites

(Ref, 5-17). 1

The first topic to consider is what can be done to reduce the very high cost ; {
of getting spacecraft to geosynchronous orbit, NASA did have plans to develop

a cryogenic space tug to perform this function. It would have taken one STS Le
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to LEO orbit to launch and return it, ready for re-use, It was projected

to have the capability to take 1090 Kg round trip to GEO, or 3600 Kg up

only, or other combinations of up and cown, It required very high technology
to achieve this performance, so it would cost a few billion dollars to develop,
Neglecting operating or amortization costs, it could reduce GEQO transpor-
tation to $15 M/3600 Kg or $4,167 per Kg. Since this is only a factor of

two better than the expendable systems, it does not seem likely that NASA

will fund this concept at least until there is a firm need for returning

things, such as men, from GEO,

A more promising candidate is the aeromaneuvering tug (Ref, 5-21), This
vehicle uses upper atmosphere braking on the return leg to minimize pro-
pellant consumption., Its delivery capability is projected to be nearly
507 greater than tug (which implies delivery costs of about $2900 per Kg),
while the round trip capability is expected to be 2,6 times that of tug

(or 2850 Kg), Since the needed technology is easier, and the design
sensitivities to component performance are reduced, it will be cheaper than
tug to develop, Still, it will probably cost a billion or two, and NASA is
not expected to spend that in the near future, This appears to be a good
candidate for manned operations in GEO in the early 1990's, but it was not

forecast as a cargo carrier in this century,

There is a third candidate for the LEO-GEO mission, This is the Solar
Electric Propulsion Stage (SEPS). A year ago the SEPS study by Boeing did
not project any capability for SEPS to do a LEO-GEQO mission (without an
awkward mid-orbit transfer from IUS) because of Van Allen belt radiation

damage (Ref, 5-23), Recent results from the Boeing Solar Power Satellite
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(SPS) study have shown (Ref, =17, 22) (a) that annealing of silicon solar
cells can bs done to remove most of the radiation damage; (b) that Ga As
cells are much more radiation resistant and may be usable in SEPS; and (c)

that thin-film silicon cells are more radiation resistant,

These results lead to the possibility of a very attractive LEO-GEO tranafer
system, Since it is also useful in several 1EO missions as well, it is

seen as "what is likely" that SEPS will be developed, Once this is done,

it is a small step to outfit it with radiation resiatant solar cells and

use it in 1EO-GEO mode, Boeing has not made any calculations about trip

time LEO-GE0 for an unassisted SEPS, since they only quite recently considered
that possibility, However, some calculations about transporting SPS modules
from LEO-GEO using the power it provides, give enough data to assure that
there is an attractive system here (Ref 6-17), A 50 Kw SEPS, which is now
being planned, would have a thrust of about 2 Newtons, A self powered solar
cell SPS module with a thrust to mass ratio of 5 x 10> can go from IEO to
GEO in 200 days (Ref, 5~17), On this basis, a 2 Newton SEPS can take 4180

Kg from LEO to GEO in the same time, Of this, 2000 to 2500 Kg would be useful

~sayload,

A SEPS is functionally much simpler than a $10M comsat of 1977 vintage, so
the unit cost should be less, It does have much more array, but even at $10
a watt (believed to be high for 1985), 50 Kw is only $0,5 M. STS trans-
portation to LEO is below $1,0M, so a $10M unit cost in ILEO seems reasonable,
Based on that, 2500 Kg payload, and amortization over seven years with seven
per cent money, the "likely to be' cost is $1200 per Kg delivered to GEO,
Note that nearly half of that is the IFO delivery cost, Table 5-8 shows the

variance around this value for different payloads and payback periods,
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Table 5-8, SEPS to GEO Transportstion Cost
(Late 1980's)

PAYBACK PERIOD

5 YRS 7 YRS 10 YRS

Annual Chargel $2.44 M $1.85 M $1.42 M
(7% Interest)
Cost per Trip> $2.3 M $1,55 M $1,19 M
STS Charge3

2000 Kg payload $1,428 M $1,428 M $1,428 M

2500 Kg payload $1,142 M $1.142 M $1,142 M
Cost per Kg

2000 Kg $1385 M $1191 $1047

2500 Kg $1586 $1346 $1161

1) For $10 M SEPS
2) 200 days up, 100 days down, 1.2 trips per year (believed very conservative)

3) $571 per Kg

In considering the transportation costs to LEO in the 1990's, it turns out
that the two central issues are the amount of traffic to be carried and whether
the non-recurring cost is to be recovered as payload charges, or whether the

government will make another ten billion dollar investment to '"open up space.'

At the Space Industrialization Symposium referred to earlier, several single
stage=-to-orbit (SSTO) concepts were presented, They were all Shuttle-class

(30 Mg) payloads, and the gross liftoff weight was also comparabie to Shuttle
or leas, It was the consensus that such a vehicle could be built by 1990 for
something less than $10 billion, The technology forecast of '"Outlook for
Space" showed several projections of a two stage vehicle. Finally, the Boeing
SPS Study showed two fully reusable designs capable of 380 Mg payloads, both
for less development cost than $10 billion, Evidently size is not a major
factor in development costs for new boosters, Assuming that investment payback
is required, Table 5-9 shows the effect of best and worst case amortization and

effect of traffic,
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Table 5-9, Transportation Amortization Cost -
$10 Billion Program

35,000 Kg Single Stage to Orbit Design

Term 10 Yrs 15 Yrs

Interest 7% 6%

100 flight/yr $407 /Kg $294/Kg

200 flight/yr 203/Kg 147/Kg

365 flights/yr 111/Kg 80.6/Kg
180,000 Kg Two Stage Design

100 flights/yr $79/Kg $57/Kg

200 flights/yr 40/Kg 28/Kg

365 flights/yr 22/Kg 16/Kg
380,000 Kg Reusable (SPS Case)

1875 flights/yr $ 2/Kg $1,44/Kg

3125 flights/yr 1.20/Kg 0.87/Kg

Based upon this look at investment, it is apparent that a new SSTO design

will not be attractive in comparison with an uprated Shuttle until the traffic

is well over 200 Shuttle flights per year,

That is, for one tenth of this

investment ( ~# $1 billion) a flyback booster can be developed in the 1990's

that would cut the Shuttle per flight cost to about $12 million., By using

more composites, lighter avionics, etc., the Shuttle payload can go up to

50 Mg, so the cost per Kg to LEO would be $240 operations for a full orbiter,

plus investment recovery,

constrained,)

(Note that at 50 Mg, Shuttle is definitely volume

Most projections of operations costs circa 1990-2000 are in the $50-100 per Kg

range (e,g., Ref, 5-16), This seems extremely high for a fully reusable system,

Consider the airline analogy. This assumes that one can learn to run a spaceline
as efficiently as one can now run an airline, At present fuel is between 35~ [

i
407 of total direct aircraft operating costs over the range of aircraft from ‘

DC=9 to 747 (Refs, 5-25, 26), Based on this analogy, one might expect total j
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operating costs for a spaceline to be three times propellant costs, to be
slightly conservative., If maintenance costs are much higher for a space
vehicle, the maintenance factor can be quadrupled and space operations are

projected to cost six times the p:opellant cost,

In the references surveyed, the mass of propellant per kilogram of payload
ranged from below 30 Kg to over 50 Kg (e.g8., some SSTO's had less propellant
per Kg than two stage designs, etc.). Based on that survey, a value of 50 Kg

per payload Kg looks fairly conservative,

A 1974 article in Astronautics and Aeronautics considered the price and

availability of large quantities of liquid hydrogen (for aircraft) in the
1990's (Ref, 3). That article projected costs of $0,29 per Kg of liquid
hydrogen (IH) made from coal, or $0.55 per Kg for LH from electrolysis of water
using nuclear energy rates, Since in the later case oxygen is derived
essentially free, as a byproduct, costs were based on the electrolysis method,
If a mixed mode system is selected using kerosene/oxygen as the boost pro-
pellants, kerosene costs of $0,375 per gallon ($0.11 per Kg) must be included.
Using free oxygen, $,55/Kg hydrogen and $.11/Kg kerosene, and assuming a

50 Kg/Kg load factor, the total propellant cost is $2,22 per Kg of payload,
Thus we might project mature spaceline operations to cost between $6,65 per

Kg and $13,30 per Kg of payload.

As another data point, consider the Boeing SPS study. Although it contemplates
two or thres thousands of flights per year of a reusable vehicle, there are

no evideat economies of scale that suggest that the operations cost cannot be
scaled down by an order of magnitude with little effect, (Note that this

sys’em is oparating to 477.5 km altitude at 31° inclination, a somavhat more
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demanding orbit than STS), Table 5-10 gives a summary of the Boeing cost
study results and provides a hint of the detail to which the atudy was
pursued. The total cost projecticn comes to about $20 per Kg, but adjust-

ments must be made to the numbers before they can be used for a more modest

program of a few hundred flights per year,

First, note that this $20 per Kg provides not only for running the spaceline,
but for buying it; e.g., the production, spares, and tooling items provide
for the acquisition of 626 airframes and some 15,400 engines over the 14 year
life of the program, These items amount to about 45% of the $20 per Kg,
leaving $11,22 or $10,86 per Kg for operations, depending on recovery mode,
Of this $10 balance, nearly half is propellant cost, The Boeing propellant
costs appear to be hign by a factor of about four, They used $0.095 per Kg
for oxygen, $0,214 per Kg for RP-1 and $2,623 per Kg for liquid hydrogen, If
we use the prices quoted earlier, the propellant cost for winged recovery
would go from $5.28 to $1,21., This leaves $5.94 for ground operations,

direct and indirect manpower and program support,

The head count in the Boeing study is very high, as they freely acknowledge.
They estimate a force of 1436,000 people working to turn around 36 vehicles
at any given time, This is 2 count of 4100 people per vehicle, while United
Airlines has a total head count per vehicle (including flight attendants,

counter personnel, etc,) of 125, of which 22 are in maintenance.

Even 1f spaceline is allowed one order of magnitude more people per vehicle,
the manpower costs have been inflated by a factor of 3,28, e.g., $4.46 per
Kg should be only $1,36, Now, for a 40U Mg class booster there are three

operating cost olements:
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Ground operations $1.48 per Kg (36.5%)
Propellant $1,12 per Kg (29.9%)
Manpower $1,36 per Kg (33.6%)

The ground operations and manpower per flight are roughly independent of
launch vehicle size, so to go to smaller launch vehicles, the cost per Kg
will increase; e,g., for a 100 Mg size the costs per Kg would be $5,92,

$1,21, and $5.49 respectively, for a total of $12,57. This is ten times

the propellant cost, vs, two and half for airlines,

The key question is whether there will be enough demand for space trans-
portation in the 1990's to induce anyone to spend $10 billion dollars to
develop and deploy a new, fully reusable earth-1E0 transportation system,
It is possible that there will be enough world-wide demand for such things
as picture phone conferencing, direct TV broadcasting, space manufactured
products, pocket telephones, free-fall laboratories, fire alarm satellites,
ozone replenishment, etc, to make such a system attractive, Further, the
export of satellites, delivered in orbit, i{s likely to be as important to
the U,S, economy and balance of payments in the 1990's as the export of

commercial jets was during the 1960's,

In sumnary, the 'what is likely" forecast is for a new and reusable trans-
portation system having operating costs in the mid-90's of $10 to $20 per
Kg, and with amortization costs of $50 to $100 per Kg., Based upon that, the
array size on SEPS is doubled (keeping weight and costs the same via solar
cell progress) and the "what is likely" cost to G%0 falls from $1200 per Kg

to $250 per Kg if amortization is not charged, or $300-$350 per Kg if it is.
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5.2.2 TDRSS 1II

In order to approximate the communications requirements of post 1990 PIACE
systems, it is necessary to make several assumptions about the performance
of r~ second generation TDRSS. This section will make such assumptions for

a "baseline" case,

The most basic need is for a higher data rate, i.e., morc bandwidth. The
present TDRSS is limited to a TDRSS-ground link between 13.4 Gz and 14,05
GHz, After this spectrum 1; allocated to the several services involved,

225 MHz bandwidth is available for high data rate service, By using quadra-
phase modulation, a 300 M bps data rate is packed into this spectrum, It
seems unreasonable to expect to ger close to a gigabit per second into the
present frequency allocation unless multiple access and S-Band single access
services are completely eliminated, which is not consiiered reasonable,
Consequently, a new (higher) frequency band will be considered, The only
plausible band (based on the 1975 Office of Telecommunications frequency
allocation plan) would be (space to earth) between 17.7 GHz and 21,2 GHz, which
is 3,5 GHz wide, or more than five times the present TDRSS allocation,
Within this band, still assuming several types of service, a 1 Gbps or more
link should be possible, Note that there is no other spectrum presently
allocated that is nearly as wide until over 100 GHz, where a 3 GHz slot is
open (102-105 GHz), For purposes of this analysie, it will be assumed that
to use the 102 GHz band would require technology enhancement, so the 18 GHz

band will be postulated,

Assuming a frequency plan not grossly different from TDRSS, the space-to-
space PLACE user to advanced TDRSS will be jist slightly lower than the
space-to-earth link, For purposes of Jink guasstimates, a 17 GHz return

link will be assumed,
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For present purposes, it will be ass med that the principal improvements
that are reasonable to expect for a foilow-on TDRSS would be a larger user-
to-TDRSS antenna, with pointing improvad so that the pointing loss would
remain the same, and a lower noise temperature receiver., All other locses
will be assumed to be *he same, The effec~ of these assumptions is shown
in the column "TDRSS II in Tables 5 -11, 12 and 13 for MA, SSA and KSA
services (Ref, 5-47), Footnotes to these sheets explain the detailed

assumptions,

This improvement in TDRSS II capability implies that a user satellitg wishing
to return 1 Gbps to earth via TDRS II would need to have EIRP of 59.2 dB

at the return link frequency of 17.7 GHz, This could be accomplished by a

40 W transmitter on the vser (PLACE) system with a one meter antenna and an

antenna pointing error of about 10 arc seconds,

If still higher data rates are required by PLACE systems, then spacecratt-
to-spacecraft laser links can probably provide up to 3 Gbps in the post 1990
era, Return of this data to the ground could be a problem, Hnwever, if

the frequency slot bztweea 102-105 GHz were dedicated to high data rate

service (i.e., no MA or SSA service), this returr could probably be accomplished
under most weather conditions, New facilitizs would be required for such a

service,

A cupability for onboard storage and bandwidth reduction processing is also
assumed, This will allow for callup and retrieval of sampled data from the
TDRSS as an alternative to ground storage, Estimates of the data storage

and corputational pcwer available on board will be discussed as technology

forecasts in Section 7.
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Table 5-11. MA Return Link Budget - User to TDRS
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BER 10”8 TDRSS 1I
User EIRP (dBW) EIRP ;‘;;Z
Space Loss (dB) -192.2 -192,2
Polarization Loss (dB) 0.0 0.0

TDRS Antcuna Gatn (dB)°* 29,6 29.6
Antenna Pointing Loss* (dB) -1.3 -1.3

Pg at Output of Antenna (dBW) -163.9 + EIRP | -163,9

dEIRP.

Tg (Antenna Cutput Terminals) ¢ K) 615 300

Ty (Due to Direct Other User Interference) ¢ K) 295 295

K (Tg + Ty (dBW/Hz) -199.0 -200,8
PS/K (Tg + Ty (dB) (Hz) 35,1 + EIRP 36,94EIRP
Spurious and IM Degradation (dB) -0.5 -0.5
Tandem Link Loss (dB) -0.2 -0,2
Ps/(No + X) 34.4 + EIRP 36.24EIRP
Antenna Beam Forming Loss (dB) -0.5 -0,5

Link Margin (dB) -2,3 -2.3
Required Ey/'N, (dB-Hz) APSK -12,.4 -12.4
Achievable Data Rate (dB) 19.2 + EIRP 21,04EIRP
FEC Gain, R =1/2, K - 7 (dB) 5.2 5.2
Achievable Data Rate (dB} 24.4 + EIRP 26 ,24EIRP
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Table 5-12,

SSA Return Link Budget - User to TDRS

- o———— e -

BER 10-9 TDRSS II
P 10-5
User EIRP EIR DG2 EIRII;GZ
- !
i Space Loss (dB) -192.2 -192,2
: Pointing Lo3s (dB) -0.7 -0.7
Polarization Loss (dB) -0.0 -0.0
' TDRS Antenna Gain (dB) 36.9 42,9
P_ at Ouiput of Antenna (dBW) ~156.0 + EIRP -150,0+
, s . DG2 | gme
é‘ 22pG2 |
T, (Antenna Cutput Terminals) (° K) 450 300
KT at Output of Antenna (dBW/Hz) -202.1* -203,8
Ps/KTs (dB-Hz) 46.1 + EIRPDGz giig'!'
Spurious and IM Degradation (dB) -1.0 -1.0062
Tandem Link Loss (dB) 0.5 -0.5
52,3+
Ps/(N+X) 44.6 + EmPDG2. Eikgncz
Link Margin (dB) -1, 9%* -1,9
Required Eb/No (dB-Hz) =11, 9%* -11,9
Achievable Data Rate (dB) 30.8 + EIRPpgo 38,7+
: EIRPpno
FEC Gain, R =1/2, K =7 (dB) 5.2 5.2
Achievable Data Rate (dB) 36.0 + EmPDGZ 43.7+
: EIRPpG2
:
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Table 5-13, KSA Return Link Budget - User to TDRS

10-5

BER 'rDRgs 11
10-
User EIRP (dB) EIRP
P ( DG2 EIRP.,
Space Loss (dB) -209.2 -210.3
Pointing Loss (dD) -0.2 -0,2
Polarization Loss (dB) -0.0 -0,0
TDRS Antenna Gain (d) 52.7 58.7
Pg at Output of Antenna (dBW) -156.7 + EIRPDGz -151,8+
' EIRPhgy
Ty (Antenna Cutput Terminals) € K) $79 350
KTg at Output of Antenna (dBWV/Hz) -201.0 -203,1
- Pg/KTg (dB-Hz) 44.3 + EIRPpq, 153}&3+
Spurious and IM Degradation (dB) -0.5 _o.gmz
Tandem Link Loss (dB) -1.0 -1,0
Ps/ (N+X) (dB) - 42.8 + EmPDGz g9.g+
Link Margin (dB) ~1.3% ELane? .
Required Ep/N, (dB-Hz) -12, 9** -12,9
hievable D dB 8.6 + EIRP .., *
Achievable Data Rate (dB) 2 EIR DG2 g{iﬂ
FEC Gain, R =1/2, K = 7 (dB) 5.2 5.2
Achievable Data Rate (dB)*** 33.8 + EIRPpgo* 40,8+
EIRPpG2
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5.2.3-A POWER SOURCE OPTIONS TRADE STUDY
The first step in considering future technology trades was to consider the
power source., For long life, free flying spacecraft, as contemplated for

most PLACE systems, only solar or nuclear energy sources are competitive,

Nuclear sources were corsidered, but not found to be attractive for any

PLACE mission that we could envision, First of all, reactors were not re-
garded as suitable for PLACE missions, Their use has been projected only

for very large power requirements, With 50 to 100 kilowatt (or more)

solar arrays now considered feasible, no requirements larger than possible
from solar arrays were foreseen, No space reactor is presently under develop-
ment, and no PIACE need for one could be visualized which would justify a

program of such a magnitude.

Secondly, with the PLACE emphasis on spacecraft economy, it does not appear
that isotope systems are applicable to PLACE systems, even though the economics
of future isotope systems is projected to be greatly improved for two reasons,
First, dynamic systems are under development which produce much more electrical
power from a given amount of isotope. Secondly, some DoE projections for

the cost of isotope fuel suggest that future prices may be significantly lower
than at present, Even with the most optimistic projections, however, isotope
costs are almost certain to remain far above future solar array costs, Hence,
isotope systems will not have an economic benefit, and appear to remain
limited to applications such as outer solar system exploration, lunar surface
applications (long night duty), or where environmental hardness is essential,
Sjace none of these conditions apply to PLACE missions, nuclear systems were

not considered further,
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Several choices need to be made in the utilization of solar energy. The
most basic is the form of conversion, These are several possibilities:
Photovoltaic, Thermoelectric, Thermionic, and Dynamic (Ranking, Brayton,

or Stirling). Of these possibilities, only photovoltaic conversion is
considered to have any significant potential for PLACE missions by the year

2000, All the other candidates have serious handicaps relative to solar cells,

Thermoelectric conversion requires a hot side temperature of many hundreds

of degrees C. A large area ratio solar concentrator of accurate figure

must be quite accurately pointed at the sun to achieve the necessary tem-
peratures, Even after this is done, the thermal to electric conveision
efficiency is quite low; well below ten per cent, Then sizable radiators

are needed to reject the large amounts of heat not converted into electricity.
This combination of disadvantages appears to put solar thermoelectric space
systems permanently out of the competitive range unless some breakthrough in
technology not now in sight occurs, or some very specialized mission require-

ment offsets these major problems,

Solar thermionic systems are in only a slightly better competitive position,
Very high concentration ratios (with very accurate solar pointing) are needed
to achieve temperatures of a couple of thousands degree- celsius, Heat is
rejected at rather higher temperatures, so the radiators are small, Con-
version efficiency is potentially quite good, but the technology for building
thermionic converters of high efficiency and long life in quantities at low
cost is far from demonstrated, There is no apparent system advantage to

PIACE to justify development of solar thermonic technology.

Solar dynamic systems seem to be the nearest competitor to the solar array,

Early in the space program, when solar cell efficiencies were in the ten
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per cent region and costs high, solar dynamic systems with potential
efficiencies of perhaps 307% looked attractive by comparison, and deveiopment
efforts were started on kilowatt size units, As solar array sizes and
efficiencies increased, and cost and mass decreased, and as the inevitable
development pains of solar dynamic systems occurred, the kilowatt class
solar dynamic systems lost their competitive advantage and the development

program was discontinued,

For very large’éower systems of the future, specifically the Solar Power
Satellite (SPS), solar dynamic systems have been re-examined, Multi-megawatt
turbogenerators are a rrequent item of commerce, whereas the largest solar
array ever flown is only a few kilowatts. So in that sense, solar dynamic
conversion is a more proven technology for large sizes than solar arrays,
However, the huge solar concentrators for megawatt systems have never been
built in space either, For SPS size sub-units, radiator size and mass con-
siderations limited solar dynamic conversion efficiency to about 25%, only
slightly better than projected solar cells. All things considered, the
Boeing study team {KRef, 5-17) selected solar arrays in lieu of solar dynamic

systems as the currently preferred power generation means for SPS,

Solar dynamic systems could readily be developeu for a few kilowatts, based
on the rotating machinery developed by the Department of Energy (DoE) for
their isotope programs, However, the long life, unattended operation of light
speed rotating machinery remains an unanswered question., Overall, no basis
could be found to include solar dynamic power systems in the list of tech-

nologies needed for PLACE,

The remaining questions for solar cells are whether they should be used in a

cantral or distributed manner, and whetha: {t would be more economical to
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use more (increasingly cheap) cells to eliminate expensive orientation
mechanisms, As the next sectioun shows, an oriented concentrating array was
found to be very attractive for small satellites, while an unoriented dis-

tributed array was preferred for a very large system (Ferris Wheel),

5.2,3 SOILAR ARRAY TRADE STUDY

A key consideration for solar arrays for earth orbit missions is how light
weight and low cost should be traded to minimize system cost, The following
reasoning is suggested, If the transportation cost to mission orbit is
$1000 per kilogram, and the array specific power is 25 watts per kilogram
(representative of current state of the art for rigid panels), then a one
kilowatt array would weigh 40 kilograms, and the associated transportation
cost wor.ld be $40K, Improving the array specific power to 100 watts per
kilogram would reduce array weight and transportation cost to 10 kg and
$10K respectively, the saving of $30K in transportation cost - equal to

$30 per watt - is the even trade value of lighter weight, In other words,
with array costs at the present level of several hundred dollars per watt, a
ten per cent reduction in array cost is about equivalent to a four to one
weight reduction, If future array costs are less, weight decreases will be
of relatively greater value, However, as future transportation costs are
reduced, weight savings will be corraspondingly of less value, The weight
cost trade is presented in Table 5-14 for various orbits, transportation
costs, cell costs and cell performances, Future tranaportaticr :osts were

discussed in Section 5.2,1,

Sinca weight and power are the basic parameters in most subasystem trade
studies, the cost and mass of power subsystems was the second topic to be

investigated in the area of future trades,
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Table 5-14, Cost/Mass Trades in Space Shuttle Era

wou FUTURE ‘CHOICE
ARRAY POMER
€OST STARDARD ™~
PER : STD ™IN oR THIN
KILOWATT CELL CELL CONCENTIATING PLANAR
COSTN 300 1000 50 25 300
w/xe 5 200 2 50 300
ARRAY 300 K 1000 X 50 K 25 x 300 K
LEO TRANSP, WK 5K 40 X 20 ¥ 1K
$1000/K6 TOTAL WOX 1005 X 90 K S K 303 K
| o ARRAY 300 x 1000 X 50 X TR 300 ¥
$5000/%G TRANSP, 200 K 2 200 X 100 K_ 17.%
TOTAL 500 K 1025 K 250 K 125X N7 K

ORIGINAL PAGE I
OF POOR QUALITY

The solar array trade study showed that by using a concentration ratio of
about a hundred to one (on Ga As cells), we can reduce solar array panel
costs by more than an order of magnitude compared to today, while reducing
weight for a rigid panel by a factor of about four, This result was implicit
in a study of Space station-solar array system started by GE for Grumman, but
not carried to completion, The hundred to one reduction in cells was duly
noted, but the configuration development stopped with a circular concentrator
nested in a maze of framing, The central result that makes such an advanced
array possible was the thermal analysis, This showed that a temperature of
125°C was consistent with 100:1 concentration ('century class") and a modest
amount of aluminum cooling fins; specifically, six square inches of 0,020 inch
aluminum (39 cm2 x 0,5 mm), Simple checks of this calculation support the

general conclusion,
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The remaining step is to combine the elements of concentrator, cell and fin

into a more elegant combination to -educe space, weight and cost, The

evolution of these elements into a basic concentrator module is shown in

Figure 5-13, The first transition is to go from the deep parabolic concentrator
(F/0 - 0.5 shown) at the lower right of Figure 5-13 to the Fresnel reflector

at the upper right, The second transition is to go from a circular shape,

which packs poorly, to a hexagonal shape, which packs well, The third trans~

ition is to add the solar cell, fins, and structure as shown at the lower left,

In this module configuration, the concentrator could be pressed into plastic,
like pressing a record, but a better approach is believed to be a molded
engineering foamed plastic, On the reflecting surface, aluminum or silver is
deposited, Since the %/ of bare metal could be poor enough to overheat

the plastic, a thin fiim of transparent plastic is deposited on top of the
metal to get better emissivity, Six aluminum arms of a spider serve both as
radiators and structural support. & ronical ~up at the center supports the
solar cell and its cover glass and conducts the heat from the cell to the
radiator fins., A plug of insulation fills the cup to eliminate insulation on

the back of the solar cell,

The configuration does not show as many concentric grooves as would be de-

sirable in an actual concentrator; more grooves would lead to less shading

by the adjoining ridges. A solar array panel is formed by joining numerous

modules. The sketch at the lower left of Figure 5-13 suggests a method of
spot-welding support fins on adjacent modules to form a truss structure,

Since the resulting structure is composed of triangular trusses, as seen in v’

Figure 5-14, it is thought to be stifs wnough for most applications.
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Figure 5-13,

FRESNEL REFLECTOR

Evolution of "Century'" Concentrator Module
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The same conceptual result is obtained if a transpa:cnt Fresnel refracting
lens is substituted for the reilector, The reflecior was conceived first,
and was prefer:ed for more detailed analysis becsuse ::{ uncertainty about
the possible UV carkening of plastic Fresnel rofrys-tors over a period of

years in spacc. This mirror/lens trade is an area wneve additional study is

recomnended,

It 18 clear at this point that a reasonabic ronfiguration for century class
concentration ratios cen be devised, The principal drawback of such an array
is that it must be pointed to the sun more accurately than a flat panel,

Only cursory attention has been given to this requirement, since it is clear
that the requirement is on the order of a degree, and hence readily do-able
without difficulty, At present, in kilowatt class arrays, the panels cost
much more than the solar array drive and s3lip rings to provide 360° motion.

Achieving one degree precision in this axis will add little or nothing to the

cost of that drive,

The other question is the second sun pointing axis, Most spacecraft fly with
array rotational axis POP (perpendicular-to-orbit plane), Either this must
be changed to sun normal orientation, or a second solar array drive added,
The latter is almost certain to be the choice. Fortunately, all this second
drive must do is to accommodate the seasonal variation in Beta angle, if any.
Consequently, slip rings are not needed, and a rather simple drive can be
provided, This drive should certainly cost much less thau the 360° type,

so the conclusion is that less cost is added than can he saved by going to a

high concentration ratio,
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A preliminary effort was made to estimate the weight and cost of such a
concentrator module, A 2 cm cell and CR 100 was sclected as baseline, The
results are shown in Table 5«15, Both the density anu thickness are itemized
so that the reasonableness of the mass estimate can be tested against other
judgments, The output of such a module, at 19 per cent cell efficiency, is
8.3W, or about 110 W/Kg., This is not as good a3 the 200 W/Kg blanket under

development, but is about four times better than the rigid panels now being

u3ed,
Table 5-15, Ccacentratcr Design Parameters
Element Thickness Density Mass Cost
g/cm: grame $
Solar Cell «15 mm 2.3 «110 $15,00
Cover Glass «75 mm 2,5 389 +50
Foam Insulation 15 mm 0,025 200 -
Al Support Cup (1) 1,2 mm 2,7 7.968 .88
Al Support Fins (1) . «7 mm 2,7 31,752
Concentrator
- IR Coating 8 um 1.2 .762 .05
- Silver 1l um 10,5 834 10,72
- F'Jam 15 nm 0. 0.025 12.938 1. I'L
- Skin W15 1 1.2 6.210
Wire
- Copper 30 gauge 8.94 .0003 .02
- Insulation 50u 1,2 20002
75,66 $28,29

(1) Radiator surface 168 cmzs Increase of 4,3 from design study for Grumman
uring 1 cm cell diameter, Fin is about 40% longer, so was made 407% thicker,

The price, which works out to be $3.,40 a watt, is very low compared to the
$500 a watt we now pay for space solar power, Fortunately, as can be seen

from Table 1, this cost can be off an order of magnitude on anytning but
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costs for call and silver, and not affect the total by fifty per cent. The
estimate of $15 for a solar cell was taken from an earlier study as the 1982
expectation for a gallium arsenide cell. As used here, this has been taken
to be the installed cost of one cell, for the late Shuttle era, The aluminum
stricture was taken ds $4 per pound for simple fabricated aluminum, Similar
molded structural foam plastic wasz taken as $15 per pound, which is probably

high,

The choice of silver reflector coating vs, aluminum is not obvious, Aluminum
would be lighter and much cheaper, However, it has poorer reflectivity,

about .83 vs. .95 for silver. Based on silver costing $20C per troy ounce
($6.50 per gram), the silver for coating a reflector (one micron thick) costs
$5.,36, This was doubled to cover the cost of application. If aluminum coating
costs $1,00, nearly ali for application, and transportation to orbit costs
$1300 per kilogram (see Section 5.,2,1), then silver is slightly cheaper per.
watt in orbit, If transportation were slightly cheaper, aluminum would be
cheaper, As it is, the choice is so close, the decision will probably be

nade on initial investment, or radiation resistance, etc,

So far, we have not considered the cost of assembling the cells into an array,
Postulate a machine to align the module optical axis, and then spot weld

the fins together when the alignment 1s correct, Assume such a machine were
to cost $100K and assemble one module a minute, while being tended by one
operator earning $6 an hour, Then if the machine were amortized over ten
years with a ROI of 20% while being used two shifts a week, chen the cost

to assemble each module is 10¢ for machine time and 10¢ for operator time.

If any of the parameters are low by a factor vf teu, then the cost is low by
a dollar a module, If two of them are low by ten, the cost goes up a dollar

a watt,
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One other topic needs to be considered, If transportetion cost drives thc
trade from aluminum to silver for reflector coating, what about the 200 or
300 W/Kg blanket design? The earlier study cited also gave prices for thin
silicon solar cells expected for 1982, The prices were $7 for a 2 x 4 cm
cell six mils thick and $12 for a 2 x 2 cm cell two mils thick. Corres-
ponding efficiencies are 147 and 117, This amounts tc $45 and $200 per watt
for the six mil and two mil cell, At 200 W/Kg, transportation is still
$6.50 per watt, and at 300 W/Kg it is $4.33, Hence, without any study of
the cost of a complete array, it is clear that the concentrated array will
be cheaper than very thin silicon unless cell prices get below $1 per cell,

mounted,

There are several subsidiary advantages to hizh ratio concentrators, Since
the cell and its cover glass are such a small fraction of the total mass,
cover glass (and aluminum on the back) can be made thick to minimize radiation
damage, Also, the cost of a spacecraft become~ rather insensitive to its
power level since power is cheap and light, Finally, if Ga As anneals between
125°C and 150°c, as some data presently shows, the design is almost self-
annealing, By stopping the withdrawal of power from a module, the cell

temperature goes to 143°C on a fourth power basis,

There are a couple of disadvantages to thi: concept, compared to present de-
sign, One is that the panel is much more bulky than present flat panels,

This could be a large problem for current payloads that have to fit expendable
boosters, but should be less of a problem for Shuttle optimized PIACE systems,
Also, the solar cell design for a concentrated array will be different from

a flat array., Since fewer are needed, they might remain more expensive than
otherwise, Overall, however, a confident projection can be made that solar

array power will be much cheaper for PLACE systems,
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5.2,4 POWER STORAGE TRADE STUDY

This future trade study was directed at the subject of what will be the
optimal means of electric power storage in spacecraft ten to fifteen years
from now, The size of the spacecraft power supply was not explicitly de-
fined, but up to ten kilowatts load was the range in mind, Low, medium
and geosynchronous altitudes were considered in the trade, Three basic
storage techniques were considered in this trade study: advanced electro-

chemical batteries, fuel cells, and composite flywheels,

The major design parameters for low mass energy storage devices are the usable
energy density in watt hours per kilogram (which is the product oi uame plate
capacity times the usable depth of discharge DOD for specified conditions)

and the charge to discharge efficiency - usually expressed as a ratio of
charge energy input to discharge emergy output, or "C/D." The relative im-
portance of these parameters is a function of both the mission orbit and the
specific power density of the solar array, Table 5-16 shows the ralative
importance of these parameters for the three classes of orbits considered

for PLACE automated systems, This table shows that the C/D ratio is relatively
more important in LEO, and usable energy density ies relatively mo-e important
at GEO, This is fortunate, since the fewer battery cycles encountered in CEO
generally permits a higher DOD, which gives the greater energy density

desired,

Current generation spacecraft have the power storage function supplied by

Ni-Cd batteries, Nickel-hydrogen batteries of somewhat improved properties

are being developed, primarily by Hughes, for aerospace applications (Ref, 5-28),
Both couples can offer near-term prospects of significant improvement (e,.g.,

around 50 per cent) in cnergy storage density., However, neither of these
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batteries compare with the almost .rder of m.gnitude improvements that are
possible with more exotic cells now in advanced development for both utility
peaking and automotive type applications (Ref. 5-38). For utility peaking

the main design driver is cost per kilowatt - hour of storage. For automotive
applications, energy density (watt - hours per kilogram) also becomes a
major parameter , along with cost., Although the storage cells now being
developed are not optimized for space use, they have potential energy demsitie:z

ranging to over 300 w-hr per kg.

Onn of cthe highest energy density couples available is the sodium-sulphur
battery being developed at GE-CRD for utility peaking. The prospects for
space application of this technology were discussed with S,P, Mitoff of CR&D
in late August 1977. 1t was concluded that, although the cell in development
would not be suitable for space, there is no apparent reason ~ such as free
fall - which would make it basically .nsuited for space application. A new

design would be needed for space use.

At present CR&D is working with 16 A-hr cells, trying to establish performance
parameters, refine operating hardware, and reduce the cost of Beta alumina for
separators. They expect to have a 250 A-hr cell ready for a several megawatt

demonstration in the BEST facility by about 1981,

Bused upon this information, and the results of the literature search, it seems

entirely reasonable to conclude that some type of space battery of 200 to 300
hr per kg and depth of discharge of 50 percent or better should be available

by the late 1980's or early 1990's, The relative cost of such a battery is
totally speculative, but it is believed that they will not differ substantially

from today's prices for long life aerospucs secondary batteries, which is of the

close order of $300 per watt-hour,
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It is interesting to compare this independent projection with the results in the
"Outlook for Space'", Ref. 6-41. Under energy storage, "thermal cells'" are
projected Lo have energy densities of from 92-231 w~hr per kg in 1982 and 2000

respectively, at costs of $1200 to $300 per watt-hour.

The next candidate for PLACE era energy storage is fuel cells. It can readily

be shown (Ref. 5-39) that for large power storage applications in the early 1980's -
i.e. 100 kw power module - that H202 fuel cells are far superior in mass to any
secondary batteries likely to be then available for space application. For
application later in the 1980's, hydrogen-halogen fuel cells would be preferred,
both because of a lower charge to discharge ratio requirement and since & single
unit can serve as both electrolyzer and fuel cell, A hydrogen-chlorine system

is lighter than a hydrogen - oxygen system, and is generally competitive with

the advanced batteries described earlier. A summary of the data that supports

this conclusion is given in Table 5-17. Based upon some projections from DECP,

the storage costs might be slightly lower for a fuel cell system.

The final candidate considered for on-orbit energy storage was a flywheel-
alternator combination. Based upon the strength/density ratio of recent
composite materials, this possibility is attracting considerable interest.

(Ref., 5-38, 41, 42, 43, 44), Estimates of the pvussible energy demsity for
composite flywheel systems are in the general range of 150-200 w-hr per kg for
composite designs in the early conceptual stage. Although this storage density
is appreciably lower than that projected earlier for advanced batteries, this does
not immediately put flywheels out of contention. Well over 90 percent of the
energy stored in the wheel should be available (20-100 percent operating »eed
range; E-sz). For utility operation, depths of discharge for advanced batteries
up to 90 percent are being forecast, but for space application with many more

cycles and much higher charge/discharge rates it is at least questionable
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that such deep cycling will be possible. If depth of discharge for

is to be limited to 50 percent or 60 percent, the flywheel is competitive in

weight with batteries as shown in Table 5-17, since flywheels also have an
efficiency edge. The input to output energy ratio can be made 90 percent or greater,
while for batteries an 80 percent efficiency is about the best that can be

expected. Hence, it is too early in the development of either advanced bat-

teries or flywheels to call the contest on the basis of weight.

Thie major apparent advantage of flywheel systems compared to batteries is

lower cost per kilowatt - hour stored, especially in large sizes. For a 10

MW-hr utility unit, with a rotor diameter of some four meters, a mass of 90
metric tons, and a full charge speed of 3600 RPM, and with possible preventive
maintenance (Ref. 6-42), conventional bearing and rotating machinery technology
is adequate and available. For a space application of a unit a thousand

times smaller, higher rotational speeds and long life unattended reliability

will require more sophisticated technology, such as magnetic rotor suspension
which is still in the development stage. Consequently, space units will probably

enjoy little or no cost advantage relative to batteries or fuel cells,

There appears to be a major disadvantage to flywheels for space application.
Since the charge/discharge processvs for flywheels involve the conversion of
electrical energy into angular momentum (and vice-versa), flywheels must be

used in counter-rotating pairs in stabilized spacecraft, and the energy transfer
must be closely balanced. Consequently, a failure in either flywheel or the
control elements is a catastrophic single point failure resulting in the loss

of either attitude stability or power storage.
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This discussion leads to the expectation that the most likely power storage
element in PLACE era spacecraft (circa 1990) will be advanced (high temperature)
chemical batteries, with an energy storage density of 200-300 w-hr per Kg,
depths of discharge of 50-60 percent, and DC-DC efficiencies of 75-80 percent.
Values in this range will be used in the conceptual spacecraft design of PLACE
systems. However, fuel cells are closely competitive, and could become the
preferred system, They will definitely be considered if there are PLACE

systems with longer duration storage requirements., Flywheels, though weight
competitive, present such development and operational problems

that they do not seem likely to be used for space systems,

5.2,5 POWER DISTRIBUTION TRADE STUDY

In considering space power distribution options for future satellites, two
recurrent issues were address; AC vs DC distribution, and the selection of
distribution voltage. Two more detailed issues, the type of load fault protection
devices, and the use of central vs, distributed voltage regulation were not
treated, Both were considered to have adequate techmology, both now and for the
future, and the detail choice was not seen as having any mes-urable impact on

the PLACE Study objectives or systems design.

The concept of using AC for spacecraft power distribution has been advocated

for many years. JPL has used 100V, 2400 Hz power distribution on their planetary
spacecraft ever since Mariner 1969. Since the wave form used is almost a square
wave, this form of power can readily be transformed, rectified and filtered to
provide DC voltages of any desired level, The 2400 Hz can also readily be converted
into 400 Hz either single or three phase, for operaﬁing motors. This versatility

has been the major reason for advocating this form of power distribution,
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There are several countervailing arguments., Most space equipment has been
designed to operate from a 28 V DC supply, so this is a reasonable distribution
source. True, many components use DC-DC conversion to supply other internal
operating voltages. This was a major basis for advocating a 2400 Hz AC supply.
However, especially with the recent advanced in integrated circuits, DC-DC
conversion, at much higher frequencies, has become both lightweight and very
efficient. Since both transportation costs ( the importance of mass) and solar

array cost (the importance of high conversion efficiency) are projected to be

lower in the PLACE era, the argument for AC distribution has even less significance

in the future. Since almust all NASA programs are now standardized on 28 VDC,
we relied on the principies mentioned earlier to "don't change anything that

works well."

A slightly different argument must be considered concerning the distribution
voltage., 28 VDC is a holdover from the aircraft industry of many years ago,
when engine driven generators supplied only small amounts of power to operate
the radio and gyrocompass., Clearly, at some increased power level in the space
industry, a higher operating voltage will be needed to minimize conductor weight.
The coneclusion of our trade study was that for multi-kilowatt spacecraft in

the PLACE era, thc changeover point to a higher distribution voltage has not
been reached. Even for several kilowatts, distributed over a twenty meter

long vehicle, the power wiring is stiil only a fraction of a percent of the total
vehicle weight., It could be made even smaller by using aluminum wire, and/

or by accepting voltage losses greater than one percent. £o far, we have more
mass invested in connectors than we do in conductors, so arguments for a higher
voltage are not yet very persuasive for PLACE vehicles. The ‘¢ linching argument
was that the space shuttle, which had the opportunity to set new precedents, if

needed, continues to supply many kilowatts to a very large vehicle at 28 VDC,
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The change to high voltage distribution will come some day, but on a program that
uses a large block of power at a relatively high voltaze. A likely candidate is
SEPS, which uses perhaps 50 kilowatts, mostly at 600-1000V. The solar power
satellite (SPS) is expected to distribute its several gigawatts at the Klystron

Tube voltages needed; e.g. 30,000 VDC.

The only PLACE system that needed to use large blocks of power in a large structure
was the Ferris Wheel Radar. In this system conceptual design, the suggested power

system was a distributed solar array, which heatly avoided the distribution prehiem,

5.2.6 FUTURE TORQUER TRADE STUDY

The basis for this trade study was that the progress that could be expected to
occur in advanced thruster subsystems during the PLACE era warranted a complete
re-examination of the role of reaction wheels and jet thrusters for attitude
control and orbit attainment and maintenance. In particular, if ion thrusters
were to be used to raise spacecraft from Shuttle orbits to low sun-synchronous
orbits, then reaction wheels might be eliminated in favor of doing all attitude
control torquing with ion engines, using common tankage, solar array, and power
conditioning shared among all of the thrusters needed. It can easily be shown
that the propellant expenditure needed to remove cyclical torques (which is what
momentum wheels do) amounts to only a fraction of a kilogram per axis per year.
On this basis it might be very reasonable to substitute jets for wheels (each of
which weigh several kilograms). If ion engines were used for orbit raising, a
good case could be made for all jet systems, provided that no disturbance torques
were very large. However, as discussed earlier, it was found that for reasonable
estimates of timo value, it was substantially more cost effective to go from
shuttle orbit to low sun-synchronous orbit using on-board chemical (i.e. hydraziue)
propulsion. This means that there would already be an on-board propellant tank
and enough jet thruscers and control electronics to do orbit maneuvers, Hence,

130

B ey

[

,A._‘.‘

PO

&.«-u’ “wﬂ}




M

for a complete long life three axis control system, either ion engines or momentum

. wheels would need to be added.

; In the PLACE era, almost all data links will be via TDRSS, and most earth observation
satellites will use such a high data rate that steerable antennas will be needed

t to complete the data link through TDRSS. The reaction torque required to maintain
iJ satellite stability while these antennas seek to acquire a TDRS car easily be

.

provided by reaction wheels, but »re beyond the reasonable capability of ion

4

engine torque couples unless the thrusters are greatly oversized. Hence the

R R

conclusion is reached that for PLACE sun-synchronous systems, attitude control

a ~ torques will continue to be supplied by momentum wheels, as in present spacecraft.
Wheel unloading could be accomplished with chemical thrusters using the hydrazine

i supply already on-board, or by using magnétic torques interacting with the earth

field.

t

For very large structures, such as Microsat, ion thrusters might be needed to

overcome large secular torques resulting from gravity gradient torques. It is
not projected, however, that ion thrusters would play any role in the shape control

of large structures, simply because their force levels are so very low.

For PLACE systems in geosynchronous orbit (GEO), the situation is only slightly
different, As described earlier, it is projected that electrical propulsion

will be used to attain GEO by the 1990's. However, none of the PLACE systems

thus far visualized for that orbit have high enough electrical power requirements
that they would be self-propelled to GEO; jinstead, a SEPS type operation is contem=

plated,

All of the PLACE systems in GEQ have relatively large torque requirements for
pointing sensors (and perhaps the whole spacecraft) to selected ground targets,

Hence, momentum wheels will be needed in GEO systems. How these wheels will be

131

- v —r———




Y.

PR

S T ALY A Ao oarn

@?K';{

i TR Syt e

-

N g

unloaded i open to some question, The expected performance of a SEPS is that

it could place a geosynchronous satellite in precisely the orbit desired; i.e.
there woald be no need to employ a chemical system to get quickly to the operating
station and "stop" there, If this is so, then the system may use either chemical
or ion thrusters for station keeping. Because of the high specific impulse of
ion enginen, North-South station keeping, if it is required by the mission, would
preferably be done by ion engines. The same engines could then be used, in part,
to unload momentum wheels. This would probably be chosen, for at least some
wheel unloading. Ion engines could also be used for East-West station keeping,
whirh requires much less velocity change, provided tha* rapid station relocations
are not required. To illustrate, the 8 cm mercury ion thrusters under deve’op-
ment at Lewis are nicely sized to handle the N-S station keeping requirements

for a 1000 kg satellite. (Larger satellites, obviously, could be controlled by
multiples of these thrusters,) These 8 cm thrusters would have more than ample
relocity change capabilicy to undertake E-W stz2iion keeping. However, such a
thruster would require over a week to accelerate a 1000 kg satellite to a drift
rate of one degree per day. Hence, & 60 degree longiwm de change could require
about two and a half months, If faster changes are needed, chemical systems
(possible augmented with electrical heating for higher performance) would likely

be used. In that event, wheel unloading would probably be partly by ion and

partly by chemical thrusters. In the absence of more definite system requirements,

it does not seem possible to make any more definite statements about torque trade-

offs.

For the Earthwatch orbit, the same reasoning applies as for geosynchronous orbits,
However, this orbit class has not been s.udied as thoroughly, so less in known
about the relative magnitude of "N-S" and "I-W'" station keeping requirements.

(Scrictly, we are talking about orbit normal and orbit period adjustments in both

cases.)
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6.0 SPACE SYSTEMS TECHNOLOGY MODEL

Presented in Table 6-1 and Figure 6-1 are the PLACE future system concepts.

Each of these is not possible to be implemented today because of one or more
enabling technologies which are lacking. As discussed in Section 3, they could,
however, be implemented by the year 2000, given a desire to do so. Some of

these system concepts are extensions of current capabilities, while others are
entirely new methods of making remote sensing measurements from space. Their
names are in some cases related to tho sensor, in some cases the orbit, and in
some cases the physlical process which makes the measurement pissible. All twelve
of the system concepts and the ground processing concept that interfaces with all
of them are considered to be operational systems. By this we specify that in-
formation derived from the system concepts is guaranteed to be available to
users. We have the luxury in this study of disregarding the institutional and
political implications of this assumption. The order in which the systems

are discussed has no meaning, as will become clear later when the commonality
between systems is discussed. Some of the system concepts were subjected to more
in-depth analysis than others because of their novel implementation concepts,

questionable feasibility, or general requirement for deeper investigation,

Table 6-1, PLACE System Concepts

Landsat H Microsat

Earthwatch Parasol Radiometer
GEOS Radar Ellipsometer
Texturometer Ferris Wheel Radar

Thermal Inertia Mapper Sweep Frequency Radar

Radar Holographer Geosynchronous SAR

Ground Processing Concept
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6.1 PLACE SYSTEMS CONCEPTS DESCRIPTIONS

The development of each system concept proceeds through the characterization
of the system as a concept and stops well short of even a preliminary design
of each system. Many of the initial feasibility analyses and trade-off studies
necessary to more positively establish the system concepts as legitimate
candidates for future consideration were deferred. The system concepts, then,

are presented as ideas, which will grow into designs or be discarded on

their own merit,

6.1.1 LANDSAT H

The Landsat H system concept is ~vesented as a possible extension of the
current Landsat program to the 1995 time frame. It assumes the prior existence
of Landsat E, an operational version of Landsat b, and Landsats F and G,

optical and synthetic aperture radar developmental spacecraft, respectively.

Landsat H is a constellation of three multi-sensor spacecraft which con-
tribute to all of the key set mission objectives., 1Its we~ ure of semi=
credibility, as defined in Figure 3-3, is medium, It is nominally located

in the current Landsat 700 km sun-synchronous orbit. A cartoon rendition

of the concept is presented in Figure 6-2, and some of the pertinent per-
formance parameters are presented in Table 6-2. Some rough-order-of-magnitude

(ROM) estimates of size and weight are 12 x 3 x 4 meters (without solar panels)

and 2000 kg.

One of the unique features of Landsat H is its "smart " optical sensor, which
allows for intelligent on-board data editing and data reduction. This is

accomnlished using one forward and one rearward-looking push broom array
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Table 6-2, Landsat H System Concept

Smart optical sensor allows for intelligent on-board
editing/data reduction

- Forward/backward looking

- 10 M, Res,, 10 bands, 185 kmn swath

- HRPI = 5 M res, (5 km)“ targets

SAR provides all-weather imaging capability
- 25 M res,, L, C, Xeband

Active, visible sensor provides atmos. cal,, luminescence,
and night imaging

- Selectable 3 km swath
- Requires 300 KW Av, power during operation

On-board processing and storage allows for change
detection and/or information extraction

3 spacecraft - 6 day repeat cycle

Figure 6-2, Landsat H System Concept
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(also called multi-linear array). This push broom array is a one-dimensional
array of solid state sensors which use the spacecraft motion to trace out

the second dimension of the image. The forward looking sensor nominally

looks 50 km "ahead" of the spacecraft in three spectral bands at either full
(10 meter) or reduced (30 meter) resolution, Based on the information
acquired from this data through on-board data processing, the rearward locking
sensor operates at either full (10 meter, 10 spectral bands, 1G5 km swath
width) or reduced capability. This on-board data processing may be as simple
as cloud cover or haze detection for data editing or may be much more
sophisticated, involving information extraction and change detection (requir-

ing ancillary data uplink) for data reduction.

A second optical sensor on board Landsat H which may be controlled either by
the forward-looking sensor or the ground (preprogrammed) is a high resolution
pointable imager. This provides high resolution (5 meter) targets or segments

which are nominally 5 km square.

Landsat H will have an L, C and X-band synthetic aperture radar to provide an
all-weather imaging capability. The bottom of the spacecraft shown in Figure
6-2 is a 2 x 12 meter antenna for L and C bands with the additional smaller
antenna for X-band, Nominal power levels are 500 W (L-band), 1000 watts (C-
band) and 1500 watts (X-band). Each frequency has an approximate ground

resolution of 27 meters.

One of the unique new sensors placed on the Landsat H vehicle is an active
visible imaging system called "mite-lite". This sensor will be used to
provide atmospheric calibration of the push broom scanner, to investigate
luminescence phenomena (both fluorescence and phosphorescence), and to allow

for night imaging with the push broom scanmners.
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Active illumination from a satellite in the visible or IR spectrum could

be applied in three ways: allowing night-time imaging, enhancing surface
discrimination by luminescence, and ranging with a LIDAR, This preliminary
analysis emphasizes the "nite-lite'" function of Landsat H, whose push broom
scanner images a 185 km swath, While the design has assumed a lasar source,
an incoherent illuminator is possible, as is a passive reflector of solar
radiation if the earth's shading does not limit timeliness. One major
limitation of monostatic, active illumination is that the lack of shadows

in the scene lowers the contrast of its image and makes relief-aided identifi-

cation more difficult; backscattering could be reduced with a LIDAR approach,

but the photon count rate would be reduced also.

The parameters derived during the design of "nite-lite'" are given in Figure 6-3

the following notes match this sequence,

The design equation summarizes the parametric influence on the prime variable,
signal-to-noise ratio. Note that there are usually implied dependencies among

the sensor element size, the instantaneous field of view, and the relative

aperture cf the optics,

The principal controlling variable is the allowable energy density on the
ground., Many earlier studies have helped tuv define suitable safety limits
(Refs, 6-1-6-4). For the USA, safety requirements forl personnel in the vicinity
of possible laser radiation are ccdified in 21 CFR 1040, The full name of this
is Code of Federal Regulations, Title 21 (Food and Drugs), Chapter 1 (FDA and
HEW), Subchapter J (Radiological Health), Part 1040 (Performance Standards for
Light-Emitting Products)., This law began its application on August 2, 1976.

This satellite system must meet the most strict of the requirements, the Class I
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Figure 6-3,

Analysis of Nite-Lite

142

“.'




p.

A e
R L e

Py

Lo .. . - -
T AT 4 A TACTI Y TR MY RS % SF W g M NP T e 51 s n

AR, e ToNTes ce1 3o~

S

Per

B

—

DA Tl ot 1

Accessible Emission Limits, For visible light, the laser radiation must not
exceed an energy level which is dependent on the exposure time of 1.5 ms,

This law defines this limit by the amount of energy passing through a circular

aperture stop which has a diameter of 80 mm, However, since it is possible that

amateur astronomers could be observing the night sky, at the point at which the

satellite is, at the instant in which it is illuminating that region of the
ground, a stricter requirement of a wider aperture has been assumed for this
analysis. With most of these amateur telescopes being 6 inches or less in
aperture diameter, this value has been chosen here. The problem of larger
telescopes must be studied separately. This design also meets the similar
requirements of Part 1(40.11 on surveying, leveling and alignment laser

products.

Table 6-3 lists approximate values for the radiance and irradiance of several
natural luminants; blue sky has a radiance about ten times that of the full

moon, For this system, the irradiance on the ground is about 200 times that

of the full moon.

The earth is assumed to be a dififuse reflector. While a specific wavelength
has been chosen for the laser in this example, other values might be more
suitable from a conversion efficiency point of view or for luminenscence

applications,

The analysis, shown in Figui> 6-3 which has neglected thermal and other device

noise sources, shows the nite-lite concept to be feasible given certain
advanced in laser technology which will be discussed in Section 7.4.2.5. The
quantum efficiency has been assumed to be unity; an efficiency of 10% causes

a loss of 1.7 bit in quantization capability.
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The optic aperture of the illuminator has been set at the same value as the
sensor optics; it is possible that the same reflector could be used for both.
The 1 m aperture is sufficient from considerations of both light-gathering
ability and also resolution., A possible design of the laser system could
illuminate just 3 km out of the 185 km swath. At approximately 30w/pixel,
this leads to an average power output of the laser of 3 kw. The selected
portion of the swath could be illuminated by a defocussed scanning mirror to

prevent overheating,

Since the resolving power of the human eye is about 1' of arc, this illumin-
ator will still appear to be a point source even through a telescope. Because
of its high radiance and short duration, this might appear to be like a phots-

grapher's flash at a distance of 2 km.

6.1,2 EARTHWATCH

The Earthwatch system concept is based on the use oi an inclined (about 55
degree), intermediate (subsynchronous) orbit, originally suggested by former
astronaut William Pogue (Ref. 6-5,6). From one of these repeating orbits,
nominally a 10,000 km 6 hour orbit, a constellation of 8-12 spacecraft could
provide near continuous Loverage of the earth with a minimum elevation viewing

angle of 200, A preliminary analysis of the orbit poteantial is presented in

Section 5.1.2, Although this constellation of Earthwatch spacecraft potentially

can see any point on the earth at all times, this is not to say that it can see

all points at any time. The chief advantage of the Earthwatch orbit, then is
that it could potentially provide both the earth resources management infor-
mation (mapping) of a lower orbit spacecraft such as Landsat, and the quick=-
look capability (disaster assessment) of a synchronous orbiter, It is perhaps
a concept which could replace two other concepts of future satellite systems.
Two immediate disadvantages of the orbit are: (1) the Van Allen radiation

belt; and (2) the resultant variable look angle for its mapping performance.
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The first disadvantage led to a very stringent requirement on radiation resis-
tance (Section 7.4.6)., It is not clear at this time but it may be possible to
modify the orbit slightly to relax this requirement. The variable look angle,

however, will be something that future users of che Earthwatch system will have

to learn to overcome,

The sensor complement provides a multifunction capability of passive and active
visible and microwave measurements. As configured, the spacecraft is assigned
a medium-level on the semi-creditility continuum of Figure 3-3 and would con-
tribute to all of the key set of mission objectives, A possible configuration
of the spacecraft is presented in Figure 6-4, The spacecraft would contain
two pointable optical sensors, one with moderate ground resolution (30 meters)
for mapping and one with high groun: resolution for a quick-look capability.
The modera’e resolution sensor would nominally acquire 90 km square segments
or targets while the high resolution sensor would nominally acquire 5 km square
segments. The two microwave sensors on board, a synthetic aperture radar and
a microwave radiometer, would frequency share the same 15 meter antenna. The
synthetic aperture radar operating at L, S and X-bands and providing 10-25
meter ground resolution would require less than 5 K watts. The .aicrowave
radiometer at the same frequencies would provide ground resolution ranging
from 12-120 Km. A "nite-lite' system, similar to that discussed in the
Landsat H system concept (Section 6.1.1) would also be feasible although the

implications of the higher orbit altitude have not been determined.

6.1.3 GEOS

GEOS, or Geostationary Earth Observation Satellite, is an advanced version of
SEOS, the Synchronous Earth Observatory Satellite, which has been pursued in
the past by M, Ritter of NASA's Goddard Space Flight Center and othurs (Ref. 6-21).

As indicatad in Figure 6-5, its prime distinction is the 8 m diameter of the
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Figure 6-4, Earthwatch System Concept

main reflector, This will allow a 3M IFOV of the earth in the visible spectrum,
As with SEOS, this satellite wiil be particularly suited to monitoring abrupt

events (Ref, 6-23),

Many of the design requirements will be extrapolations of earlier designs for
space telescopes (Refs. 6-20,22). The large reflector will present new problemz,
however, It will have to be segmented for transport to orbit and adaptive
control of the mirror surface will be necessary for controlling thermal ws.p
resulting from uneven solar heating. This requirement is discussed in Section
7.4,10, Large Optics. Estimations of weight and power requirements are listed

in Table 6-4,

The image plane will have a large, two-dimensional array of Charge Injectionm
Devices. '"™hile a 5 Km square area could be imaged without repointing the
telescope, the CID's will allow a readout of selected, smaller areas for
faster response. They will alsc allow for an instantaneous geonetric correct-

ion of a subimage from cmputer distortion values.
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o Large earth-looking telescope
~ Short~lived events, constant perspective
o 8 m diameter primary optics
- Mirror segmented, adaptive controls
o Sensor images from visible to thermal IR
- 3 M IFOV in visible
0 (1650 clement)2 2-D focal plane array

- 2 pm element spacing
- CID's allow selective readout

o Focal length of mirror is 24M

Figure 6-5, GEOS System Concept

6.1.4 TEXTUROMETER

The texture of the ground surface, measured at scsles between about 1 mm and 1lm,
can aid in the distinction of objects by remote sersing. Specific applications
might be the identification of vegetation, particulariy conifers, and the
measurement of the particle size distribution of eaposed s:diments such as

those on ocean beaches.

The human aye has a resolution of lmm for objects wiich are about 3.5 cm away;

to get this resolution from a spacecraft requires an optical aperture of about
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Table 6-4., Approximate Weight and Power for GEOS
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300 m.

Base Plate 3000 kg
Mirror 200 kg
Supports and Actuators 300 kg
Barrel (f-3) 500 kg
Secondary Supports 200 kg
Focal plane detectors, etc. _390 kg
Total Weight 4500 kg

Power -~ adaptive optics 200 W
- thermal control 1400 W

- focal plane sensors Loo w

Total Power 2000 W

A possible design is illustrated in Figure 6-6.

Figure 6~6. Ar Ohlique View of the Texturometer
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Since a true image is not necessary, three lines of mirrors provide the
required resolution in only three directions, each 60° apart. Each line is
composed of segmented mirrors, each one having a spherical surface; all of
the segments for the three lines are arranged to form a nearly spherical cap
in the shape of an equilateral triangle. A tetrahedral frame supports the

mirrors and the sensors.

Figure 6-7 gives a schematic drawing of the three independent, linear arrays
of senscis associated with the mirrors. Each sensor in the arrays has a
diffraction-limited field of view of about 1 mm by 10 cm; the pattern of these

is shown in the drawing.

The thousand sensors in each line may give an output such as in Figure 6-8.
This high resolution linear image may be mathematically transformed in order

to indicate the ground texture more clearly.

An approximate analysis of a possible optical system, which indicates preliminary
system feasibility, is given in Figure 6-9. This initial analysis assumes an
orbital altitude of 300 km; the results of the analysis, with a 600 km altitude

are summarized in Figure 6-10. Many factors are not considered; some of these

are: The precise diffraction limit equation, the efficiency of the detectors,

and the reselution loss due to aberration of the mirrors. The three pairs of
mirrors and sensor arrays are baffled so that no light mixing is possible;

photon isolation prevents an unwanted diffraction pattern in the form of a six-rayed
star. However, all mirrors could be aligned so that their linear images have

a common midpoint on the ground as shown in Figure 6-7.
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The diffraction-~limited field of view is rectangular because of the narrow

mirror width, only 1% of the length,

Some aspects of the design requirements are being investigated by workers in
the field of "synthetic aperture" optics (Refs. 6-8-13). This term indicates
the tailoring of the diffraction pattern of the optical summation from a
possibly sparse array of telescopes; therefore, the idea is different from
SAR. The Multi-Mirror Telescope of the Optical Sciences Center of the
University of Arizona may be operational in a year; this telescope is composed

of six 1.8 m diameter reflectors in a 6.9 m diameter hexagonal array (Ref

6-18). However, this telescope is intended to be a "light bucket" for spectro-

meters and therefore the six optical paths will not be phase precise.

A major requirement of the Texturometer will be for small sensors suitable
for the quantum-starved image. An introduction to photon-counting semi-con-
ductor sensors has been given by Rose (Ref, 6-17). The integration time of
these sensors could be either short or long compared to the photon flux rate.
The total photon count could be increased with a greater mirror width, sensor

spectral bandwidth, or count time,

Some optical and mechanical considerations for this satellite are given in
Figure 6-11, However, the attitude control cvstem, whether gravity gradient
or active stabilization, has not yet been investigated. Atmospheric drag
has not been studied, but could be reduced with the greater orbit altitude
of the final design. Some aspects of the required shape control for the

vehicle are discussed in Section 7.4.4.

Each of the mirror segments, possibly 1.5 m square, must have its angle and
distance from the sensor plane independently controllable. Adaptive optics

will allow reduction of the effects of atmospheric scintillation.
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Atmospheric turbulence, primarily due to vertical themmal convection,
affects the wavefront of an electromagnetic wave passing through it; this
is due to the presence of air cells having ‘slightly different density and
therefore refractive index, Near the source of turbulence, phase shifts
along the wave front occur; a spherical wavefront would change to a more
irregular figure. Farther from the turbulence, both phase and anplitude
(due to interference) changes will be found along the wavefront. Random
polarization shifts will also occur. These factors degrade the resolution
of an optical system imaging through the stmosphere. The average direction
of wavefront propagation at one moment merely causes a displacement of the
image; degradation due to this effect can be minimized by giving the imaging
sensor a very short exposure time, However, the small perturbations on the
wavefront and also the amplitude shifts (which have an effect like random
apodization) are much more difficult to correct., Active or adaptive optics,
employing deformable mircors, can help, but correction for more than one

image point at a time presents special problems (Refs. 6-28, 33).

One can estimate the resolution degradation of the atmosphere with a simple
analysis based upon two facts. The first is that, with optical sensing

through the entire atmosphere, the scintillation o : to atmospheric turbulence
can be assumed to have its sourc: at an effective height of 3 km. The second
fact is that astronomers consider the atmosphere to be capable of average

good seeing when the blur diameter of a point object, such as a star, is 2"

of arc. This is illustrated in Figure 6-12. These facts can then be applied

to the case where a sensor is above the atmosphere and is observing the

earth's surface. Ground resolution is then seen to be about 3 cm. Adaptive
optics will therefore be needed for the higher ground resolution of Texturometer;

an adaptive system might also be desirable for correcting the thermal warping

of a space optical system even if the resolution was not as critical as this.
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Because of the large aperture, only about 1 m of shift in subject distance
will require refocusing of the mirror. This will also be accomplished with
the adaptive optical system. Focusing algorithms have been well investi-
gated and are sometimes based on the maximization of the amplitude of the
high spatial frequencies ‘n an image. Furthermore, fast optimum search
techniques, such as the Fibonacci search sequence, are directly applicable,
Mechanically, the mirror could be focused by radial motion of individual

segments or by expansion between segments.,

It may be more practical to focus the reflector by range measurement with a
LIDAR than by searching for maximum high spatial frequency. Once the range
is determined, it might be possible to focus with a radial translation of the
image plane rather than by reconfiguring the mirror to a different radius.
Another poscibility is thau of using a material whose refractive index can

be varied electronically; this could be placed over the sensor plane, or

over the mirrors for adaptive optical control.

It is probably not feasible to rotate the entire tetrahedral frame in order
to select a point for a texture measurement, More likely, this could be

done with a combination of three approaches: rotating the mirrors as a unit
with one actuator at each of the upper corners of the tetrahedron; employing
multiple and separated arrays of ser.mors on the sensor plane; and moving the

sensor arrays on the sensor plane.

The focal plane could include many islands of sensor clusters. It would
possibly be easiest if image motion compensation were achieved by electronic
switching between sensors in an island rather than by physical motion. I1f
the flight direction could be accurately compensated, a COD sensor matrix
would be ideal; electronic IMC would require an extremely large number of

elements, however,
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While the sensor plane might be made large enough for a suitable swath width,
further off-nadir points might be imaged by rolling the entire satellite,

1f this would be too slow, an alternative would be that of rotating each

individual mivror of the triple linear arrays. Then the mirror surfaces 5 ;
would be: stepped like & Fresnel lens; except for the monochromatic case,

coherant summation would be impossible at the image plane.

One important point deserves further consideration: since most surfaces
will be randomly=-textured, it will be very difficult to get the radiance of
a 1 mn square pixel from a 1 mm by 10 cm rectangular diffraction-limited,
effective IFOV (see Figure 6-7)., That is, in general ground objects will not

line up with the three mirror directions.

n's

One possible way out of this problem would be active illumination. Rather

than having three linear mirrors in an equilateral triangle, a pair of ortho- ;
gonal mirrors would be employed. One mirror would be a reflector for the ‘i
illumination source and the other would be a 1 mm square on the ground.
While the ground irradiance from the illuminator could probably be higher
than for Nite Lite, it could still be less than sunlight so that daytime

measurement would be impossibie.

A better solution is possible. Tomography has recently become well developed 3
as a technique for reconstructing two-dimensional scenes from one-dimensional

profiles, its primary application has been for biological X-vays, A 100 by

100 matrix of sensor elements would be needed to measure a 1 cm square with -
1 mm resolution. In one direction, the diffraction patterns of adjacent é
sensors will overlap by 99%; the tomographic approach will be required to ‘
separate these., Because of the photon-limited noise of ecach measureuert,

many additional measurements might be required to get adequate radiance

precision at the 1 mm level,
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Photon statistics and the Hanbury Brown and Twiss effect might also be applied

to the design of this Texturometer; however, a careful study of the physics

and technology is required (Ref. 6-7, 9 , 10, 14, 16).

Since it is the spatial perodicities which are most valuable for comparing
texture measurements, mathematical transforms will be required inader to

convert the linear radiance values from the semsor arrays. One of three

related transforms might be suitable: the autocorrelation function, tne

Fourier transform, or the power spectral density. These transforms might

also be accomplished opt‘cally.

It may not be necessary to transmit the complatz spatial frequency function

to earth for each texture sample; certain spatial bands may be found to be

adequate,

Textural analysis for earth resources applications is receiving increasing

attention; several authors have reviewed different aspects of this work (Re.s.

6-11, 12, 19).

6.1.5 THERMAL INERTIA MAPPER

Thermal inertis can provide an additional parameter for identifying and
quantifying terr.iin. For hydrology, it is 2a ‘indicator of the moicture content
of the soil (Ref., 6-38). For geology, rock types can be contrasted; some~
times rocks covered by a thin layer of dust or vegetation, such as lichen,

can be more readily distinguished by their thermal properties than in the

optical spectrum.

The principle and practice of thermal inertia or heat capacity mapping has
been outlined before (Refs. 6-34, 35). A spacecraft has recently been

launched for the Heat Capacity Mapping Mission (Ref., 6-36). While the Heat
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Capacity Mapping Radiometer will have a resolutiou of about 600 m in the
thermal IR band, arouna 11 micrometers, the Geosat Committee has suggested

that a higher resolution will eventually be necessary (Ref. 6-~37).

Therefore, the Thermal Inertia Mapper will have a resolution of about 10 m.
Except for having an optical aperture of 0.6 m or larger, the TIM will be
quite similar to the HCMR. Both will have a 600 km sun synchronous orbit
and employ the 10.5 to 12.5 micrometer band, This system is summarized in

Figure 6-13,

The estimates of future needs indicate that a temperature precision of

0.1°C would be desirable. For a temperature range between -10°C and 40°C,

a data precision of 9 Lits is required. It might also ve valuable to trade
off precision for dynanic range; a 1°C precision between ~50°C and 450°C
would allow better quantification of extreme conditions in particular, fires
and volcanic eruptions. Both of these approaches will have a data rate of

about one gigabit per second with a 100 km swath width,

Just as with the HCMM. the TIM will acquire thermal radiance images, in
sunlight and darkness of the same scene, with about a 12 hour time separation;
tiie difference in radiance allows an approximation to thermal inertia, TIM
would probably operate in conjunction with another imaging system or spacecraft

in order to get visible spectrum images.

6.1.6 RADAR HOLOGRAPHER

It would be desirable to generate a true radio frequency hologram of the earth
from a spacecraft. This would be particularly valuable for those appli-
cations requiring topographic information and a variable perspective; in

addition, this radar hologram could allow imagiug througl cloud cover.
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The radar holographer is not a quasi-holographic system such as SAR or
"hologram radar" (Ref 6-41) but is instead a true holographic system. Most
techniques of microwave holography employ a stationary illuminator and a

receiver waich acquires a dense two-dimensional array of samples.

An alternative approach has been tested by Hayward, Rope, Tricoles, and Yue
(Ref 6-40); with their technique, only a pair of one-di.ensional lines needs
to be sampled. Their system employed a line of transmitter antenna perpen-
dicular to a line of receiver antennas. All possible combinations of transmitter-
receiver parts provide measurement samples; this quantity is the product of

the number of transmitter and receiver points.

This approach could be accomplished with spacecraft. A stable CW transmitter
operating at a frequency of 300 MHz is in a geosynchronous orbit. Its antenna
illuminates the area for which a hologram is desired; this could be a €000

km square. The satellite would have an orbital inclination to yield a drift

of about 60° north and south of the geostationary point on the equator,

A number of simple receiver satellites would be in LEO; they only measure

the phase and amplitude of the earth raoturn relative t¢ the direct illuminator
signal. Their altitude might be around 900 km and the orbits could be equa-
torial or inclined. The antennas on each of these receivers receive the
scattered radiation from the entire 6000 km area. The sampled informatiom
could be transmitted to earth; the position of the satellite for each sample

must be known. The key parameters of this system are summarized in Figure 6-.4. :

When the array of samples is dense enough, a hologram can be generated
(Ref. 6-39). The time required to generate a hologram is inversely propor-
tional to the number of receivers in orbit, The generation time is also

inversely proportional to the sample spacing required; this is dependent
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on the finest order of Fresnel zone which must be recorded and therefore the
"noisiness" of the hologram. Using three )low earth orbit receivers the

Fresnel pattern can be adequately sampled in about 2 months time.

As with all of these techniques, scaling from microwave to optical frequency
for viewing will reduce the size of the hologram. Phase shift in the iono-

sphere must also be considered (See Section 7.4.12).

The idea for this system benefits from the earlier work of Nabil Farhat,

Professor of Electrical Engineering at the University of Pennsylvania.

6.1.7 MICROSAT

The Microsat system concept is based on an earlier General Electric study
performed for the Large Space System Technology (LSST) program office centered
at Langley Research Center. The original antenna design, presented in

Figure 6-15, was developed by Messrs. Allen, Fcldes and Tomiyasu of the

General Electric Company and was adopted for use in this study. (Ref, 6-43).

The prime function of the Microsat system concept is a soil moisture

sensor (L-band radiometer) with about 1 km ground resolution and radiometric
temperature resolution of 1°K at an orbital altitude of 1000 km. A number of
alternative designs were considered, with the selected ant- design being

a parabolic torus with a cluster of feed horns arranged in a iocal arc to
provide simultaneous beam forming. The nominal reflector size is 60U meters
x 1300 meters with 60 simultaneous beams, each scanning 81 cross track beam
positions. In the preliminary design, the focal length was about 680 meters
providing a 20 dB beamwidth of 1.07 miliiradians., An estimate of the time

of implementation of the system would be approximately 1988-1990.
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Four different structural designs were considered (Ref. 6-43) for implemen-
tation of the parabolic torus antenna. These included (1) a tetrahedron
truss mesh planform reflector, (2) a dual rim truss mesh planform reflector,
(3) a drum mesh planform reflector and (4) a deployable ring mesh planform
reflector. Analysis of the four configurations indicates that the drum with
mesh reflector was the "best' erectable configuration. The deployable con-
figuration was the preferable implementation design but '"may suffer signifi-

cantly in design and development complexity".

6.1,8 PARASOL RADIMMETER

In the PLACE era, it is possihle that active microwave earth-viewing imagers
may not provide the data required for soil moisture measurements. Passive
microwave radiometry may be necessary to provide these measurements. For

this reason, a high resolution radiometer must be closely studies, even though

extremely large apertures are required.

The parasol radiometer of Figure 6-15A is one approach., While this final
design employs a phased array, the original structure was a reflector; this

is the reason for the retained name, "Parasol",

The advantages of the phased array are electronic control of structural
warping and the possibility of nulling out interference sources. The dis~-
advantage is that a sparse distribution of receiver elements will be
necessary, and antenna side lobe problems must be carefully considered,

vven witn random spacing.

The degign suggested is a 10 km circular phased array which would employ
individual transmit/receive elements on integrated circuit chips. A complete
description of these elements, which were also employed in the design of the

Ferris Wheel radar is presented in Section 7.4,23.
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From an altitude of 1000 km, the system will have a resolution on the ground
of 10 m at S-Band (10 cm). The detailed operation of the distributed

element phased array concept will be discussed under the description of the

Ferris Wheel Radar (Section 6.1,.10).

Since the Parasol Radiometer is the largest solid structure of the PLACE
system concepts (the Ferris Wheel is larger but is not a solid structure),
the key feasibility question is whether it will be possible to build a 10 km
structure by the year 2000. The promoters of the Solar Power Satellite

obviously think so. Reference is made to Section 7.4.4 where the detailed

requirements of large structures are investigated.

6.1.9 RADAR ELLIPSGMETER
Optical scientists have developed three related techniques for measuring the

thickness and/or refractive index of thin, transparent films, In each of

these, the specular component of reflected light is measured; two fundamental

parameters are the angle of reflection and the frequency of the light, One

technique employs a constant frequency and measures the change in reflectance

as a function of angle, with the light source and sensor angles kept equal
for specular reflection. The reflectance changes with angle hecause of
interference between the light reflected from the upper and lower surface

of the thin film,

A second technique keeps the angle of incidence and refiectance at a constant

value; the frequency of the incident light is varied, Again, the changes in
reflectance indicate the optical thickness and refractive index of the

dielectric film, Dispersion, however, adds another variable.
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The third technique is that of ellipsometry; here, both the angle and fre-
quency of the light are constant, Instead, it is the change in the polari-
zation of the raflected light which is measured. Ellipsometry is based on
the principle that the reflection of light at an interface is different for
the two cases of polarization: parallel to the plane of incidence and per-

pendicular to the plane of incidence. If the incident light is plane or

circular polarized, the reflected light will, in general, be elliptical
polarized, Three separate parameters describe elliptical polarization, While
these parameters can be considered from the amplitude and phase of electro-
magnetic waves, they can also be thought of as the three geometric variables
which describe an ellipse: its area, the ratio of the lengths of its major
and minor axes, and the angle of its major axis, As one might expect, these
three indep:ndent variables allow one to determine tnree properties of the
thin film, These can be: its thickness (with an ambiguity if the film is
thicker than the wavelength of the light in the film), its refractive index
or dielectric constant, and also the refractive index of the medium below

the thin film,

The three separate techniques for measuring layer thickness are equally valid
for radio frequencies; furthermore, they can all be employed from spacecraft.
The first two have specific disadvantages, however, It is difficult to
provide the variable angle function because of the great distances involved
at spacecraft altitude, and a variable frequency system can require excessive

bandwidth,

The ellipsomctry approach appears to be practical as a spacecraft radar
system, The method has been conceived acd developed by Siegfried Auer and

John Schutt (Refs. 6-44,45). Its prime application is to agriculture. The

"thin film" in this case is a crop growing in soil. The thickness or height
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measurement can aid the identification of the crop or its stage of growth,
The dielectric constant of the crop layer indicates the density of the crop
and its moisture content; these are good variables tor quentifying potential
yield. The measurement of the dielectric constant of the medium below the

interference layer might provide a good indicator of soil moisture content.

In their analysis, Auer and Schutt have determined that the optimum radar
frequency for the agriculturael applications is about 300 Mhz, and the best
angle cf incidence and reflectance is around 60° from the normal, As

Figure 6-15B indicates the range, via reflection, between two satellites in
this configuration would be about 2200 km if the altitude of the pair was

600 km; the two satellites follow the same orbital path (see Figure €-16),
Auer has also suggested that the effect of Faraday rotation ir the ionosphere
could be corrected with ground patches having known reflectance and dielectric
constant, such as desert regions and bodies of water., The lateral homogeneity
of the ionosphere might be adequate to apply these rotation calibrations many

kilometers from their source.

The spatial resolution or footprint of the radar ellipsometer must be about

100 m or better in order to increase the likelihood that the crop has a
uniform thickness within it, A real aperture radar system would then require
an antenna with dimensions of about 11 x 22 km; there would also be the further
complication that both transmitter and receiver antennas must be beamed to

the same 100 m Jdiameter area on the earth,

’

An alternative concept, suggested by K. Tomiyasu of the GE Space Division
has been analyzed. Each antenna could be a long, linear phased array with
dimensions of 11 km x 4 m; the fan beans of the two would be oriented so that

their footprints on the earth would intersect at about u right angle and the

170

|

[ B
S

[Ty ]
L]

® vanrraiieran
- .....1

o

P

¥oer

o §
* oot

‘.ﬁ 'Mh: B A il ....»..-;.:




A

| ZES Sdunatind [ B U
i L ] r 1) *

==

ORIGINAL PAGE IS
OF POOR QUALITY

S
-
“affw—1::::T__-—__—“~—_.--.*.~ <in b _ sina

RQ Qe +h
Rea
h <\ b = Q; .'*’—h Sw a
600 kw .

[p]
9
“
o
1
Y
L
P
D
\/p
/]
%y
£

pfo

[N A= S0 ’i*h) Qe"b\

S = a\cfee*L\)(Sm a0 T L + Qoy W L -‘

k)
AR, s\\‘([\]ce_c%»l.)a.. S - cos{l
IKED kw

=
Q:' S Y % 23200 kw

(>3
o=V m s (5 s Y ) = 80

T = "\T‘(Qedn)% a \9d o kw

Figure 6-15B, Geometry of the Radar Ellipsometer

171



adaouc) wa3sfg ~ 193owosdIT1d Jepey °91-9 2In3d1y

JHIHISONO! — ADNINDI Y4 ONILVYYHIJO ZHIN 00E —
SIHNWONL —

NOILVYYVd3S Wi 0061 - IANLILTV W 009
W3LSAS TvIILIVHd LSOW 38 OL SHV3IddV HVS J11ViSig

(ALID1Ld1T13 40 SINIWIHNSYIN €) SIAVM
40 NOLLVZ1dVY710d NO NOI11D371334 40 103443 SUNSVIN

NOILVL3IO3A
40 LHOIIH ANV 'NOILVL493A 40 LNVLISNGD J1HL0313ta
‘7108 3HL 40 LNVISNOD J14.133731AQ dVW TTIM WILSAS

(AINO NOILD3143H
HVINI3dS) HIAI3I3YH HO4 INO ANV HILLIWSNVYHL HOd
14vHI30VdS INO SAOTdW3 HOVYOUHddVY HVYAVYH JiLvisig

11NHIS NHOf
ANV H3NVY @31434931S A8 XHOM ATHV3 NO Q3svd

318IG3HINI 3718133U2INSS 3181g340

_ | |

)

AH1S3HO4 ‘IONVH ‘JHNLTININYOV ‘SKOLLVIITddVY

orevs  bwnmed

e

e e e e e

172

e



1,
ar

WHBPIRI L A e S - T

-

s B e B s T 2en

area of intersection would be the 100 m square. The length of the footprint
would be about 270 km on the ground; this would be the available swath width,
By steering the two phased arrays, any spot within a 270 Km square could be

sampled. The maximum swath width is also dependent on the slope of the land

surface and the suitability of non-specular returns.

Assuming a normalized scattering coefficient of 0.01, an effective system
temperature of 1000°K, and system losses and antenna efficiencies each of
3 dB, a peak power of about 1 kW is required for a SNR of 20 dB. The
average power is only 75 mW. Additional analysis is needed to investigate

the effect of noise sources filling most of the received beam,

Another implementation possibility is that of employing smaller antennas, with
greater beam width. While the specular return (from a smooth earth) is from
the point of minimum range, the range gating precision which is required is

about 5 mm for a 100 m cell around the specular point,

Finally there remains the possibility of implementing the ellipsometer with
non-real or synthetic aperture. An analy:sis of the isodop (constant Doppler
frequency) and isodel (constant time delay between transmitter and receiver)
contours indicates potential problem areas, as shown in Figure 6-16A, Note
that there are four indistinguishable range-doppler cells symmetrically left
and right of the ground track. The isodel contours are quite sensitive to
the tilt and elevation of the local scene to be imaged. A concave scene sur-
face which is tangent to an isodel ellipsoid cannot be imaged because of a
vanishing isodel gradient. (Ref 6-79), It is left as a future challenge

to overcome these fundamental problems so that the radar ellipsometer may

be implemented with smaller apertuics.
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Figure .6-16A. Range and Doppler Curves for a
Bistatic Radar
6.1.10 FERRIS WHEEL RADAR
Perhaps one of the most imaginative and challenging of the PLACE systems
concepts (with all due respect to the Texturometed is the Ferris Wheel Radar.
Described as a geologist's dream, this real aperture radar (summarized in

Figure 6-27), is intended to map subsurface materials through the identifica-

tion of boundary layers.

The Ferris Wheel Radar system could be constructed as a phased array radar
with the individual elements distributed over the structure. While airborme
radars have been used for profiling ice for over a decade, and a spaceborne
radar was employed on Apollo 17 (Refs. 6-56, 58, 65) the Ferris Wheel ground-

penetrating radar will require considerat'y more power and size than these

earlier radars.

, ORIGINAL PAGE ls

OF POOR QUALITY
174

PRS-

§--x-3

3
- et



h

[ SV —

Structural consideraticns will he discussed first, For economical con-
struction, including material and transportation costs, it may be best to
minimize the number of compressional and torsional elenients in the structure.
Tensional structures may have a lower mass for a given size of structure;
thin cables can replace thicker beams, The cable tension can result from

the rotation of the entire structure.

An oblique view of a possible struzture is given in Figure 6-17, A flat,
circular net of cables is supported in the miaplane of a rotating structure
much like a bicycle wheel with spokes. The cross section of the supporting
structure, shown in Figure 6-.8, is triangular; its only purpose is the
prevention or control of possible waviness in the cable net out of the desired
flat plan; it may not be necessary. A pillar capable of supporting the
triangular frame's compressional load is coincident with the axis of rotation,
The circular net, illustrated in Figure 6-19, zould support the plane of the
phased array rada «f Ferris Wheel, Its parallelogram or diamond cell could
be mei: a:” itrarily smaller with a denser i.«t of cables, and a different

number of sectors could be chosen rather than the dozen shown,

This particular cell shape has the advantage of adjusting for dimensional
errors in the fabrication of the net and also for in-plane waves in the ro-
tation of the structure, -iie symmetrical balance of forces tends to keep

the diamond mesh uniform and undistorted. The cell pattern also simplified
the construction of the cable net in space; a possible approach is illustrated
in Figurc 6-70, A long, temporary exiension is given the compressional
pillar, The cable mesh is fabricated on this suppcrting staff, forming the

"bud" of the .esulting "flower" or wheel, The di.mond cell insures that none
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The Primary Structure Pla
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Figure 6-19.

The Axial Opening Method of Deployment

Figure 6-20.
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of the cables in the bud will be slack; that is, the net can be deformed

and all cables will remain in tension,

If several temporary straps are tied around the cable net or bud, the entire
structure can be spun around its long axis, When the straps are released,
the bud will open into the desired flower configuration, Figure 56-21 gives
approximate calculations of the spin parameters required in order that axial

opening will yield a sp.n rate of the flower of one revolution per hour,

After opening, the temporary strff can be removed, In a different con-
figuration, this staff could also be used to support a parabolic reflector,
although elaborate guying would be required, During opening from this
fabrication and deployment configuration, the triangular framing cables must

have their lengths changed, This might be accomplished with a continuous

cable passing over pulleys at each end of the compression column and extending

from the rim of the wheel through the column, and then back to the rim,
During opening, a length of cable equal to about 1/80th of structure's

diameter must be added to this loop.

While this axial deployment configuration is particularly easy to fabricate,
it has the disadvantage of requiring very large spin energy, most of which
must be dissipated during opening, If this is not done, the flower will
reclose into a bud pointing in the opposite direction, For the structural
dimensions given in Figure 6~21, over one megajoule must be wasted for each

kilogram mass in the structure,

The radial opening configuration given in Figure 6-22 will improve this

situation, The cable net is fabricated while spiuning about an axis per-
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pendicular to its bud length; no temporary staff is used., Again, straps
hold the cable mesh together., When these straps are released, the net will
fan out into the desired circular flower, During opening, the center of
rotation of the structure will, of course, move to the pillar axis, As
Figure 6-22 indicates, there is still excess spin energy in the bud as com-
pared to the flower; this energy must be dissipated during opening in order
to prevent the fan from opening more than 3600, resulting in an overlapping
mesh, This deployment configuration wastes much less energy than the prior

configuration,

In both configurations, the forces which initiate the opening of the bud are
proportional to the diameter of the bud, As for electronics, the individual
transmitter-veceiver elements of Ferris Wheel are integrated circuit chips,
which will be discussed in a later section; a more general electronic analysis

is considered next.

The following parametric analysis of the Ferris Wheel's power requirements
assumes an AM pu.ise radar, although a CW scatterometer is a possible alter-
native (Ref 6-66). While the indicated precisionis greater, this design only
aims to be accurate to within a factor of ten. Since many of the parameters
will change with further evolution of the design, these factors only indicate

one possibility: a nominal design.

The particular form of the radar equation which was applied to this analysis
is given in Figure 6-23; several auxiliary equations are listed also, The

symbols are defined in the numerical evaluation of Figure 6-24, Explanatory
notes on Figure 6-24 follow; these notes follow the order of the discussion

of the parameters in Figure 6-24,
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The usable frequency range is between about 30 and 300 MHz; a polychromatic

radar is possible also, Frequency allocation in this high frequency band

presents difficult conflicts,

Because of the large number of phased array elements, the radar transceiver
IC chip design developed later (See Section 7.4.23) will be necessary for
weight reduction. The average element spacing will be less than a half wave-
length because the diamond web will not readily allow a square lattice

arrangement.

The pulse length is ten cycles at 30 MHz,

The effective terrain relief is determined by the variability in range which

is vossible during the 10 ms delay for an echo; a higher PRF could probably

be selected,

Ionospheric attenuation varies considerably with angle of incidence, location,

time of day, and solar activity., Since this system will operate at nearly

normal incidence, and since a slow survey rate is acceptable for geologic

& e,
LopEe—

.

-~

exploration, the 3 db value selected here is probably typical (Refs 6-51,53,54,55)

lonospheric absorption increases at frequencies lower than 30 MHz and is
almost complete at 5 MHz; ar 300 MHz, ionospheric loss is essentially always

negligible,

The primary design factor for this radar system is the limit on the maximum
allowable electromagnetic power density on the earth's surface, The value
selected is that for the USA, which is based on the human health allowances
for thermal heating; the limit for the USSR is based on neurological factors

and is a thousand times lower (Ref. 6-47). The U,S. limit for reduction
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exposure is determined by an average power density over a six minute period;

while this radar system would probably never illuminate an area for this long,

the analysis has assumcd that it would, In practice, probably only a single
pulse, or possibly a few, would be needed for each ground pixel or IFOV,

An additional factor which must be considered i: resonance absorption, which
is maximum at a wavelength 2,5 times a person's height; this frequency is

about 70 MHz,

This design indicates an average power requirement in excess of 50 MW; while
this could be received from on-board solar cells, a Solar Power Satellite

could also furnish it,

The high system noise temperature results from galactic noise reflected from
the earth, or possibly entering the back of the antcnna., This noise is

greatly reduced at higher frequency.

The radar receiver must have a high dynamic range in order to separate the

ground surface echo from the echoes of buried interfaces,

The design given in Figure 6-24 assumes some approximate values for the
propagation constants of some typical materials, A more detailed look at

this is given below,

Range resolution specifies the minimum detectable spacing between vertically
separated interfaces; range accuracy indicates the higher precision to which

the absolute depth to a single interface can be measured,

This analysis has assumed only a single pulse per pixeal, By increasing this
number, the power requirement can be reduced; however, the scan rate will be

reduced also,
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The electromagnetic parameters for earth materials vary over many orders of
magnitude, The range of variation for some materials is illustrated in

Figure 6-25, These data are for a frequency of 30 MHz, The parameters for

soil are from Von Hippel (Ref 6-63) and those for sand are from Shahidi
(Ref 6-60). As this figure indicates, maximum echo depth is very dependent

on the moisture comtent of the ground, The salinity of the moisture in the

soll samples was unspecified; attenuation increases rapidly with salinity also,
In this high frequency band, it is found that the dielectric constant of many

ground materials is approximately constant while the conductivity is directly

proportional to frequency; therefore, the depth of penetration of the radar

is linearly proportional to the radar wavelength,

In general, it is found that ground conductivity decreases in regions of
geologically older rocks; while more detailed maps are now available, the
generalization of Figure 6-26 illustrates the main trends, The result is
that greater depth penetration should be possible on the east coast as com-

pared to mid-continental USA,

Electromagnetic parameters for different materials and conditions have been

given by a number of authors (Refs. 6-48, 49, 50, 52, 57, 59, 61, 62, 62),

however, much more data of this type are needed.

A summary of the Ferris Wheel Radar is given in Figure 6-27.
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6.1.11 SWEEP FREQUENCY RADAK

The “1sic parameters for the Sweep Frequency Radar System Concept arc presenmind

in figrre 6-28. wWhile it would be most desirable to sweep the radar frequency

through a broad)range, it is necessary to make 4 compromise with spectral
utilization by sclecting ten discrete frequencies for simultaneous mapping.
The ten representative frequencies proposed for use on the Sweep Frequency

Radav sy.tem are presented as follows:

Frequen GHz Wavelength ( )

1 0.03 10 meters

2 0.3 1 meter

3 1 WV em X
4 3 10 e

5 10 I

6 20 1.5 em

7 30 1 cm

8 100 - ) o

9 200 ] 1.5 mm

10 300 . 1 om

The frequencics were selected from the trmsparency characteristics of the
earth's avnosphere and ionosphere ass shown in Figure 6-29 (Ref 6-78). A
SAR approach will allow a reasonably sized antenna throughout the spectrum;
exact frequency selection would depend on a study of their reclative utility

for contrasting texture, L

This system will give results similar to those from the Texturometer. The
main difference is that the Texturowmetermeasures periodicity primarily in
the range direction over a 10 m area on the ground. " hc Sweep Frequency
Radar searches for a resonant backscatter condition exhibited by a ground
material and uses this as a cha:ﬁcteristic of the ground texture. Also,

the former is a sampler, while Sweep Frequency Radar is a wmapper,

The System utilives aynthetic apertures to achieve {t's desired ten meter ground

reso{gg;gn and 100 im swath width at each frequency. The average power

requirements rvange from 1 watt ‘v 36 MHz to over 64 KW at 200 GHz.
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Figurce 6-29.
6.1.12 CGEOSAR
The concept of o synthetic aperture radar in gecosynchronous orbit was jointly

developed by Dr. lomiyasu and Mr. Chestek of che General Electric Company.

High-resolution radar images of the carth can be taken with a synthetic aperture
cadar (SAR) from geosynchronous orbital ranges by utilizing satellite motion
relative to a geostationary position. 6ce Figure 6-30., A suitable satellite
motion can be cbtained by havirg an orbit plane inclined relative to the

cquatorial plane and by having an eccentric orbit., Potential applications of

PR

these SAR images arc topography, water resource management and soil moisture

determination,

mapped with 100-m resolution cells in about 4 hours.

Preliminary calculations show that the United States can be

With the use of microwave

signals the mapping can be performed day or night through clouds and during

adverse weather,
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Figure 6-30. SAR Geometry

Synthetic aperturc radars have becen flown in aircraft (Ref. 6-67) and are
scheduled to be flown in a low orbit satellite (Ref 6-68). To produce the

images the antenna beam is usually oriented broadside (normal) to the radar

platform velocity vector, although the beam can also he oriented at other
oblique angles (6-69), The SAR image plane is defined by the platform
vclocity vector and radar antenna beam axis. A geometrical contraint requires

that the normal of the object scene plane must not lie in the SAR image plane.

In vector notation, *

(VxR .2#0

where v = radar platform velocity vector

R = radar range vector along antenna beam axis

n = object scene plane normal,

*Other identities arc v . (E X 3) and R - X ;).
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The subsatellite track of a satellice in geosynchronous orbit depends on the
orbit inclination angle and orbit cccentricity, In Figure 6~31A a track is
shown for an example of orbit inclination angle only, The long dimension is
oriented in the north-south direction, If a small amount of orbit eccentricity
is added, the track will tilt as shown in Figure 6-31B, With an inclination
angle of ilo, an orbit eccentricity of 0,009, and an argument of perigee of
900, 2 near circular subsatellite track (Ref, 6-70) can be produced, as shown
in Figure 6-31D, and the relative satellite scanning speed is about 48 m/sec
with reference to a nominal geostationary position, The maximum range rate is
about 30,4 m/sec to a 40° latitude ground location at the same

longitude, A radar frequency of 2450 MHz, an antenna beamwidth of 1o and a

ground resolution of 100 meters are assumed,

LU

-

%

Figure 6-31, Subsatellite Track
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The following values were computed:

Antenna diameter 7.3 m

Incidence angle 46.3°

Beam Footprint 1063 km N-S by 654 kua E-W
Differential slant range 690 lm

across footprint

Rangze ambiguity 217 pulses/sec. max
Azimuth ambiguity 13 pulses/sec. min
Radar PRF 54 pulses/sec, nominal
Integration time 476 secs, minimum
Radar bandwidcth 2,08 MHz
Radar Doppler shift 500 Hz, max

Depending on the viewing angle, an integration time of up to 700 seconds per
beam footprint may be required. To cover the United States, three east-west
rows and seven north-south columns of footprints will be required and this will
take about four hours of total integration time. The number of pixels is 109.
The potential ambiguity caused by the radar Doppler shift of 500 Hz can be
removed by ground processing which relies upon accurate ephemerides data, An

1 is required over the

oscillator stability of better than one part in 10
integration time, The time-delay Doppler shift signal processing technique
used here to produce images 18 quite similar o that used in radar astronomy

(Ref, 6-71),

The power required was calculated assuming a system noise temperature of
600°K, a system loss of 6 dB and a resultant S/N = 10 dB, The average powers

required as a function of normalized radar cross section !ro are:
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o » d8 Pave' Watts
Q 80
-10 800
-20 8000

Other sets of parametric values cin be assumed to achieve different perfor-

aance charvacteristics,

6.2 SENSOR SYSTEM CONCEPTS DEFERRED

During the investiyation of these PLACE systems, a number of other sensor and
system concepts were studied, This section outlines a !ew problems for which
we found no solutions, These are descrbed here in the belief that it is
vﬁluable to mark one's failures as well as successes. Also, these are given
in the spirit that another investigator will get around the difficulty we
found and will develop'a practical solution to these remaining valuable

requirements,

Already, much work has been accomplished toward the location of geological
resources with the help of satellite imagery, While the present optical
and future radar techniques can give many clues to the location of buried
ores, it would be valuable if additional evidence could be €ound using the
classical geophysical tools of gravitational, magnetic, and radioactivity
sensing, We could not find a way to detect a reasonably small ore body; the

following analysis indicates the order of magnitude of the geophysical effects,

The characteristics of a hypothetical ore body are listed in Figure 6-32, Ove
bodies of this size can readily be detected by near-earth aerial sensing and
can usually be economically mined, The only unususl feature is the existence

of the stated gamma ray emission and mannetization contrast in one ore body,

196

~ncanen, a Wikt
NN ”



ORIGINATL, PAGE
OF PyuR QUA Emls{

v, U -
b e sar— v PN
' = ; -~ o = - Ar
N ¥ € ~ 4\3) V
y ’
- . —
= SaQ ol s Ry L S
. -2
‘—\iu:_ LI t/r\ t ‘": A:-tuﬂ'- ‘t- [P, BRI SR,
~ -1
e e - A VIR
AN = ane eT 2T . R RS i O I u T R
< < '
- 1
\‘e EOE O R PN G SRR - S S SR = 2.0 ‘4
~ ~
\a . L
—_— - St .~ v &
- ~ _ L. ’ s
Neg T Tus o = >0 UN o T N
. PO
.oT e . = ,\(\ }.(:\
- - .
-~ | - - - - - -
\:)”'—3\':«\.(’.’.' i\ - Ta t’{:..:. " )"' .\A.
- Sy . T )
S . T R \ ) L P
N N hY - - =1
\_::’?_ ~:J:m‘\y\et&.\" Y :.*:3"\¢*<k;\= -t “T-.V"-\J
N
:L. = Aaleves, w0 ) t/ AT e ‘;V\‘ T N
* J
S S PCSNPA PN P
J
.t --\ = -
- . - B -~ .e
W, T W 2.0 e RV G - h [RY LY \ Ut ,
N .
Land 1
Db tal davawete
!
-l
= Alttde = 2T0\w .
-~
D We
B - - P i
bl o ‘,..\ \;\b\ t/— '\".:‘h 1.:‘4 | SR T
* ame T T ue\ e wm en ;\-" 4 = 1wy I I \ -1'\\)

Figure 6«32, Sensing Parameters

197

-



- 3.3.\\‘ “L 3.: t o;;e
~ -
- -~ = . v L b
= (:-. «r\* 5'-\ S
- = H
d.‘\ B L‘t NN ~ -\(.\7 qx-,'_ ‘t , I 3/
- Yo ~ N
— ——— = - - .
= v c \\v P (4} S
—— --’ -
= A \5’_,‘.: * tee '_\ L I WS {
\‘ - b"_ A . _,_1 _..A e Y v g \f_ - o
-
]
.\“« L ~t c oL o U
A"
LT U s NI N vVoae e T L Tralu
h"e‘v‘sg N .
= N - 1 R )\-q~_
AH: ,‘c“";t; ey A ' 3‘-:\ ~— N -.\’,
A M Y, ,
= Ty = 2 - ) T
-, LRI
-3 - ; -
A AD wt d-bL. L ones ~L/\\ N -~ RS Wt
" .'-uct - olad oo e 5 S PUS S ST -‘_\
‘\ 5
N T e A 1
— "’U...WY'
= t - LLA ARG o ~* Y . ) L N 8 N '_n T i
~ N
/
.‘-‘ e 32 "'4. - 3 t , 4 .- A e
- ¢ ( ' / 9
'xwt‘:rl .‘t'V‘J L \ LR TR y'J r. Y
- -
<=y - NaT detect zrea 8 Nygr Dde w
o= g oy ot S SRS S G SR L I S YOI Sy
\ Na -2 - ) . )
S Ve e Tas Aot (or 3 et
e S <o "t -+ V > ~ . tone ‘ ' I R (‘
- YT

fetmuton v ihamate Ao Lo Ve

Figure 6-33, Anoml}fjr,‘(:alcuhtionn

ORIGINAL PAGE I8
OF POOR QUALITY

198

ot



Figure ©-32 also rstulates the orbital parameters of the satellite carrying

the gevphysical sensors,

The fundamental equaticns which indicate the maximum geophysical anomslizs .re
indicated in Figure 6-33, The gravitational anomaly i{s inverseiy proportioial
to the square of satellite altitude; the calculatior of this is given in

Figure 6-33, Current technyloyy is far from being able to detect this anomaly,

From satellite altitude, the ore body will appear to be a magnetic dipule,

While che spatial pattern of the anomaly is dependent on the orientation of

the magnetic vector of the ore body, the maximum di ¢fererce in the amplitude
of the magnetic intensity which the body cauvses is calculated in Figure 623,
Even if an instrument had the sensitivity to detect this anomaly, it would be
difficult to correct for changes in the magnetic field caused by ionospheric
currents, An additional {ictor is the computational problem of extracting

ground-referenced measurements from the satellite data (Refs, 6-72, 73, 735),

While MAGSAT will have a sensitivity of abhout 5 nT from its altitude of
400 lon (Ref, 6-74), this will be valiable primarily for the study of global
geophysics (Ref, 6-77), Mineral exploration would require a sensicivity whic*

is a million times greater than this,

These problems might be alleviated if the measurement of wmagnetic intensity
could be maJe closer to the earth, This would be possible if the magnetic
field altered an observable parameter which could be remotely senged without

the inverse cubed loss of the magnetic field from a small .ource,

The spaceborne radar e¢llipsometer has a considerable noise component due to

the Faraday rotation of t!:» EM wave through the ionosphere, This rotation
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1s proportional to 'he iutensity of the magnetic field in the ionosphere,
While this could yield a fower magnetic messurements plane, it would not be

gocd encugh,

Another magneto-.ptic dependency which could be considered is that of the Kerr
Eftect: the polarization direction cof light is rotated on reflection from &
magnetizaticn of the reflecting body; the wmeasurement of the magnetic field at
the .arth's surfuce with an active opticai system is conceivable. Unfortunately,
the effect is extremely srall. Even with a magnetic field 1700 times t.e
earthi's normal value, the angle of rotation of linearly-polariced light re-

flecting from an iron surface is only 20 minutes of arc (Ref. 6-76).

Ore bodies can also be detected by the gamma radiation emitted by the decay of
daughter products in the uranium and thorium chains and also by the decay of
radioactive potassium, {he gamma ray emission value which has been assumed
could be composed of ccntributions from any of these three reactions; the mass
absorption ccefficients for the three energies are very similar, and an average
was made for this calculation, Figure 6-33 gives the determination of atmos-
pheric transmittance and the geometric losa tactor, While a dztector could

be collimated to give sdequate ground resolution, it may not be practical to

make & reflection concentrator large enough for an acceptable count rate,

Another system concept for which we had ireat hope but could not get around

some fundamental design problems, was called SATCLOUD, The concept involved

the construction of a small (<€ (20 inch)3), cheap (4~ $2000), light "daughter”
spacecraft using mostly plastic and integrated circuits, Maoy (103-10‘) of

these spin-stabilized daughter spaceci:ft would then be launched i geosynchronous
orbit to provide 4 real aperture radar, The system would function as a random,

sparse phased array and would require one or more "wother" satellites for station
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keeping and command and control, There would be a number of difficult, but
solvable, problems in deployment, surveillance and control., The problem that
ultimately could not be solved, even after ranze idating and fitring a PN code,

was too high a sidelobe level, The concept is illustrated in Figure 6=-34,

These four system concepts (SATCLOUD, MAGSAT II, GRAVEar 11, and RADSAT),
which we pass on to ruture investigators, are summarized in rigure 6-35, Pre-
sented in Figure 6-36 are still other systems which were initially considered

and then late. deferred,

6,3 GROUND PROCESSINC CONCEPTS

Normmally, in a discussion of future space system opportunities, the grounc
processing required by the systems is either deemphasizad or deieted. In the
PLACE future ~cenario of cowbinations of these systems performing operationally,
the ground processing is extrema2ly important, A ground processing system that

all PLACE space systems could use in common is illustrated in Figure 6-37,

Mote that all data from all earth resources systems initially enter the global
data base., It may reside there for a long or very short tine, depending on

a user's throughput requirements for that data, A numher of global data base
configurations were considered sc being possible in the 1995 time frame, as
are illustrated in Figure 6-38, Based on & perception of how a future global
data base concept would evolve, a decision was made, The data base used in
the PLACE Study is decentralized and may be made up of a combination of
regionalized multi-data centers and discinline-specific global centers, It

is ussumed that the data base as a whole is geographically based to a 10 meter
grid of the land area of the world and nominally contains 300 overlays for

each grid cell, This leads to the requirement for a ground storage syrtem
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that could accommodate approximately 3.5 x 1015 bits and a data base manage-

ment system to control the information within it, These requirements are

vow

addressed in Sections 7,4,17 and 7.4.20, respectively,

o~

The next stage in the ground processing concept is the extractive information

processing system, This is really a large number of processes, operating on

gy

the data, as is illustrated in Figure 6-39, for the land use mission objective,

)
[ -

The computational power required to perform these processes is illustrated in

Figures 6-40 and 6-41 for a number of mission objectives, These requirements -

o e
I . R

are posed for potential on-board and ground processors as described in

Sections 7.4.18 and 7,4,19, respectively. Typical of the extractive information
processing systems of the future is the generic system illustrated in Figure
6-42, However, the key developments which must be rcalized in order for these
extractive processing systems to be successful, are advances in signature
extablishment, signature extension, discipline models and resultant forecasts,
These requirements, which must take advantage of future forms of remote sensing

data, ;.ce discussed in more detail in Sectior 7.4,24,

The final stage in the ground processing concept, once the desired information
has been extracted from the data, is dissemination of the inlormation to the
users, Future methods of providing thisinformation dissemination are discussed
in Section 7,4.15, Finally, it is noted that the derived information itself

is ihen returned to the data base to aid in future extractive processing

Qétivities.

6.4 INTERRELATIONSHIPS OF SYSTEM CONCEPTS
Many of the PLACE system concepts are overlapping ir function,and a brief

Analysis of their interrelationships will be presented in this section, A
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look at the overlap between systems is shown in Figure 6-43, the PLACE system
concepts menu, Representing the choice of system concepts as a Chinese menu
illustrates the point that common groupings do exist in the system concept
output products, For example, there are two methods of observing a measure

of ground texture, the sweep frequency radar and the texturometer, but the
methods of implementation, and the frequencies, are different; even the usscs
for the data may be different, In the area of quick-look capability, the
different PLACE system concepts offer different relative advantages with
respect to different missions, The PLACE Study has chosen to pursue all of the
twelve operational system concepts, rather than attempt to select preferred
system concepts at this preliminary point., It is felt that by pursuing the
technology requirements of all of these concepts, that later on, in the mid to
late '80's when the hard choices have to be made to pursue one system and vot
the other, the choice will be made on benefit and cost and not on the fact
that a particular enabling technology had not been developed sufficiently

5-10 years earlier,

Referring again to Figure 6-43, one notes a preponderance cf microwave systems,
The grouping here of both passive and active systems with the primary system
goal of soil moisture mapping.deserves comment, In a study of NASA's Microwave
Remote Scnsing Program Five Year Technical Plan (Ref, 6-80) by CORSPERS dated
10/31/77, it was concluded that not enough is currently known concerning the
relative abilities of passive and active microwave systems to measure soil
moisture at the present time to recommcnd the exclusive use of e over the
other, This is a key point for future systems designers because of the large
structurc requirements associated with passive systems with even modest ground

resolutior figures,
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Figure 6-43, PIACE System Concepts Menu

A secoud view of the interrelationships between the PLACE system concepts is
presented in [igure 6-44, where the systems are clustered functionally, In
general, microwave systems are located to the left, optical systems to the
right, and the distance between any two systems is a relative measure of their
dissimilarity, Systems which provide a quick-look capatility or active systems
which provide their own illumination (eithcr visible or microwave) are specially

marked, In addition, strong similarity ties between systems such as thermal

emission sensing are marked,
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A ditferent aspect of exarining the interrelationships between the PLACE

syatem coticepts is presented in Figure o-35, a time
concepts, These time estimates represent a iew of
happen, keeping in mind the technology icyuirements
measure’ ot each system concept, The developmental

repr. en:s g riwe sssoctated with construction (for

phasing of the systen
when thiese sysiewns couid
and "semi-credibilit-
period for each spacecraft

large suovctures) and

sensor .ud processing development, An operational svstem is one in which

information from a system is guaranteed to be available to users, The political

and institutional implications of a system be.ng uperational were not taken

into account, ihe projections assume that the SEOS

prograr., which has been

considered b. NAS), will be the developmental porticn of the GEOS program,

It also assumes that the MICROSAL program will be developmental for the Parasol

Radiometer,
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7.0 TECHNOLOGY REQUIREMENTS AND FORECAS'TS

This section presents the methodology, assumptions and results of the
definition of Earth Resources technology requirements and the forecasting
of technology advances for the latte. part of the century. Some of the
more critical technology arcas received more in depth analysis than others

duz to their widespread application and/or controversial forecasts.

7.1 METHOTOLOGY

The general flow of activities related to this task is shown in Figur= 7-1.
Initially, a candidate set of technology categories relevant to the Earth
Resources discipline was assembled, based or the results of similar
studies and ouv previous experie:ce. This candidate set was used as a
check list to =»nsure t at the major technologies are considered in the
analysis of each system concept in the n~ace System Technology Model as
described in Section 6.u. The analysis involved the examination of each
system concept to identify those hardware, software, and operational

development needs that are not within tli. current state of the art (S.0.A.),

An initial technology requirement definition was made by establishing the
specific aspect of the non-S5.0.A. development which is required for the
applicable system(s). For instance, the Advanced SEOS (GEOS) requirement
for high resolution during earth scanning from geosynchronous orbit
results in an attitude control system that is outside the current tech-
nological capability. Further inspection of the various elements in this
technology indicated that the significant technology advances within

the time frame in question were: (1) knowledge of pointing accuracy
relative to the sensors' axis andthe local vertical; (2) vibrational

stability at the telescope focal plane,
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“from GE and outside consultants, during the Technoiogy Assessment Poll, P

Once the specific technology requirement was established, those technologies
which bbvioualy could not be attained in the near~tem (i.e., within 2 to 3
years) were documented in a Technology Requirements Document, a brief
summary of the following:typés of information:

o Overall description of the requirements

R s e e o m e L

o0 State of the art averview

o Major requirements

,gm,mzz,w(‘gm Tve

o Desirable features

o Needed forecast

- e

Whe,

gy B

This document was used to communicate with over sixty technology experts

&

This poll requested that each expert in a given technology area make the

projection in terms of current , 1985, and 1995 states of the art. g
The rationg}e for these g;ojections was solicited, as well as an estimate %
of the technology level to be attained in cach ti@é frame, following a _?
scale thch was developed in conjunction Qith NASA-OAST during the Future i
Payload Technology Requirements Study (FPTR), as shown in Table 7-1. ;%
-~ On the scale; the i;west level of téchuologicai achievement is thg - L é
coﬁcept or idea. It p;ogresses through the observation of the basic ' ) A 4%
phenomena and theory formularion to the variOus tests’ans demﬁnstr;;ion . {?
stages. The highest level (7) is thavspace demoustyation,‘wﬁich is . g Zé
categorized in four modes: A,-B, c‘and R ﬁ;de A‘is fulfilled when a Ly N 93
e EEE RNy 7

prototype or engineering mode of ~the sgecifxc Cechn;1ogy item ts ;ested (fff'\f\ \t‘:‘g‘
- X x o~ A8 -

satisfactorily in space. An example of Mode A ts “a space démonstratiog ‘E ;jf f%

of a LIDAR unit, using the Spacélab pallet as a eest bed. _ini SR ‘Ef
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N
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Table 7-1, Technology Achievement Levels

(D) LIFETIME EXTENSION OF A MODEL IN SPACE
(C) RELIABILITY UPGRADING OF A MODEL IN SPACE

g /:(a) NEW CAPABILITY DERIVED FROM MODEL IN SPACE
-7 {A) MODEL TESTED IN SPACECRAFT ENVIRONMENT

AP —6 . :MODELTESTED INAIRCRAFT.

~5 COMPONENT. OF BREADBOARD TESTED IN LABORATORY

m -3 _THEORY TESTED IN PHYSICAL EXPERIMENT

-2 THEORY FORMULATED TO DESCRIBE PHENOMENON

=1 BASIC PHENOMENA OBSERVED AND REPORTED
=0 ONLYACONCEPTORIDEA
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In Mode R, a capability existed for a ground-pascd version ot tpe tech-
nologyv, but this capability s boinyg cnra o ed on Gdaptiey the system
the space environment. Synthetic Apertmie Kadar is an example of a
technology test that is well advanced us:my; at:craft, but requires the
solution of several space-unigie |, roblems prior to testing a model in
space. When the desircd degree of perforaance 1 veochad in space, the

Mode B level will bo tulfilled.

Modes € and D relate to technologies which are alveady avairlable in
spudce systems, but which require better reliability and longer life in
the space environment solar arrays and spacecraft betteries are in this
category. In addition, the technologists were asked to estimate the
amount of money required to close the technology "gap' by 1995. Refer-
ring to Table 7-1, the gap consists of the difference between the tech-
nological level estimated for 1995 and the "full attainment' of that

technolegy, as characterized by Level 7, which has alternative modes

designated A, B, C or D. During the course of the experts' reply period,

representatives of the PLACE team had persoaal meetings with (he expert

and rheir associaies, to ensure mutual nnlerstanding of the technical

requirements, the coverall study, and the poll nformation beiaug submitted,

e results ot the technology assessment poll were compiled for inclusion

in the final oral presentation and the final .eport.

7.2 GROUNDRULES AND DEFINITIONS

Certain groundrules were establish»?! during the analysis and technology
assessment poll. These are important in understanding the results.
Relative to the technology requirements definition task, the following
was estab.ished:

1. The applicability of a technology to a given system can be

assessed in two modes:

A, Auw ENABLING technology is ene that is n2cessary to permit

the implementatlogz%f the system as co.rceived.
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b. An ENHANCING technology is one that is desirable (but
not mandatory) since it will reduce the cost of implemen-
tation significantly.

2. A technology requirement must require an advancement in the
state of the art; that is, it should not be based merely on an engineering
development where the techniques are available and provern.

3. The quantitative definition of the pertinent cechnology
requirenent parameters is based on the mest demanding of all the require-

ments imposed by the systems enabled or enhanced by that technology.

Relative to the Techno'ogy Forecasting task, the following apply:

1. The technojogy projections assume no significant NASA
technology effort between now and 1995.

2. The "technology gap'" is definw’ as the technological
deficiency between the projected 1995 technology achievement (assuming
no significant NASA expenditures) and the maturing of the technology as

evidenced by a space demonstration of the technology aspect.

3. The estimated cost of filling the 'technology gap,' as defined
previously, assumes required expenditures for those specific and limited
aspects of the developments which have a significant technology (i.e., s.o0.a.
advancement) content. Similarly, the in-space demonstration which constitutes
the last step in technological maturity, is assumed to incorporate only the
parts, components or sub-azsembly portions related to that technological
content, It is estimated that riany of these space demonstrations will involve
a space package constituting less than 1/2% of a Shuttle payload, Future
derivatives of the Long Duration Exposure Facility are examples of the type
of payload where the demonstration packages may be accommodated,

4, Cost of research required by NASA assumes funding from external

sources has taken place,
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7.3 IDENTIFIED TECHNOLOGY REQULIREMLN I'S

Twenty five technology requirements were identified as Leing required by

e

the PLACE system concepts. The requirements, which were selected for

further analysis in the study, ar ‘listed in Figure 7-2. (Correlated with

P

each requirement is the applicable PLACE svstenm which utilizes the techuology.
The black dots indicate that the technoloygy is enabling relative to that :
system, whereas the white dot indicates that the technology enhances the

system from a cost point of view.

Several patterns are discerned through this matrix (Figure 7-2), For

instance, while the number of enhancing technologies exceed that of the é
enabiing technologies, all PLACE systems require more than one enabling ‘
technology. Technologies exhibiting a high degree of commonality among

oy stems, such as solar zrrays &and batteries, ground and on-board storage,

data processing, and data base systems, are genevally enhancing. Extractive

processing is the technology which enables the largest number of systems.

A summary of the total number of syscems enabled by the various technologies,

listed in descending order is shown below:

EXTRACTIVE PROCESSING 1

LARCE STRUCTURES -
SOLID STATE SENSORS

LASER SYSTEMS

CRYOGENICS

POINTING

EPHEMERIS

LOW NOISE M-WAVE RECEIVERS
LARGE OPTICS

TONOSPHERIC MODEL

FERRIS WHEEL CHIP

2-POL. N-FR&Q. ARRAYS
RADIATION RESISTANCE
ADAPTIVE OPTICS

STABLE OSCTiLATORS
RANGING SYSTEM
DISSEMINATION CONCEPTS

et et e pd bt DN NN o NN WS
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7.4 TECHNOLOGY REQUIREMEWTS/FORECAST RESULTS

7.4.1 LOW-COST SOLAR ARRAYS

Technology Requizremeits

Many PLACE systems require substantially more power than most contemporary
systens, hence, an enhancing (cost saving) technology for most future
wmissions is lower cost solar arrays. Since tae goal is to optimize on the
basis of minimum cost in mission orbit, light weight ts also a part of the
need, the importance of light weight being in inverse proportion to expected
transportation costs. Radiation resistance and solar array dynamics are
related aspects of thisn technology requiiement which are covered in sepucate

technology requirement definitions.

The present cost of solar arrays is of the order of $300 per watt, with
transportation costs of typically another $20 per watt. No specific

level is evident as . "must" for future system costs., However, analysis
suggests that a 907 reduction, to A $30 per watt for array and transportation,
is both quite feagible and of major benefit., Consequentiy, this level

is suggested as the '"requirement" for low cost space qualified solar array.
This level of cost performance is dasired with a rigid (natural frequeicy

ovexr one Hertz), multi-kilowatt, deployable array.

State-of-the-Art Overview: Three current development trends need to be
recognized n making technology projections in this area, The first is

the development attention being given to GaAs cells. These cells have

the promise of pot ntially higher“;£ficiency, greater radiation resistance,
and greater ability to tolerate large concentratiou ra‘ios. (See Table 7-2
for a comparison of efficiencies.) At pras 't theca cells are experimental
and expensive, and projectionc indicate tha. future costs may remnain sig-

nificantly higher than silicon cells.

29



Fable 7-2

Comnarison of Present lLevels of Efficiencies for Protovoltaic Materiasls

MATERIAL EFFICTENCY
Si (single crystal) 19,
Cds - CuZS 87
GaAs (single crystal) 237
Si {polycrystalline) 107
uaAs (thin film) 5%

In the area of silicon solar cells, much attention is being focused on
thin solar cells and lighter substrates, in order to save array mass.
Very thin solar cells, down tofK)rnm thick, are being developed. Such
cells»have re&uced efficiency (compared to “standard" cells), much higher
specific power (watts per kilogram), improved radiation resistance, and
hiéher costs per installed cell.

-

The third area to be recognized is the thrust toward reduced costs for
terrestrial solar cclls. Edge defined crystal growth, automated assembly,
and other developments ure aimed at a dramatic reduction in terrestrial

solar array costs.

The reader is referred to section 5.2.3 in which the cost and the weight
of future solar arrays are traded-off. In addition, the concept of the
even trade value for solar array weight and cost is developed, T.vle

7-3 shows the even trade value of various array specific_power goals as

a function of transportation costs.
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Table 7-3

Eve . Trade Value: for Increasing Solar Array Specific Power - S Per Watt

Transportation _$ WATT T0 GO_FROM 25 w/kg TO

Losts 100 200 300 400 500
§ Per K w/k w/k: w/kg w/ kg w/xg
100 3.00 3.50 3.67 3.75 3.80

500 15.0¢ 17.50 18.35 18.75 19.00

100¢ 30.00 35.00 36.70 37.50 38.00
2000 60.00 70.00 73.40 75.00 76.00
5000 150.00 175.00 183.50 187.50 190.00

Technology Forecast
The results of the technology assessments poll are summarized in Table

7-4 {Refs, 7-1, 2)

Technology Projection

Table 7-4. Solar Array Projection
CURRENT 1996 1996
TERRESTRIAL | SPACE QUAL. | TERRESTRIAL | SPACEQUAL. | TERRESTRIAL | SPACE QUAL.
b $9.00/WATT $300/WATT $250WATT STOMATY $0.50WATT SIGWATT
Ty 25 WATTS/Kg 150 WATTS/Kg 250 WATTS/Kg.
stiolied S20/WATTS $1.8MATT $0.40/WATT

Current cost of silicon cells for terrestrial applications is $8 to $9 per
watt. The cost to space-qualify the arrays, along with the costs of
adaptation to the lsunch and space environment bring the current cost to

approximately $300 per watt (Refs. 7-1,2). This space-to-grou.d ratio

of approximately 30:1 is seen as remaining fairly constant through 1995,
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A Department of Energy goal of $0.50 per watt has been set for the latter
valt of the next decade. The experts consulted by PLACE agree that,
technologically, this goal is attcoinable by 1986, however, it would require
large scale production rates that are not foreseen until the 1990's,

Based on reasonauviv conservative production projections, the 50¢ per watt
goal would be attained ir 1995; this leads to the projection of $15 per

watt for space qualified solar arrays.

Concerning the reduction of tiansportation cost, the major thrust must {
be in the structvre supporting the cells, and the deploymcnt‘mcchanism

employed. Additional improvement beyond the current thickness of 250

microns will not reduce the weight of the total assembly as significently

as lightening of the supporting structures.

Required NASA Developments

The major portion of the technology development in silicon is foreseen
to occur in ground-based applications. NASA development effort will be
required to adopt this technology to the space applications, considering
the special environments of space flight and the need for light weight.
GaAs cells seem promising from the points of view of efficiency and
radiation resistance; hovever, the required NASA involvement here would
be much greater, siace the GaAs technoiogy development thrust by the
private sector is relatively small.

7.4.2 HIGH ENERGY DENGITY SECONDARY BATTERIES

Technology Requircment

A1l PLACE systems included in the selected set include energy stored to
permit collection and return of data during eclipse. Thus for all missions,
a lighter energy storage subsystem would be an enhancing (cost saving)

technology. Major progress is now being made in laboratories toward
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(V)

(2)

(3

this goal of lighter secondary batteries. Most of this effort is focused
on utility power peaking and automotive transportation applications, Most
of this development effort appears to have potential for space applications

in the post-1985 era.

The principle requirements for linntweight energy storage cells is a
combination of high intrinsic energy density and a high useable discharge
fraction. This must be met for enough charge/discharge cycles to meet
system life requirements. The PLACE systems require a life capability of

two years in low earth orbit and up to eight years ingeosynchronous orbit.

The estimates of enhancement benefit for PLACE missions has been generally
based upon a usable energy density of 100 watt-hours per kilogram
(w-hr/kg). This could be achieved, for instance, by a 200 w-hr/kg cell
with a usable depth-of-discharge of 50 percent, or by any other combin-
ation of theoretical energy density and usable discharge fraction. The
minimum design life, corresponding number of discharge cycles, and
discharge/recharge time for the three classes of orbits considered for

PLACE are summarized below:

DISCHARGE/
ORBIT YEARS OF RECHARGE DISCHARGE RECHARGE
TYPE LIFE CYCLES TIME TIME
(YEARS) (ESTIMATED) (MIN) (MIN)

Low earth orbit; 2 11,000 30-50 60-70
syachronous
Inclined (55°) 4 01000 0-50 240-360
Intermediate
Altitude
(Earthwatch)
Low Inclination 8 1,000 0-75 1350-1436

Earth Synchronous

State-of-the=-Art Overview

An energy storage future trade-study done earlier in the PLACE study
concluded that new electrochemical couples, initially developed for

terrestrial uses, would be adapted to shacecraft by 1992, and would have
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much higher energy densities than present cells. Fuel cells and fly-
wheels were also considered (sece Section 5.2.4), but not expected to

displace chemical batteries,

Projected improvements in solar array power to weight ratio projected

for thc post-1985 period {(Reference 2) means that, unless major improve-
ments are achieved, energy storage mass will become an even largcr
fraction of the power subsystem total than at present. On the other hand,
the red.ced solar array mass means that charge/discharge efficiency is
relatively less importent than at present, although a good value is still

desirable.

Technology Forecast

The current technology capability is €or 60 watt hrs. per kilogram, based
on terrestrial applications, using nickel-hydrogen cells. (Refs. 7-3,4), A
number of storage cells currently under development are projected to

meet the stated energy density requirement, for instance:

o Link Chloride

o Lithium - Aluminum/Fe

o Lithium - Silicon/Fe

o Lithium - Carbon Monofluoride
o Lithium - Titanium Sulfide

o Sodium Sulfur

0 Sodium Antimony Chloride

The capability projection is 180 watt hours/kg by 1985, and 250 watt
hours/kg for 1995. The latter will be attained through the use of high

temperature ("thermal') cells.
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Required NASA Developments

The cell developments for ground applications such as vehicular propulsion
and electrical load averaging will require adaptation to the specific
needs of the space systems and missions. Primary among these consid-
erations will be the adaptation of the cell design to the charg:/discharge
schedule as discussed in the Technology Requirement section. In addition,
the long-duration application of the batteries in space missions will
require extra counter measures against problems such as electrolyte

loss and high pressure gas build-up,

7.4.3 ACTIVE CRYOGENIC REFRIGERATORS

Technology Requirement

Low temperature sensors are used in several of the PLACE system concepts
to decrease the detector noise to acceptable levels. The requirement

o
ranges from 25° to 100 K, which is beyond the capability of a purely

passive radiator.

Cooling of earth observation infra-red detectors requires temperatures
of 50° - 750 Kelvin. There is little benefit in lower temperatures for
these missions since the fluctuations in the atmospheric background have
larger contributions to the noise range level. At this temperature
range, the cooling load is estimated to be one to ten watts, for the PLACE
missions. The cooling load for infrared detectors included substantial
contributions from radiatiou of elements in the optical path (e.g.
primary mirror, baffles, steps), and from conduction through electrical
leads and support members to the focal plane assembly. Consequently,

it is useful and/or necessary to cool these elements to a lesser degree,
i.e. 100K or so. At these temperatures rather substantial heat loads
may be encountered. For example, the earth albedo input to a mirror of

one square meter arca could be of the order of 50 watts if the mirror
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absorptivity were 0.05. Consequently, cooling loads of a hundred to

several hundred watts may be encountered in PLACE systems.

Cooled parametric amplifiers for microwave receivers would be useful for
some PIACE systems. Since the atmosphere is transparent in this region,

temperatures lower than needed for IR detectors would be useful. Nominally,

25K is taken as a requirement, although even lower temperature may have

utility. Only a few watts of cooling would be needed at this temperature.

The major requirement for technology development is the achievement of
reliable long life operation of refrigerators at these temperatures and

loads.

Desirable features of future active cryogenic refrigerators are light
weight, low power consumption, and low cost. To some degree all of these
parameters must be met to enable the use of the technology: beyond that
point improvements are simply enhancing. As a goal, the following

performance is desired:

Temperature Efficiency Cooling Refrigerator Mass
(X) (" of Theoretical) Load (Watts) (Kg per watt cooling)
150 15 200 - 500 " 1.0
100 10 200 - 500 1.0

75 8 1 -10 2.0
50 6 1-10 3.0
25 5 0.5 -« 2.0 3.0

State-of-the-Art Overview

A review of cryogenic refrigeration literature indicates that substantial
work has been accomplished for five closed cycle systems:

o Vullenmeir (V.M.)

o Revised Brayton/Claude (turbomachinery and Rotary-reciprocating

(rRY)
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o Stirling
o Cifford - McMahon

o Joule - Thompson

Much of the existing hardware designed for refrigeration applications are

able to meet the load and temperature requirements of the PLACE sysctems.

Figure 7-3 through 7-6 show the current capabilities in terms of efficiency,
volume, mass, and cost for terrestrial application refrigerators, accord-
ing to a survey by the Cryogenics Division, Institute of Basic Standards,

National Bureau of Standards. (Ref. 7-6)

The technology of large capacity “elium refrigerators is quite mature, as
exemplified by the list of units shown in Table 7-5 (Ref. 7-5), that

were ordered between 1975 and 1977.

Technology Forecast

Table 7-6 shows the current and predicted performance characteristics for
cryogenic refrigerators in the range from 25°K to 150°k. The "gap"
between PLACE derived requirements and 1995 capabilities is in the area
of mass~-per-watt ratio and efficiencies, The Vullenmeir cycle, combined
with a solar power system appears to have the highest potential for

attaining the long-life required for PLACE-type missions.

Required NASA Developments

1. Significant development effort to reduce mass and size of refrigerators.

2. Improvement in the efficiency of units in the 25°K region.
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Table 7-5, Large Helium Refrigerators and Liquefiers Ordered Since 1975

Nominal Temperature Cxpander Compressor  Liquid Nitrogen
Agency Application Capacity K Type Type Precocting
LASL Encrgy Storage 900 W 4.5 Turhine Reciprocating Yes
Gas bearing
BNL SPTL® 600 W 6-8 Turbinc (3) Screw No
' plus 1.5 g/s lcad Gas Bearing
cooling
BNL HEUR 700 W 4.5 Reciprocating 12} Reciproc. ting Yes
Beamns Magnets
FERMI Energy Doubler 1500 W 4.5 Tutbine (2) Screw Yes
Gas Bearing
LBL ESCAR 1500w 45 Turbine (2) Screw Yes
Gas Bearing
ORNL MFE Maguets 1500 W 4.5 Turbine (1) Screw Yes
ot ot Gas Bearing
900 W 35
FERMI Energy Doubler 4500 L/he Turbine (3) Reciprocating Yes
Oil Bearing
ERDA SPTL Russian 700 W 4.5 Turbire (2) Screw Yes
Exchange plus 4 g/s lead Gas Beaning
cooling
U.S. BUREAU Bulk 500 Lihr Tutbine (2) Reciprocating Yes
MINES Liquefier Oil Bearing

® Superconducting power transmission line.

VRIGINAT, PAGE 18
OF FOOR QUALITY
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Temp = 150°K

Load, cooling

Efficiency
Design Life
Weight

Comment 1)

Temp = 100°K

Load, cooling

Efficiency
Design Life
Weight 2

Comment: (1)

Temp = 50-75°K

Load, cooling

Efficiency
Design e
Weight %%f
Comment (1)

Temp = 2§35

Lload, cooling

Efficiency
Design Life
veight (2)
Comment

TABLE 7-6

Current

200-500 watts
157% Carnot

3000 Hours(3)
1.4 kg/wacc(3)

200-500 watts
107 Carnot
3000 hours
2 kg/watt

1-10 watts
8% Carnot
5000 hours (3)
5 kg/watt (3)

J to 2,0°
3% Carnot
5900 hours
7 kg/watt

FORECAST - CRYUGGENIC PEWRICERATION CHARACTERISTICS

1985 (S0A)

1995 (soA)

200-500 watts
15%

6 years

3 kg/watt
Likely V.M.
;or R3 (1)
redundant

200-500

10,

6 years

4 kg/watt
Likely V.M,
;or R34
redundant

1-10 watts
8%

6 years

10 kg/watt
Like}y VoM,
gor R
redundant

«3 to 2,0
3%

6 years

14 kg/watt
(Likelir V.M.
or R
redundant

|

|

A

|

|

200-500 watte
15%

10 years

2 kg/watt
Likely V.M, or
rR3 (1
redundant

200=500

10%

10 years

3 kg/watt
Likely V.M.
or R3 (1)
redundant

1-10 watts
8%

10 years

8 kg/watt
Likely V.M,
or R

1 ~dundant

5 to 2.0
3%

10 years

12 kg/~ratt
Lilely V.M,
or R3
redundant
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need to be developed for the analysis of large structures. One result

7.4.4 LARGE STRUCTURES

The discussion of the technology requirements and forecasts associated
with large structures will be divided into five aréas: (1) Structural
Anslysis; (2) Attitude and Shape Control; (3, Materials; (4) Structural
Elements and Joints; and (5) Orbital Assembly/Logistics. Each of these

areas vill be individually discussed in the following sections.

Technology Requirements

The major requirement for large structure analysis technology is develop-

ment of the ability to translate mission requirements such as pointing

accuracy and antenna surface tolerance, and envirommental conditions

such-as orbit parameters and upper atmospheric density, into '"conventional”
éesigu parameters, such as "the bending moment on this joint is...," "the
bandwidth of this control clement must be...," or "a damping coefficient

of so much-is required in this member." Two types of analytical techniques

'needed is techniques that permit mission planners and system conceptual

deﬁiggers to perform the top level trades needed to define optimal programs,
i;éi, means of relating approximate system mass, number of launches,

cost, conatruction time, andthe 'ike, to requirements for accuracy, size,
stability, chtrol elements, and other mission parameters. The other
result needed is detailed analysis procedures that yield stresses,
deflectioﬁs, frequencies, and the like wlth sufficient accuracy to permit
successful structures to be coﬁstructed in séace. Obviously the mission

planning and conceptual design work precede the construction phase,

However, it is not salf-evident that effort should be focuscd on simple

analysis techniques first; it may be, as has happened on other complex -

rroblems, that only detailed analysis of sample problems will lead to
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the insights that make simple approximations possible,  iwe major
pertemarce desires are immediately evident. The tirst is that the
analvsis technigues developed be capable of veritication in free-tfall
through inexpensive tests that can be conducted early in the Shuttle
cra,  The sccond desive is that the analyvi’s lead to acceptably accurate
-

and reliable results at a4 wmodest cost in analveis time and margin o

satety.

Attitude and shape control sensors and actuators represent a new problem
when applicd to large structures. Attitude control is used to describe
the orientation of the structure as a whole to an inertial or orbital
coordinate frame. Shape control means the relative positioning of
elements of the structure relative to each other. Obviously the two are
related, and could be redefined as the attitude control (in some reference
coordinate svstem) of ecach part of the structure. The distinction is
made for cenvenience; for shape controlthe structure can be wade to react
against itself, i.e., no .ot external reaction must be provided, although
that is one possible way to control shape. Attitude and shape sensors
are discussed in the technology requirements on Pointing and Ranging
(6.7 and 6.14, respectively). The attitude and shape control actuators
are discussed below, The attitude actuators are new in that they will

be decentralized and optimally distvibuted throughout the structure,
However, shape control sensors are a new class of device, So far,
deployed shape bhas heen a constant; space structures were assembled and
tested on the ground. Their shape was predetermined and fixed, except
for moving antennas and sensors. With space assembly, a new factor
enters the configuration definition. The major requirement for control

actuators is that they be available with the capacity to supply the
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required length (tension and compression), angle and rotation corrections
needed by the large PLACE structures. The ability of a large structure
to overcome some shape distortion by electronic means has been discussed

in Section 5.2,0,

The major requirements in the area of materials is that the structural
materials must withstand the natural and imposed enviromment without
unacce taslo deterioration of itself or damage to other parts of the
system over lifetimes greater than ten years, This requirement includes
the need for protection from several phenomena. The free-fall aspect is
both obvious, and enables large structures. The vacuum environment not
only imposes a material degradation concern, but implies that outgassing
of condensible vapors which an contaminate neighboring optical surfaces
must be avoided. ‘Typical optical surfaces would include sensor optics
and detectors, solar cells, thermal control coatings, cryogenic coolers,

etc. In short, most surfaces of the satellite are susceptible to adverse

effects from structural outgassing. Both UV and ionizing radiation effects

are important at all altitudes, with trapped particle radiation especially
important between 1000 Km and synchronous altitude., Almost all orbits,
including 411 PLACE orbits, include an eclipse phase. This abrupt change
in incident radiation often has a pronounced effect upon spacecraft
structure, often leading to surface temperature decreases of 200 K

or more in & matter of minutes for non-power dissipating clements. Any
thermal contractions resulting from this sudden temperature change must

be accommodated while meeting all functioral requirements. The problem
of charge build-up at geosynchronous altitudes has also begun to be

investigated,
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Future PLACE systems also pose challenging requirements on structural
elements and joints. Classes of "building blocks'" or geometries capable
of withstanding to-be-designated levels of tension (rods and cables),

compression {columns and arches), flexure (beams and trusses), torsion

(shafts) and shear (webs and plchs§’Must be develeped. Although in
terrestrial practice specialized forms have evolved for each primary

load cateogory, in space, new forms for structures, tailored to space

v A i
LS

parameters can be expected to evnlve. Thé jaints for large structures

must withstand the loads applied - which are yet to be defined - within

_stress lovals consistent with reliable lnng 11£e. Further, the joints

A must provida tigld conuections where requlred Even a minute amount of ¢ S

-play 4n a’ joint can lead to large deflections/misslignments in lsrge

SR LT

<

\ i,
el vy

structures. In some cases, the.joxnts nay be expectud to Supply structural

dumplng. Fiually, the joints must be capable of being assembled (and ‘: =ﬁ' o ‘f;

perhapsia[sassembted) in space.” - - = : N

. The requitemsnés {nvolved 1n-o;bital assembly and logistics have been . <

given ‘some s;ud&, and concepts for in-orbit assembly may- be divided .into.

" large habitable space “hsngar". has never been seriously advanced. This i

three major classes: mnuned remote manned and automatic or robotic.‘
Manned orbitai assembly operativns on large structures genetally cnvision
ngnificant limitations on human dexterity {mposed by a need foy space

suits to overcome the envirvonment. The other alternative, assembly in a

limit on manned capability has usually been considered to restrict assembly “
operations to fairly ahnﬁfé tasks on bulky objects. :Furtﬁer, such manned
operations have been regarded as enormously ewpensivé. In the past chis
has been valid, but with £utura prospevcs oE %100 per kilogram transportation .

costs, and an "orbital bunkhouse" with geOponic 1ife supporc this aituatlon ' g

- =z

may change.~4Remocely “mxnned"‘brbttal assembly operatioua {s another
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approaéh that has receiveq substantial study. 1In low earth orbit, tele-
operators with ground based control are communication limited. If direct
communications to ground are used, the line of sight limitation limits use
ot the equipment to only a few minutes per orbit. If a geosynchronous
communications relay link is used to solve this problem, then the radio
propagation delay (which varies between 0.24 sec and 0.99 sec) seriously
impedes the man-machine feedback loop, and limits the speed of operations.
Further, for any orbit, the end effectors of the teleoperator are, in
general, even less dexterous than the gloved hand. The communication
~dilemma can be solved by having the operatcr in the same orbit as the
;eleoperatbr. This approach compounds the problims of manned orbital

operations and limited machine capability.

The'third‘épproach is to use automatic machines or robots to do the orbital
tasks. Various forms of beam builders and asse@bly automators have been
propos;d. The concept usually includes manned machine tending and/or
maintenance. Automatic machine repairing machines have not been encountered

in concepts proposed to date. <

TECHNOLOGY PROJECTION -
An assessment of the current state of the art and in some cases a forecast
of future capabilities follows for each of the following five -areas:

@)) Structuraernélysis; (2) Attitude and Shape Control; (3) Materials;

(4) Structural Elements and Joints; and (5) Orbital Assemﬂly/Logiatics.

The area of analysis of large space structures is quite young, with early
analysis packages such as DYNAMO and SAGERT currently available. In the

future, these programs will be improved and expanded to include temporal

248 }

ST o o p s vt et a6

et

R

:
e

i



¢ S

[ SR

Tt g ey

varying loads, non-linear transfer functions, etc. Associative efforts
to correlate the results with empirical test data and reduce computer run

time will also be ongoing.

The area of attitude and shape sensors is well established, with shape

sensors based on ranging (see Section 7.4.14 ). The current relative

capabilities of momentum storage vs. thrusters is discussed in Section 5.2.6.

Of the canéidate chemical, ion, electrothermal and colloid thrusters, NASA-
Lewis is currently pursuing the ion engines and the INTELSAT V program is
developing electrothermal thrusters. Other methods of attitude control
including magnetic field interaction, solar pressure and gravity gradient
will also be considered as correction forces in the future., Shape control
devices that will be considered in the future include piezoelectric devices,
magnetostructure devices and hydraulic actuators. Very little applications
work has beén'initiated to date except for physical lab demonstration-

type experiments.

The four areas that will be addressed under materials are metals, polymers,
composite materials, and coatings. A comparison of the critical parameters
of some representative structural materials is presented in Table 7-7

(Ref, 7-44)., Metal structural materials such as aluminum and titanium

have been used -extensively and the technology is adequate. Of the polymers,
Kevlon is degraded by ultraviolet radiation but materials such as daci -

are attractive for mesh type surfaces, A significant amount of work on C‘he
use of composite materials has been performed (Ref. 7-8). Graphite epoxwy
has been extensively used and has excellent material properties but requifes

a UV shield for long life, OGraphiie polyimide, the most stable organic

compound, is being marketed by DuPont as CAPTON., It has the property that
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its outer layer turns black after several years, providing a UV shield but
creating thermal problems. Carbon-carbon composites are extremely
difficult to manufacture but offer excellent structural properties. Metal
matrix composites such as aluminum graphite and magnesium graphite are
another attractive alternative, although they are not as developed as
graphite eéoxy. The material corrpdes in the presence of water vapor, which
prevents i'ts use in the aircraft industry. However, it is an extremely
stable compound that may be the answer to the long life, hi-energy radia-
tion problem. A number of coatings have been investigated to prolong the
structural life of materials. White paint which has been extensively used
is heavy and is a poor UV shield, but has low absorptivity and high
emissivity. A second candidate is a layered dielectric surface, perhaps
of pure silicate. A third candidate which may prove effective wculd

inwlve vapor deposition of metal coatings.

A number of concepts for structural elements and joints was discussed at
the joint Industry/Government Seminar on Large Space Systems Technology
held at NASA's Langley Res;arch Center in January of 1978 (Ref. 7-7).

The most actively pursued concept is the nestable column; however, work

is also continuing on trusses, tetrahedral secticns, the astromast concept,
and the Buckminster Fuller truss. A comparable number of mesh and joint

concepts was also presented.

The ongoing Solar Power Satellite conceptual studies provide some i{nsight
into the magnitude of the orbital assembly and logistics problem. As psrr
of that investigation (Ref. 5-17), tradeoffs have been perforwed concerning
optimal assembly procedures and techniques, Addition.ily, a new clsss of

spar.e tools which will facilitate in orbit assembl ' will emergg,:’The§§;ff

ind ude concepts such as better gloves, smart-scraw«riyﬁﬁiﬂthat auntomatically
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feed, drive and torque threaded fasteners, and smarter, more dexterous

robcts and teleoperators, perhaps containing decentralized microcomputers.

NASA Development Required

In each of the pieces of the large structures problem discussed, it is
perceived that NASA and the Department of Defense have a joint interest
in promoting the required technologies. The extent to which the DOD will
independeAtly develop individual technologies is unknown. In specific;
areas such as materials development, related aircraft and miscellaneous

commercial activities will also provide some impetus.

In the area of analysis of large structures, NASA must sponsor development
of improved computer programs, simplifying techniques and corroborative

test methods.

For attitude and shape control of large structures, NASA must initiate the

development, standardization and simplification of attitude and shape

actuators.

In thé area of materials research, the optiw.m material to survive in a
long~life hi-energy radiation environment must be determined and the
advantages of the various coéting alternatives must be parameterized. A
specific recommendation for the continued development of wztal matrix

composites is also included.

In regard to the future use of structural elements and joints, the

development of standards indicating the items which may be used in various

requirement environments is required by NASA,
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Finally, scenarios for implementation of classes of large structures must
be developed. These scenarios should be based on manned, remote manned
and robotic assembly tradeoffs and should include procedural standards
such as the construction (weaving) of a large mesh or the alignment of

subsection of a large structure.

7.4.5 DUAL POLARIZED POLYCHROMATIC PHASED ARRAYS

Technology Requirement

Several PLACE system concepts expect to utilize phased arrays for antennas,
System cost, mass, and complexity are all expected to be favorable affected
by having both polarizations and a range of frequencies available in the
same antenna. The requirement then is for a microwave aperture that would
operate over a 4:1 frequency range (L-band to S-band) with both vertical
and horizontal polarizations. This antenna may operate with constant beam-

width thereby reducing the area of coverage with higher frequeﬁcy.

Technology Forecast

The two highest potential implementation approaches, as shown in Figure 7-7

arce the slotted waveguide approach and the p ‘inted element stripline approach

(Ref. 7-12). A 10 M long waveguide has been constructed for operation at
L-band (1.4 GHz). The implementation, which is generally heavier, but with
less loss than the stripline, is constructed of a carbon fibér composite.
It is estimated that the weight of a dual polarization waveguide would be
1.3-1.5 times the weight of a single polarization, with the basic problem

associated with providing addition ground planes.

A 2-3 meter printed circuit stripline array has been constructed for
operation at L-band. This approach is generally lighter but has more

losses than the waveguide approach. The construction involves a multi-

layer sandwich-type layout with an air or foam dielectric layer. The
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radiation elements are printed on the top surface and connected to ground

by a coaxial cable.

NASA Development Required

The main problem associated with these large dual polarized polychromatic
phased arrays is in the configuration and manufacturing. What is called
for, is a series of clever production techiiques that would allow “or in-

expensive mass production of the required radiating elements,

A representative Shuttle experiment which could test alternative imple-

mentations and manufacturing procedures could involve a 3 x 3 meter array

with 2 polarizations and 3 frequencies.

NASA can expect to receive external assistance from the Department of
Defense, which is interested in multifrequency arrays and in the associated

manufacturing problem,

7.4.6 RADIATION RE. ISTANCE

Technology Requirement
A number of PLACE systems will be subjected to ionizing radiation levels

high enough to damage spacecraft elements, Several systems arc in geo-
synchronous orbits, where solar and galactic radiation is significant, One
system, Earthwatch, is in an orbit (6-10,000 km altitude, at 55 degrees
inclination) where Van Allen radiation is of major concern. For the zeo-
synchronous, an increase of radiation tolerance above todays levels is

mission enhancing, for Earthwatch it can be considered as mission enabling.

Preliminary estimates of ionizing radiation for the Earthwatch system is
that the dose will be about 5 x 10° rad (Si) or more per year. A mission

life of ten years at these rates will be required to enable deployment of
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the system. Componentc known to be susceptible to debilitating damage as
these doses include CMOS, solar cells, and power semiconductors., These
elements, and any others that are similarly vulnerable, must be made hard l
3
enough - either intrinsically or via shielding - to survive th~ postuiated
radiation dose,
&
Technology Forecast ) ¢
A compurative view of the susceptibility of various semiconductors to b
Lo
radiation by D. Myers of Fairchild (Ref. 7-45) is presented in Table 7-8. )
Each area was individually examined for susceptibility to radiation at
ycusynchronous (neutrons) and Earthwatch (protons) orlit, .
v
Table 7-8. Semiconductor Susceptibility to Radiation -
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Extensive use will be made of large-scale integrated (LSI) circuits using ’
MOS technology in spacecraft memories and microproc.ssors. Current total i
dose susceptihility after screening is approximately 105 rads (Si), with s
1
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6 now available on a custom Lusis from several vendors. Current devel-

10
opment is driving towards a -10° figure, with difficulties being encountered
in establishment of a production line. It appears that this goal wi.l be
met in the 1985 time frame. Whether the industry will achieve the goal

of 107 rads by 1995 is questionable.

LST circuits will also use integrated injection logic (IZL) iu this time
frame in microprocessors. The current level of susceptibility is 10% rads
after screening. In this case the problem is mainly at intermediate

altitudes, since the 12t circuitry can handle the neutron radiationm.

In the area of low power Schottky (TTL) devices, levels of 5 x 105 are
available today with projections indicating susceptibility through 10 1in

1985 and 107 in 1995.

Linear circuits, including components such as operational amplifiers and
A/D converters, will be a problem area. In the Voyager program, a resistance
to a level of 106 rads was not achieved and the program ended up shielding

105 level components. Continued development is required in this area,

It is estimated that the effects of radiation over ten years will cut
silicon solaxr cell capabiliﬁies by 50% at Earthwatch altitudes, by 25%

at 1000 mile altitudes and by 5~10% below 500 miles, The use of gallium
arsenide cells will not provide a large improvement in this area. ‘Continued
development will result in an increased resistance by a factor of 2-5 in

the 1995 time frame.

A related problem is the occurrence of spacecraft charging at geosynchrondds

altitudes. The dynamic solar environment creates regions of high concentrations

of electrons which may damage items such as thermal blankets, solar cell
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covers, glass -overs, etc. New materials must be developed to limit
coaductivity and prevent electren build-up. The Air Force is currently
investigatirg this phenomenon . ith their Space Charging at High Altitudes

(SCATHA) program.

NASA Development Required

Consideractle effort is currently being expanded by DOD on the dose rate
problem (high radiation concentrations over short periods of time) with
less effort on the total dose problem. Support for a continuing program
for long term survivability of components and supsystems is required by

NASA .

7.4.7 POINTING vwr OPTIC"

Technology Requirement

Pointing of Geosynchroncus Earth Observation System (GEOS) is accomplished
through a scanuing pattern (see Figure 7-8) in wﬂich the whole vehicle
attitude slowly sweeps the "pushbroom detector' back and forth, until che
desired field-of-view frameé is covered. This method of pointing, coupled
with the high wvesolution requirement of 3 meter IFOV from geosynchronous
orbit in the system places a stringent system requirement on the

knowledge of pointing. In addition, the structural deflections due to
vehicle rotation and the vibrational environment must be controlled to

prevent pointing errors.

Specifically, the requi -ement is for 0.008 arc-:2conds accuracy of knowledge

of pointing, which cofresponds to 1/2 pixel from geosynchronous orbit. Pointing
accuracies must be maintained during con :inuous attitude sweeps with angular
rates up té 0.5 arc~seconds per second. ‘nowledge of local vertical must

be known precisely, i.e., wi 1in 1.5 meter. Vibration stability of the

focal plane and optics structure must be in the milli-arc second range.
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Curgxﬁ: ;cap'{bilities are characterized by the Charged Coupled Device (CCD) -

(FéRS) as an gyro aftitude rate sensor device. The capability of the CCD ) "’

# Figure 7-8. GEOS Scanning Pattern

g

‘. Atray or a stellar attitude sensor, and the Fiber Optics Rotation Sensor J

- ;
& ) , ,
;S ;‘ array is approximately one arc second. i
CF R ~
N ‘Table 7~9 -(Ref. 7-14) shows the performance characteristics of th. FORS as 8
E i compavred with two other advanced rotation rate sensors, the Ring Laser . -~
" ' - . %
R . Gyroscope (RLG) and the Dry Gyro Inertial Reference Unit (DRIRU),
R S ‘The requirement of milli arc second stability is expected to be satisfied
. - , : i
ok A , - ; o
i %f ‘{ : by 1995. With a structural resonance frequency of at least ten nertz, “
O TR - - 7 : ) ; 1
3 {} ‘){; , ‘disturbances f as large as 10°% fr. -1b. will still satisfy this require-
5;‘ w ;}‘:’ % . “ i - . . A‘?
o ;; - ment, Start up and turn around angular accelerations can be shaped through 3
¥ =~ —__optimal filtering to avoid exciting particular structural wmodes. Low noise -3
. % bearings or even magnetic bearings will provide adequate reaction wheal control,
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Required NASA Developmen's

from predicted ephemeris to an RMS accuracy of 34 mefers in track, 19 meters

The "gap" in capabilities in 1995 suggests additional effort in the arca
of high precision attitude update systems. The more promising areas are
CCD and CID arrays. Improved gyros will be required, however the trends

show the likelihood that rhe rotation sensor capability will be met by 1995,

Technology Forecast

Figure 7~9 represents our estimate of the technology trend (Ref. 7-19),

as characterized by systems from 1968 to 1995. The projection is an

exponential extrapolation of current and near-temm capabilitie;, and makes

the assumption that all other crror sources can be made near ze?o compared

to the sensor errors at the time of attitude update, It can bé‘seen that i
the projected capability is one order of magnitude below that réquired for J—

the 1995 era.

N .
The requirement for 1.5 meter knowledge of local vertical is projected to

be met by 1995, based on advanced GPS systeﬁidé;eiopménté}

7.4.8 EPHEMERIS DETERMINATION

Technology Requirement:

Earth resources systems of the future will have greater «wnd resolution

than today's sytems and hence will have more stringent requirements for

position determination. The Landsat D system is expected to know position

cross track and 16 meters radial.

The global positioning system which will be operational in 1985 will
provide accuracies within 5M horizontal and 7M vertical 50% of the time

aud 8M horizontal and 10M vertical 907 of the time. #
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As several of the PLACE future system concepts will have an instantaneous
field of view of 3 meters, and since spacecraft position error is only one
of several sources of image error, knowledge of spacecraft position to
within 1-2 meters would be necessary to eliminate the need for geometric
correction or the use of ground control points. A future system could, of
course, use ground processing to relax this requirement, however, this
would create some restrictions on the direct readout availability of the

data to users.

Technology Projection

In the 1995 time frame, the global positioning system will provide the
required measurements to low earth orbit data while geosynchronous satellites
will utilize either radio triangulation or laser tracking to provide the
required accuracy. The projection of satellite ephemeris error vs. time

in Figure 7-10 (Ref. 7-15) indicates an expected error level 1.9 meters in
track and 1.5 meters in the cross track and radial direction. In addition,
as indicated by NASA's Outlook for Space (Ref. 7-11) the orbit determination
will be deterministic in nature, using repeated mul:i-station measurements

to uniquely determine the satellite position.

In an experiment performed by Dr. Roy Anderson of GE's Corporate Research
and Develbpment Center, the accuracy of an L-band trilateration method
using the ATS-5 spacecraft was invesiigated (Ref. 7-16). The use of
stations at Bucnos Aires, Honolulu, and Schenectady, N.Y., indicated a
capability for +20 meter earth center distance accuracy and +40 meter line-

of-position error. The single measurement precision was about 10 meters,

NASA Development Required

Development required in two areas by NASA has been identified: (1)

refinement of the Global Positioning System's equipment and techniques
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to allow for greater accuracy and (2) continued development of knowledge

of ionospheric propogation factors to reduce the radio triangulation error.

7.4.9 LOW=-NOISE MICROWAVE RECEIVERS

Technology Requircment

The Ellipsometer and Parasol exewplify active and passive microwave
systems which demand high detector/receiver sensitivity. At the frequency
range of 1.6 to 10 GHz where the instruments of these systems operate,
thermal noise is the largest signal-to-noise ratio degrading factor. The

requirement is for a noise temperature less than 20°K.

State-of-the-Art Overview

Six candidate amplifier types for achieving noise temperature of less than
20°K in the frequency range of 1.6 GHz to 10 GHz are:

1. FET Amplifiers

2. Tunnel diode amplifiers

3. Uncooled parametric amplifiers

4., Cooled parametric amplifiers

5. Masers

6. Super conductor - semiconductor Schottky barrier diode mixers.

0f these, the tunnel diode amplifiers offer the least prospect for improve-
ment in noise figure. It is because the primary noise mechanisms in a
tunnel diode is the shot noise 1esulting from the d.c. current flow

through the degenerate p - n junction. The noise reduction by cooling,
therefore, is not possible. Further, the shot noise is determined by the
shot noise constant, a material parameter and no geometry or other

technology related advances can significantly reduce the noise temperature.
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The superconductor - semiconductor Schottky barrier diode mixers using lead
Schottky ¢z p ~ GaAs have demonstrated mixer noise temperature close to

the bath temperatures (20°K). However, realization of the low bath
temperatures in satellite atmosphere with its weight and volume constraint
is impossible within the time frame of this century and for a cost of

less than $100M. (It may contribute about 2000 1lbs. to the satellite
weight). ©Other approaches offer more practical alternatives. Parametric
amplifiers are the best alternative (next to Masers in performance) at the
present time and the technology is improving. However, the ability and

reliability of these amplifiers remains an important concem.

The present technology trends indicat. that the advanced field effect

transistors (FET) offer the best future promise for the required performance.

Figure 7-11 shows the performance of state-of-the-art GaAs FET using the
.5 pm long gate. The technology of these devices which started at
about 2 '5m long gates has reached a status of 0.5 pm today and is still

progressing rowards smaller gate lengths.,

The drivers for the extremely small gate technology are not only the low
noise figure requirements but also the high frequency potential of these
very flexible, widely applicable devices. These requirements have already
set the trends in the thinking in bocth industry and the government.
Several of th: specific technology required for lower noise figures have

been defined.

Unlike the bipolar transistors and other devices, the noise in GaAs FETs
is not completely dominated by the shot noise. This, then, leads to the

possibility of realizing lower noise figures by cooling the devices below
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room temperature. Experiments demonstrating this potential have been
conducted up to about 100°K by several laboratories. The results have

shown a significant decrease in the device noise figure at lower temperature.

Technology Forecast

Advanced Field Effect Transistors, by 1995, are projected to have gate
lengths of 0.2 micrometers or less and associated noise performance

within the required 20°K region (Ref. 7-17)., Figure 7-11 shows the
projected 1995 performance of GaAs FETs both for uncooled and cooled
detectors. The uncooled mode is more desiraple from the points of view of
cost and operational simplicity, however, the noise level exceeds the 20°K
at frequencies of 3.5 GHz and is 115% higher than the required 20°K at

10 GHz., On the other hand, the projection for cooled (77°K) GaAs FETs
indicates that temperatures below 20°K will be attainable at frequencies
below 6 GHz, and the noise temperature at.l0 GHz is only 27°K. This
suggests that the systems may wuse passive cooling :n a portion of the
frequencv spectrum (e.g. 1.0 to 3.5 GHz), and active cooling at higher
frequencies, where the cooling temperature will be nomirally 77°k

except at frequencies around 6 GHz where lower temperatures will be required,.

Reguired NASA Developments

The following technology areas are recommcinded for emohasis:
(a) Adaptation of passive cooling techniques to CaAs FETs applications.
(b) 1Investigation of alternative materials to GaAs, for advanced
performance FETs.
(¢) Amplifiers operating at lower freaucacies, using short-gate
devices.

(d) Device modeling and reliability/assessment predictions.
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7.4.10 LARGE OPTICS

Technology Requirement

Telescoupes for earth resources monitoring from geosynchronous orbit will

require large aperture reflective elements. For instance, the primary

mirror for the GEOS system (See Section 6.1.3) will require an aperture

of 8 meters in order to satisfy the 3 meter ground resolution requirement

for applications such as detailed disaster damage assessment. This tech~

nology requirement deals with the ability to manufacture, assemble, and

control the contour of the large mirrors.

a.

An illustration of this concept

Optics must be segmented, mainly because the 8 meter diameter
exceeds the 4,58M diameter capacity of the Shuttle Orbiter cargo
bay.

Manufacture of the optical mirror requires precise contour over
a large area. Typically, the surface figure will be accurate to
at least 1/10 wavelength (600 X), with the waviness of the
surface controlled to 1/6 wavelength (1000 R), per inch.

The mirror segments must be able to be assembled in orbit.
Relative positioning between .3egments can be held within an even
multiple of wavelengths, but the phase relationship must be
maintained within 1/10 wavelength,

The contour of each segment must be controlled to compensate for

inertial, thermal and launch-induced errors. A number of precision

actuators, possibly ten per mirror segment, will be individually

controlled through optical feedback servo loops.
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of segmented optics is presented in Figure 7-12.
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Figure 7-12, Large Optics

Desirable features for the large optics are light weight (e.g. 200 Kg for
an 8 meter diameter primary mirror), and the ability to assemble the
primary mirror in low earth orbit, prior to placement in geosynchronous
orbit. The latter would greatly facilitate man's involvement in the

construction process.

State-of~the~Art Assessment

Current state~of-the-art in optics size is approximately one meter diameter

diffraction limited performance. Currant activity in adaptive segmented
optics include:
a) Wave=-front, or figure sensing, which is part of the figure
control systems' closed loop.
b) Software approach for closed loop control system
¢) Countermeasures against optically disturbing vibrations (jitter)

and particulate deposition on the mirror surraces.

Technology Projection

The technology basis for 8 meter aperture, diffraction-limited, segmented,
adaptive optics is projected to be met by 1995, However, the testing of
a model in space by NASA, including man-attended assembly and calibration

is not foreseen in the Pre-1995 era.
ORICINAL PAGE I8
AR POOR QUALITY
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State-of-the-Art Overview

Several major optical companies are involved in the development of adaptive
techniques requiring modification of the primary mirror contcur to compen-
sate for mirror structural deformation and atmospheric effects., The
concepts summarized below are representative of the effort that is bheing
entered in the laboratory and througbh computer simulation, in order to

accomplish the stated objective.

Coherent Adaptive Optics

A coherent light technique determines the atmospherically induced phase
distortions by means of laser scatterometry and establishes an optical

phase shift on the transmitted (illuminating) beam wavefront (Ref. 7-18).
The net vesult is a diffraction limited (undistorted) wavefront which
compensates for the atmospheric effects., The optical phase shifter consists
of a mirror (independent of the primary optical elements) upon which an
array of actuating pistons or piezoelectric devices are acting segmentally

to effect the necessary deformation,

Atmospheric Compensation with Shearing Interferometry Phase Sensing Techniques

An image is furmed of the entrance pupil on a phase correction array of
individually adjustable piezoelectric phase actuators. A reference light
beam is sent to a lateral sheaving interferometer, Through thins technique,

all aberrations are greatly reduced in the 1liznt reaching the image plane.

Electrostatic Correction Technique

Electrostatic forces may be used in place of hydraulic or piezoelectric
actuators for the corrector mirror. A suitable wavefront distortion sensor,
such as the Hartman sensor is used to signal the actuation of an #xray of

electrodes on the corrector mirror consisting of a metallic membrane a

few microns thick.
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Required NASA Developments

- 1. Development o a lightweight telescope system that minimizes the STS
Tescurces necessary to place it in geosynchronous orbit.

2. Coordination of advanced optics requirements with DOD for

orbital demonstration test.

3. Development of large optics asembly techniy.cs, using computerized ad

neutral-buoyancy simulation.

7.4.11 ADAPTIVE OPTICS

Technology Requirement

Two of the future earth resources ;ystemsrbgiqg examined show a need for
adaptive optics, the GFOS and Texturometer system concepts. The purpose

of the‘adapti»e optics mechanism would be

(1) to compensate for slowly varying ﬁerturbations of the mirror figure, and

(2) to compensate for the rapidly varying effects of atmospheric turbulence.

The mechanism 12quires an actuation device with a time response sufficientl
P

fast to prevent .g between the local zed atmospheric change ind the

; ©eo1 . T “irror form. In order to complete the servo loop, a highly

accurate wavefront (contcur) sensor is required. Examples of candidate

R AT VE _sensors-.are Hartman sensors and Strehl ratio maximization sensors.

T - - -

T

LT e s AssdﬁingAa two-éhase,actuation system, the cdérse actuator range is 50 to
. - ”'-20,000;¢1Ero-met§fs, w@ereas the fine acruator‘ﬁust be canable of 0.1 to
b - ‘: B ldblﬁicfb-;;ters. Th§ wavefront sensor must be_accurate within 0.0J to

- ; 0.1 Qavéleégthf(e.g.liﬁoo K tq;600 2, for a visible source of 0.6 micron

T wavelength). L L S
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Technology Forecast

Bascd on the progress achieved to date in the laboratory, the technology
for adaptive optics as described in the technolony requirements section

will be available before 1995.

Raquired NASA Development

Initiate design of an adaptive optics system suitable for large segmented

optics, and test the system in a Shuttle flight.

7.4.12 TONOSPHERE MODELING

Technology Requirement

The fovinvsphere is that part of the upper atmospherc which is sufficiently ionized
by solar ultraviolet radiatior so that the councentration of free electrons
affects the propagation of radio waves. The FLACE study has identified two
system concepts that can potentially be severely affected by the ionosphere.

The Ferris Wheel Radar is a real aperture radar which operates at low

frequency (30-300 MHz) to map subsurface boundary lavers. The radar

ellipsometer is a bistatic radar which measurcs the polarization of the

retflected wave. The first system is affected by ionospheric absorption

while the second is affected by the Faraday rotation effects of the

ionospherc.

The atmosphere introduces little attenuation to radio waves above 50 Giz
(Ref, 7-19-23). ‘lhe ionosphere affects transmissioa severely below 10 MHz.
At frequencies above 100 MHz the ionosphere has some effect on the speed of

propagation and the pclarization of vradio waves. These effects decrease
continually as the frequercy increases. A major difficulty in the inter=-
protation of Faraday rotation measurements at a single frequency is that

.Lthe absolute wumber of votations during a single or double passage thru

the ionosphere cannot usually be determined (duc to 2w ambiguity) and
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observations can only be made of variations in rotaticen over the pessage
of the satellite. Given ar average ionosphere, the polarication vector
may rotate 6.0 radians through one passage of the ionosphere at 100 MH:

: many tens of times at 40 Miz. The observed number of rotatiens is
ambiguous by an additive constant 2n ¥ . The use of closely spaced fre-
quencics on a single satellite eliminates this ambiguity. Regular latitude
and local ‘time gradients and large scale irregular gradients in electron

density make significant contributions to the rotation rate at any instant,

An accur: te daily forecast of the geographic and temporal variations in the
ionosphere is required, the latter including regular diurnal, seasonal ind
sunspot cycle components and irregular day-to-day components associated
mainly with variations in solar activity and atmospheric motion. For
example, a dircct correlation between sunspot activity and the F layer

critical frequency has been observed.,

Some key disturbances or veriods of turbulence which occur in the ionosphere
but which are not currently well understood include:

Sporadic E Irregular and rapidly varying increases in the
clectron density of the E-layer

Spread F Rapid changes of electron density which ace fairly
localized within the F; - layer

S.I.D.'s Sudden Tonospheric Disturbances which occur shortly
after a solar flare which increases attenuation for
periods up to an hour

' PCA's One type of ionospheric storm called a polar cap
absorption. It is a major, long-term period ot -
turbulence primarily occurisg within the D-layer and
lasting for several days.

inclmolony Forecast

’ It would now appear to he wnlikely that forecasts of the scate and structure
- of the ionosphere in sufficient detail to allow a prior correction of space-

bor..c microwave measurements of the earth at frequencies between 30 and 300 MHz
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would be achievable in the foresecable future. It is more likely that
appropriate instrumentation will have to be carried along in parallel wich
such proposed space sensors so that simultaneous observations can be made

of the ionosphere, to support the interpretation of the obscrved data.

Forecasting the gross features of the ionosphere in support of radio com-
munications interests is routinely done today. According to John Lloyd
(Ref. 7-22) of the Institute for Telecommunication Services in Boulder,
Lolorado, they do predict the electron density profiles in the atmosphere,
as well as the total electron content, and the effective bending of radio
waves as a function of frequency. The objective of tnese forecasts is to
provide radio communicators with guidance as tc optimum frequency. There
a1~ times when it is not possible to "sce'" through the ionosphere at
frequencies of 10 to 50 MHz. Using a data base derived from ground-based
mea-urements of critical frequency, they are able to discern the "sporadic
E", the D, E, F} and F, layers. and to construct an electron density
profile. 1In terms of gross features, or the "climatology'" of the

ionosphere, these forecasts are pretty good. though they are not perfect

even for communications purposes. On any given day, there is a fairly

large uncertainty with respact to iLhe actual density of the F, layer,
which is quite variable from day-to-day. If a real time mcasurement of
the electron density of the Fp layer could be made and combined with the
gross ionospheric ferecast, then a reasonable model of the overall
features of the ionosphore would result. Lloyd pointed out, that they
are also capable of forecasting the general occurrence of the phenomenon
known as '"spread F'", but not the detailed ionosphevic structure during
such occurrences., However, it is still apparently a matter of debate as
tn whecher or not this feature is directly relatable to "scin.illation"

effects that are frequently observed insignals passiag through the :
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ionosphere., It is this scintillation phenomeno:. that is the crux of the

forecast problem of interest herc.

Dr. Ben Balsley (Ref. 7-25) of the NOAA/Environmental Research Lab (ERL)
in Boulder, Colorado has been concerned for several years with the study
of irregularities in the ionosphere down to a scale of "meters'. At
frequencies in the range of 30 to 300 MHz, it would be essential to model
what couid be referred to as "ionospheric turbulence'" in order to account
for rapid variations or scintillation of signals passing through the
ionosphere. These effects are particularly common over the polar and
equatorial ionospheres, and are more disturbing to the interpretation of

measurements made at frequencies closer to 300 MHz.

In the Equatorial E region, i.e., within 300 to 400 Km north and south

of the equator (the half-power points of the phenomenon), the "Equatorial
Sporadic E" or the "Equatorial Electrojet" occurs. This phenomenon causes
a strong scintillation in intensity of radio waves. This effect strongly
related to sunspots, 1is a maximum in thc daytime, though it is present
at nighc. A disturbance of the equatorial F-layer called the 'Equatorial
Spread F" usually has maximum effect in the period from just past sunset
to midnight'", and seems to occur mostly within 1200 of latitude of the
equator. This phenomenon, according to Dr., Balsley, is known to cause
deep scintillation of signals. As was indicated earlier, there is not &«

unanimity of opinion on that point.

In mid-latitudes, there is a phenomenon similar to spread-F which is known

for certain to be present at night, but for which there is some uncertainty
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as to its davtime occurrence. Also, in mid-latitudes, there is a sporadic-E
which causes 4 reflection and probably a diffraction of signals near 30-40
MHz. This phenomenon is known to occur in the daytrime, though its

occurrence after evening is uncertain.

In a review article (Ret. 7-26) on ionospheric irregularities, it was noted
that the majority of mid-latitude F-region irregularities can be linked

to the presence of acoustic-gravity waves. These waves show up as TID's -
traveling ionospheric disturbances. The most prominant of these, the
medium-scaie TID's, have horizontal dimensions of 100-200 Km and move

at speeds of about 100-200 m/s. It is easy to see how difficult it would
be to anticipate the specific time and location where one of these would

have an impact on a measurement of the earth from space.

In the auroral latitudes, there a-e a number of F-level and E-level
irregularities. These occur primirily in the late afternoon and night

and are related to the intensity of the geo-magnetic activity.

In summary, though the gross features of the ionosphere are predictable to
a point, there are many highly variant irregularities of ionospheric
structure that would preclude interpretable observations to be made of

the earihs' surfuce from space at frequencies between 30 and 300 Mz,

In general, the scale of this ionospheric "turbulence' varies from "meters"
to "10's of kilom:ters" and results in signal varjations lasting over
periods of hours to fractions of a second. If such measurements of the
earth are to be made from space, it will probably be necessary to carry
along an ionospheric sounding device on the measurement satellite so that

the structure of the ionospheve over the area being observed, can be

monitored. In this way, the validity of the measurements or an appropriate
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correction to them will be known. Since the terrestrial phenomena

being sensed are not likely to be rapidly varying or traunsient, it should
be possible to compile some sort of map over a period of time chrough
integration of several sets of measurements from the same area, much as is
done today in satellite mapping of sea ice or sea surface temperature. The
technology for monitoring the structure 6f the ionosphere is available

within NASA as this was done on several earlier satellites.

The use of the topside sounder on the Explorcr program (as well as on
other experimental spacecraft [Ref. 7-27-29) provided electron density
measurements from the satellite position down through the F-2 layer. Such
a system. when combined with the ground net measurements could provide

the required accuracies in the 1995 time frame.

NASA Development Required

Two major areas will provide external support to this technology area. The
first is the radio communications industry which uses ionospheric predictions
to determine optimal frequencies of transmission. The second group is the

Aivr Force due to their intcerest in communications and sensing.

The NASA development required is both in theoretical and instrument

devel_ pnent areas. Continued research is needea in the understanding

and modeling of ionospheric disturbances. Development effort is required
to realize techniques (sensors, processing, .c.) for real-time calibration
of the ionosphere, based on the previous work performed with the topside

sounder.

7.4.13 STABLE OSCILLATORS

Technology Requirement

Several of the PLACE system concepts have requirements for an extremely

accurate oscillator/clock source. The geosynchronous SAR must "stare' at
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a "footprint" on the grovnd for 8-12 minutes in order to achieve a
syuthetic aperture. This mav be regarded as a need to hold an accuracy
of a fraction of an S-Band wavelength for 12 minutes. This translates

ol3

to an oscillator with a stability of one part in 1 , that can operate

reliably in a space environment.

Technology Forecast

Mr. Helmut Helwig of the Time and Frequency Division of the National
Burcau of Standards in Boulder, Colorado was contacted (Ref. 7-30~33).
The current state-of-the-art s summarized in Figure 7-13, which shows

the current frequency stabilities of oscillators vs. sampling times.

1010
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Figure 7-13, Current Oscillator Frequency Stabilities

The higntight of the current work is a laboratory model of a hydrogen maser

with an accuracy of three parts in 1015 over several days. The hydrogen

maser is targeted for use in space by the Global Positioning System in the
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1981-82 time frame. The development program, being run by the National
Bureau of Standards includes the Naval Rescarch Labs, the Smithsonian
Astrophysical Observatory and a hardware competition between RCA and

Hughes.

[n the 1985 time frame, an order of marnitude improvement in the accuracy
of crystal oscillators, hvdrogen masers, cesium beam tubes and rubidium
standard, may be expected. In addition, fou new promising devices
including cesium gas cells, dual crystal oscillators, passive hydrogen
masers and supercon‘ucting cavity oscillators may further improve per-
formance. ®Other stabilitv concepts which may be developed in the 1995-20n0
time frame include microwave, infrared and optical beams, atom and ion

storage, saturated absorption and two photon transitions,

NASA Development Required

These activities are all being carried out esternal to NASA -ad thcvefore

the following two activities should be funded by NASA: (1) periodic

studies to maintain awarcness of National Bureau of Standards, the Department
of Defense and the astironomy community's activities in the area of stable
oscillators, and (2) periodic studies concerning the potential f{or
improvements in the ruggedizing and packaging of new frequency standard

techniques.

7.4.14 PRECISTON RANGING SYST®M

Tecunoiogy Requirement

Future large space structures will require precise methods of monitoring
large distances within a structure in order to maintain accurate reflector
figures and vehicle shapes. By repeatedly measuring critical spacecraft
distances over time, appropriat- control mechanisms may be used in the

correction process,
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The precision ranging system required must be capable of measuring
distances up to 104 meters with an accuracy of as much as 10-8 meters in
a short period of time (1-10 m second). The capability of making 300 of
such measurements simultaneously is also a desirable parameter, This
requirement was treated separately from large structures due to the more

stringent reauirements of the texturometer for a ranging system.

Technology Forecast

Two 19 5 measurement concepts are presented which meet the stated technology
requirements. The first concept involved the use of a heterodyne inter-
ferometer, originally suggested by Mr. Leo Davis of the Lockheed

Corporation (Ref. 7-34). Using z modified Michelson interferometer technique,
the phase of sequential range tones, reflected across the distance of
interest, is measured. The system uses a C02 laser (10.3 r:n) to provide

the shortest wavelength, the beat frequency between this laser and another

at 10.6 pm to derive two intermediate wavelengths (350 f(m and 5.6 mm)

and phase modulation of the laser to derive a 3 meter and a 300 meter

wavelength.

& second method, conceived by Dr. Rey Anderson of GE's Corporate Research

and Development Laboratory {(Ref. 7-35) employs an optical alignment technique.
An optica: code or pattern is jresented to a viewer; if the pattern is in
focus and can be decoded properly, :he measurement is correct, otherwise

some distance error is noted. Using a feedback signal the optics are

adjusted until the proper distance is me.surable,

NASA Development Required

External technology drivers in this technology area include the ground

based geodesy market and the large structure activity of the Department n€

281

g %o



Defense. The NASA develeopment required is a preliminary program to identify
and develop the measurement technique that is most appropriate to the needs

of NASA long-term large structures applications programs.

7.4.15 INFORMATION DISSEMINATION SYSTEMS TECHNOLOGY REQUIREMENT

In the PLACE era, rapid inexpensive means of delivering informat<on to
users will.be required. The information may be in the form of an image,

a thematis map, or simply statistics concerning a geographic area. This
requirement includes transmission of information from the extractive
processing center or global data base to a user's home, office, regional
center, etc. This technology requirement also includes the display portion

of the user's equipment.

rechnology Projections

A number of imaginative information dissemination concepts are currently
being developed which will lead the way toward accomplishment of the future
requirements. These include the British Viewdata and Ceefax systems, the

Qube system being tested in Colombus, Ohio, and the Japanese VISDA system.

Viewdata, which is the British Post Office Home Information Center Experi-
ment involves the connection of a home TV set through telephone lines to

a large computerized information data base which may be queried and inter-
acted with for a fee., Originally developed for reference material, the
system grew to include direct buying, voting, classified advertising,

games, etc, Ceefax is a piece of the system (which may operate independently)
involving minor modifications to a television set , which allow for display

of textual data carried in the vertical interval of a TV signal. The

system is aiming for an extensive market test in late 1978 anu early 1979.
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Qube, being developed by Warner Communications, is a revolutionary two=-way
cable television system that will allow subscribers to program and/or
participate in a numter of events including entertainment, educaticn,
catalog shepping, hone fire aud recurity nrotection, polling and others,
As of 12/1/77, 12000 homes 1 C¢.umbus, Ohio had subscribed to the Cube

system,

Finally, the Japanese Min’s ry of International Trade and Industry (MITI)

has begun test of a Visual Information System Development Associairion (VISDA)
system, an interactive cable TV system that will include an optical fiber
transmission system. The system, which offers services similar to the

two systems describec abnve, is undergoing a 2-year test.

In the 1985 time fram:, the home data/video terminal market is expected

to take off. This development, which will have had its roots in the present
home-hobby computer and video game trends, will result in inexpensive home
television/computer/telephone systems. The iequired modems, :software

and hardware add-ons will have been develecped by industry. In addition,
cable TV netwecrks '7ill flourish in this period, offering « wide range of

interactive services,

In the 1995 time frame, cable TV will decline as dial-up video becomes
available through the phone system. Digitization of the phone system is
the key to this dr -elopment. Pocket computers/terminals/transceivers
such as Al Stringham's Visionizer (Ref. 7-46) or Peter Xur:hal's Portable

User Transceiver (Ref. 7-47) will become the micio-terminals of this period.

NASA Dev »lopment Regjuired

As indicated alove, a number of external technology drivers will carry the

required advancement in this technology arca. In the short term, it will
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be the video game, hobby computer and interactive cable TV market. 1In
the long term. the consumer services/entertainment market will expand to
include many other services and the home terminal conceot will heccome

more compact and more versatil.,

The only resultant NASA development required will be periodic small studies
to test the feasibility of new '"terminal' type concepts and to test the
compatibility of emerging output product format with information

dissemination requirements.

7.4.16 ON=-BOARD DATA STORAGE

Technology Requirement

Associated with the trend toward performance of more of the data processing
on-board a sensing spacecraft is a requirement for greater storage capebility.
However, unlike previous requirements tor storage, the primary purpose of

the on-board storage will be 25 a working stove for ancillary data,

rathe: than just a "store and dump' mechanism. Pivjections indicate that
bubble memories and perhaps CCD or NMOS could replace tape systems within

the next ten years.

Twe different PLACE future system concept, TANDSAT H and GEOSAR were

examined for the on-board storage requirements that they posed. For

Landsat H, the requirement was assumed to be pixel-by-pixel change detection

of the high data rate sensor over an entire swath. The memory would then ‘
have to read out as fast as the sensor data rate for comparison purposes,

The requirement for GEOSAR was assumed to be the need to store the entire

footprint of data at 54 pulses/second for the maximum storing ime of 12

minutes.
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These worst case conditions resulted in an on=board storage capucity
. . 2 3 .. . . .
requirement of 5 x 1012 - IOIJ bits with a tranufer rate reqvirement of

200 Mpbs to 1 Gbps.

Tachnology Projection

The transfer rate requirement of 20C mbps to I Gups will he addressed
first (Ref. 7-49). The need for increased commercial and military com-
putational speed of electronic systems will cause equipment deve’opment
with transfer rates in this range. The memory elements themselves won't
need to inherently operate at these specds. The speeds will be obtained
by operating banks or blocks of serial memories in parallel and pingponging
between two or more blocks into high sp:ed teriporary store and data
multiplexing electronics. These high speed temporary storage and multi-
plexer electronics will have bz2en developed to meet high speed comwercial
and military data handling requirements, Pr.sent day Emitter Coupled
Logic, ECL, approachss these speeds and considerable development worl) is
directed toward developing Galium Arsenide high speed logic circuitry
which has an inherent spead/power advantage over the prevent Jday silicon

circuits, ( > 5 x faster).

Each of the leading candidate technologies, NMOS, CCD's and magnetic

bubble memories are individually addressed.

NMOS =~ Writ:’read wear out mechanisw, would use only in non-volatile systems,

- Relatively difficult manufacturing process to make hard to total
dose radiation lcvels encountered in long life space missions.

~ Insufficicnt development dollars being shent because other tech-
nologies look more promising.

£CD - Significant work on commercial dovices 106 bits/chip projected for 19u2.
Very vulnerable to radiati.n,

MAGNETT? BUBBLES =

- Presently developing 106 baits/chip
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~ Considering the fact that bubble memories are a recent development
and that between %976 ang 1978 bubble memory module capacity ims
1nfreased from 10° to 10° bits, an increase of module capacity to
1013 bits in the 1990 to 1995 time frame is not unreasonable. The
commercial market {8 the driving force and is very strong. TI,
Rockwell, and others have strong committments to bubble memories.
An additional advantage of bubble memories is their inherent total
dese radiation hardness. The read/write circuits in bipolar form
also offer some radiation hardness.

- Current state-of-the-art ip et the 1 M bit/chip level. IBM is
forecasting a potential 10  increase by the 1995 time frame. The

forecast employed here is more conservative, that of reaching 100
M bits/chip by the 1995 time frame.

It should be noted that for solid state devices, more bits/chip are being

forersst than in other projections. The primary reason is that chip

sizes #ill be ' -saking their present bounds (presently around 200 x 200 mils)

and ... roaching wafer sizes in the 90's for serial word memory chips. The
reasons for this are the limited number of pins needed for this type of
remory and the ability to by-pass inoperative bits and select only good
bits on a chip., This will probably be accomplished in several ways such
as by storing in an auxiliary memory all the bad mass memory locations and
by-passing these or by discretionery masking or/and opening up tiepoints
to groups of bits on a wafer. The increase in memory bits/chip has been
increasing at the rate of about loalyear. Presently we are beyond 104
bits/chip in 1978. Even only allowing a 103 bits/chip increase/decade
results in a 101° chip in 1978, The use of 100 of these chips would then

be required to achieve 1012 bits.

NASA Development Required

Assuming strong support from the military and commercial markets for com=-
putational speed of electronic systems and a strong commercial bubble

market, NASA research activities for on-board storage systems could best
be directed to bubble devices. The specific areas of development should

be in radiation hardness evaluation and in serial read/write system ard

circuit designs.
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7.4.17 GROUND DATA STORAGE SYSTEMS

Technology Requirement

The requirement for a large ground data storage system is based on the
global data base proposed in the ground processing concept of section 6.3,
The data base would be used by all PLACE system concepts as part of their
ground processing activities. The size of the system is derived from

the assumption of a data base which is geographically-based to a 10-meter
grid of the land area of the world. It is further assumed that each

grid would be described by 300 8-bit overlays, resulting in a total storage
capability of approximately 3.5 x 1015 bits. This, then, is the require-

ment posed for the 1995 mass storage system.

Technology Forecast

A discussion of current capabilities would have to start with the IBM 3850
(TELOPS) magnetic tape cartridge system. The system employs an automated-
access "wine rack" of 4720 magnetic tape cartridges, each capable of
storing 50.4 million bytes of data for a total system storage capability
of 1.9 x 1012 bits. A different mass storage concept of storing data as

laser "etches" on an optical disk is being pursued by Phillips and Xerox.

A tuird possibility which has recently been pursued by the General Electric

Corporate Research and Development Center involved destructive ion bome

bardment of a silicon diode (Ref. 7-49). The resultant ion implant "blemish"

could then be precisely located and accessed. Continued research has
indicated that the storage density hoped for (.l micron) could not be
achieved due to the dislocation not remaining confined to a small area

and the project has been terminated.

Two systems are presented as being viable for meeting the requirement of

3.5 x 1013 bits by the 1995 time frame. These are developed versions of
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the tape cartridge system and the optical disc system mentioned above, and

are based on the work of Dr. R. C. Raymond for DARPA (Ref. 7-50, 52),

The tape cartridge system is based on proposed improvements in bit density
per track and in track density per tape. Projections of bit densities as
high as 6-9000 bits/inch and track densities,up to 1000 tracks per inch

(or higher) are considered attainable in this time frame. An alternative
design to the '"wine-rack" concept employing a multi-layer carrousel store
for a most-wanted file, besides the normal racks, tape mounters, exchangers

and conveyors,; has been proposed by Dr. Raymond.

The optical disk system involves a pulsed laser blasting small "pits" in
the telluride surface of an optical disk. The system is precise enough

to allow for storage of 3 or &4 bits over a 1 micron "pit" area, resulting
in a potential storage rapability of 3 x 1011 bits/disk. The resultant
storage system would then have to accommodate approximately 10,000
phonograph-record-1ike disks. Again Dr. Raymond has proposed a multi-layer
carousel and rack storage arrangement involving disc mounting units,

exchangers and stackers.

NASA Development Required

There clearly will be an interest shown by DOD, the commercial library market,

and possibly other government organizations in such a mass storage system,
The current relationship between NASA, the Department of the Interior,

the Department of Agriculture, and the State Department concerning owner=
ship and operation of a global data base is unclear but evolving. Rec-
ommendations for NASA development are in two specific areas: (1) higher
bit densities for both tape and disc products and (2) development of system

concepts for mass storage systems involving tape and disc media,
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7.4.18 ON-BOARD PROCESSORS

Technology Requirements

Future space systems in general show a trend toward moving more of the
required data processing forward in the acquisition link towards the
sensor. This tendency is based directly on the availability of increased
capabilities for on-board processing. Projected technology advances such
as the use of arrays of processors, the use of Josephson tunneling
devices, and the development of Gallium Arsenide crystals for LSI chips,

all offer tremendous opportunity for increased future system performance.

Three levels of data processing corresponding to three different levels of

accomplishment of data processing and inforwmat’ 1 extraction are prisented.

The first level of processing which corresponds to the performance of
pre-processing only on-board leads to a requirement of 260 M operations/
second, Carrying the processing through to the construction of thematic
maps would require from 13-40 G operations/sec. An intermediate require-
ment of performing part of the extractive processing leads to a required
capability of 1-3 G operations per second. These computations assume the
data rate of the Landsat H multispectral sensor and a range of extractive

processing operations, described in Section 6.1.1.

Technology Forecast

Currently the major functions of on=board processors are command and control

functions with very limited data reduction processes. Typical of the data

reduction complexity is the TIROS N averaging process to produce artificial

lower resolution data. Today's on-board processors are generally capable

of operating at up to 200,000 equivi.lent operations per second throughput speed.

289

o ee— "



i ot
r

"y,

In the 1985 time frame, it is felt that on-board processors will be capable

of performing standard radiometric and geometric cor.eccion operations in

real--time with operating speeds or 260 million equivalent operations per

second, The processors will incorporate 20 logic (CSOS, NMOS, or Gais)

ind will begin to emplioy heterogeneous arrays of processors (see NASA
Development Required). Processing at these rates will also be used in

some of the complex display processing itat will be used on Shuttle.

In the 1995 time frame, it is felt that partial extractive processing
will be within the scope of un:board processors, nominally operating in
the 1-3 billion equivalent operations per second range. These processors
will Incorporate fast silicon or perhaps gallium arsenide logic operating
at 200 Mbps. They will also incorporate 2 large increase in functional

dens.ty.

External Technology Drjivers

An extremely important external development in this technology area will
be the availability of heterogeneous arrays oi processors from more than
one vendor in the 1980-1982 time frame (Ref. 7-36). The concept of a
heterogeneous array of processors is made up of modular, cascadable pro-
cessing elements which can be reconfigured electronicslly to form specific
processing paths (pipelines). Each processing element in the matrix is
specially designed to perform a certain operation. Simple elements or
"operators' would perform algebraic, trigonomeiric or logarithmic
functions while more complex operators could parform geometric correetion
or maximum likelihood classification. T..is nrojection is based on a
perception of a "critical mass’ gathering in the industry in this area.
Such a development will essentially transform current computer hardware/

design problems into operator/programming problems. An early example of
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this type of system was the GE Ontoard Experiment Data Support Facility
(OEDSF) Conceptual Design Study in which the concept of a macro processor

was investigated (Ref. 7-37), as illustirated in Figure 7-14,

NASA Development Required

Given tne availability of these heterogeneous arrays of processors, the
ma jor development item for their use will be the development of those
special functions or operators needed. This falls into the gray area

betwcen hardware and software that will evolve in this time frame.

A second development area will be the addressing of problems associated
with operation of these machines in a space environment such us qualifica=

tion, nuclear hardness, temperature controls, packaging, etc.

T A T A [—= A ALGEBRAIC ELEMENT
T = TRIGONOMETRIC
| XD
>

E = EXPONENTIALULOGARITHMIC

;Lf_‘l "\J,_p
> Ale—{ >
8
>
-

>
>
>
>
{

‘\_\L/ L
m
>
> ]
m
y

|
>
Pu.
>
he
!

e

Figurs 7-14 , Heterogeneous Array of Processors
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7.4.19 GROUND COMPUTERS

Technology Requirement

Requirements for future ground based computers are based primarily on
projected preprocessing and extractive prc-essing operations of the
various future system concepts. The extractive processing seems to
outweigh the preprocessing computation requirements. It may be argued
that as we learn more about how to perform the extractive processing,

we will also learn shortcuts in implementation. However, the following
projections are based on current 'guesstimates' for processing require-
ments (see Section 6,3), The major requirement in extractive proces~
sing of classification and verification results in 3 processing requirement
of 13-40 G operations/second for the operational perfcrmance of each

of several eucth resources mission objectives. In some cases, this
requirement must be maintained for 24 hours a day, 7 days a week.
Obviously, such a requirement calls for parallel processing on a major

scale,

Technology Forecast

The forecast for ground computer technology closely parallels the develop-
ments for on board processors discussed in Section 7.4,18. Current
general purpose machines are capable of operating at a rate of 200 million
equivalent operations per second, primarily ueing 2 M bit logic ard

considerable parallelism.

Special purpose hardware is achieving much higher operating speeds at
the present. Hardware which supports GE's computer generated imagery
equipmént currently operates at 15 billiom equivalent oper ations per

second,
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In the 1985 time frame, use of 20 M bit logic will allow for operating
specds of up to 2.0 billion equivalent operations per second. This period

will also mark the early use of arrays of processors for general purpose

computing.

In the 1995 time frame, ground computers will achieve the desired goal of
40 billion equivalent operations per second. A continuum of flexibility
will exist in computer architecture ranging from single function, very
fast computers to completely general slower computers, Located in the
center of this continuum will be the emerging class of heterogeneous
arrays of processors containing some general purpose functions along with
hardware and sof tware operators. These capabilities will exist with or

without the development of Josephson junctionms.

External Technology Drivers

As in the case of on-board processors, the emergence in the 1980-1982
time frame of heterogeneous arrays of processors on the commercial market
will support the achievement of the stated technology goals. It should
be pointed out, however, that there will alwayﬁ be a general purpose
market and that the development of special purpose hardware and software

operators will only be a portion of the industry's goals.

NASA Development Required

Actual development of a number of these special purpose operators for :
(1) special control functions and (2) for extractive processing will have %

to be primarily supported by NASA,
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7.4,20 DATA BASE MANAGEMENT SYSTEMS

Technology Requirement

In order to optimally utilize the data anticipated from the PLACE system
concepts, an efficient geo-referenced land information data base management
system (DBMS) must be conceived., If the entire land surface area of the
planct were to be divided into 10 m grid cells with 300 overlays (8 bits/
overlay) per cell; the storage requirement is approximately 3,565 Tera

pits (3.5 x 1015),

This poses enormous problems in the storage, retrieval and updating of the
data base, Presently, mass storage is on magnetic tape. RCA has demonstrated
a high density multi-track recorder with a capability of 240 Mbps. At this
rate it would take 172 days to read the entire data base., Timeliness is

of the uirmost importance.

dne can take several approaches in improving the response time:

1) Physically increase the speed at which data characters are
transferred between primary and secondary memory. Hardware advances make
this feasible.

2) Logically increase the information content of each data character
transferred to main memory. (Data item encoding and data stream compression).

3) Selectively transfer only those data records whi ch are actually
requiced by an application., The development and refinement of record
accessing techniques, such as multi-list and index sequential, have afforded
a significant reduction in run time for applications requiring the retrieval

of small subsets of records from large data bases,
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4) Selectively transfer only thsse data items within a record
which are actually required by an application,
5) The implementation of database computers. By relegating

DBMS functions to specialized hardware, the response time can be improved.

One must have near real time accessing of the database (storage, retrieval,
updating) within an hour as opposed to days. Timeliness is to be achieved
through faster storage devices, sophisticated software or hardware advance=-
ments. Included in this requirement is a filing and indexing ability

to handle unplanned uses of the data. For example, a federal agency might
want to compare all U.S. roofs with an afternoon temperature over 50°C
(solar heaters) for this year and last. Another point to keep in mind

is an index of the type of information extracted; once the information has
been derived, there is no need to do it again. The database should support
several models - hierarchical, network and relational and may be required

to interchange structures as needed,

Technology Forecast

The forecast of what will be available in the area of data base management

svatems in the 1995 time frame will be divided into seven topics (Ref, 7-36):

(1) Hardware - mass data storage systems

(2) Dpigitizing Techniques - construction of the data base

(3) Data Base Organization/Hardware Allocation - what shovld be
stored in fast access memory

(4) Data Base Organization/Data Representation - Hierarchical
vs. Relational vs. Networks.

(5) Access Control/Integrity of Data Base - User Synchronization

(6) Response Time - an inverse function of overhead. .

(7) Networks - Decentralized data bases,

Hardware
As discussed i Section 7.4,17, the hardware that will be in use for large

data base systems will be either tape forms or optical discs. The data
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base machine concept, which has been pursued for several years, will not
gain wide acceptance., Although many universities and research centers
have built or are building models, the concept breaks down when access
control and update of the data base are considered. Data base management
tec'taology will probably remain serial in nature, with increases i.
excoution speed and storage capacity as functions of the respective

hardware.

Digitiz.ang Techniques

In considering a geo-refererce data base and DBMS, the original building
and continual update of the data base must be comsidered, a la "how do
we get the data into digital format" question,

~ Raster data is normaliy already in digical format, or analog
which can be digitized easily.
e Landsat
e Aircraft

- Consider the other data sources:
Photography

Topogr aphy

Geology

Land use and zoning

Housing

Property boundaries

Census aud political boundaries
Air quality

The generation of the data base from these datu (which are not normally in

digital format) must be planned. Automatic digitizing of map data may

be possible -- semi-automatic (manual trace) are in experimental operation

today. This applies to all linear and polygon data. Some point data is

becoming available in digital format (cf. Census Bureau DIME maps).
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A prediction is that a good deal of the data required in the 3 x 1015 bit
data base capacity esti mate will not be available from all the world by
1995, and even if it were, it will not have been digitized (that is, the
technology will not have provided a way to digitize it all), The Defense
Mapping Agency and the Air Force are working on semi-automatic and automatic

digitizing techniques,

One of the original ground rules of the PLACE Study was that data requirad
from external systems would be assumed to be available. This does not,

however, make the problem go away.

DB Organization/Hardware Allocation

The executable code and data structures supporting access are typically
kept in fast memory if fast time-response to a transaction is required,
e.g., a typical sub-schema for PDP/1l size data base application would

fit in the fast bipolar memory of an 11/55.

The Date itself will be kept on bulk random access storage such as

disc or tape. Current applications of High Density Digital Tape (HDDT)

have come up with devices which allow blocking and identification of data
upon writing. This effectively makes the HDDT's record oriented like
conver..ional magnetic tapes, and supports direct data access (+ tape spin
time latency). The challenge here is a combination of the hardware prob(le.ms

discussed above, and the representation problems discussed below.
DB Organization/Daila Representation
Organizations other than hierarchical have been the object of much study

lately. Kolational data base management system representations seem to

hold some 1eal promise for linear and polygon representations.



[,

Network representations have the same features as relational, but are
more suited to a read only environment., .'ierarchical representations
appear to be still the best for point specific data and attridpute data.
Saveral universities are working on, or have, operational systems which
are entirely relational., A hybrid of hierarchical and relational would

probably best serve the geo-reference need.

Access Control/Integrity of the Data Base

For a read only data base,this is generally not a problem if update is off-

line.

When update of the data base is considered (on-line), users must be controlled

(synchronized) through the read/modify/write sequence. Most formal DBMS

packages provide this feature today.

With synchronization, "deadlocks" can occur and must be detected znd
arbitrated., This is also done in most DBMS today. However, with much
larger DBMS's and data bases, the probabilities of synchronization enforce-
ment and deadlocks increase, and affect timely response of DBMS to trans-

actions. Universities are doing snme work in this area.

Pesiliency is a descriptor of a data base's capability to tolerate a detected
error \work around i{t). It i{s a capability that all DBMS's have to some
degree, but a must for a 1015 bit data base (e.g. who would want to rebuild

it because an error ruined it).
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Response Time

The response time of a data base is a function of the number of direct
access paths you provide into the data base via t* access sub-gchema.

This translates into data storage overhead in support of data retrieval.

Normally, access structures are a small fraction of total database storage.

Typical relationships are exponential or logarithmic, such as
Data = f (# access structures)®

or Duta = f (K)(# of access structures)

It is possible to have uniform accessibility (in a real time sense)
by vastly increasing access structures, e.g., linear constant relation-
ship. This solves a retrieval response time problem and causes an update

problem., That is, all of the overhead/access structure must be updated

when the DB is updated. Some work is being done in this area in univevsities

and industry. All data bascs are organized toward some applications and
not organized toward others. The probability of a transaction desiring
to read the entire DB should be €< 1, If this is not true, the database
organization (hardware allocation and data representation) is very poor

and should be reorganized for the specific applicationm.

Networks
There is a significant amount of work being done in on-line networks

(ARPA) and networked data bases.

Geo-reference databasesd will probably be networked with other data bases

in the late 1980-1990's.

External Technology Drivers

Although there is a strong research effort in the area of networks, the

activity in many areas of data base research is disjointed. A strong
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unifving and directional influence is needed. This would be expected to
be provided by the organizers of a global data base. The relationship

of NASA, the Jepartment of Interior, the Department of Agriculture and the
State Department is currently evolving with regard to this positibn of

leadership.

NASA Development Required

Assuming that NASA assumes this position of leadership, the required
development could be grouped into two phases. The first phase would involve
the seeding oi basic research in data base organizations to academic

and research facilities. The second phase would involve development
necessary to lead to a prototype system (for the global data base) and
adaptation of the existing networks technology to the earthk resources data
base problem. Additional development in the aresas of synchronization

and resiliency as defined above would be required.

7.4.21 SOFIWARE ADVANCES

In the PLACE era massive software generaticu is anticipated in order to

cope with the greater demand for earth resources' data applications. To
handle this processing upsurge software tcchnology advancements are therefore
necessary. The technology requirements generated are based on a study by

Mr. Prestcu Rose of M&S Computing, Inc. of Huntsville, Alabama (Ref, 7-51),

These Software advancements fall into broad, general improvement categories:
- methods for containing, controlling and reducing data rate and volume,
~ methods of improving information content
- techniques to reduce the cost of Software development
« techniques for improving software reliabilicy and simplifying
verification/validation activity
- techniques to capitalize on the potential offered by break throughs

in hardware (H/W) technology.
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Shortcomings that crop up on specific missions, instruments or applications

would be improved by one or all of the above categories.

To see significant improvement in these categories more research should be
expended on software design engineering, software development by non-program-
mers and fault free software development., Without progression in these three
areas other related software system architecture technologies such as efficient
large array search, sort and manipulation, natural communications methods,

high speed buffering techniques and software fault detection will be stunted

because the associated software will be too costly and/or too unreliable.

Out of these five general areas of required development, the technology require-
ments which relate to the PLACE system concepts were identified. Specific
technology requirements were identified for future earth resources systems in
the following seven areas:

1. Software standardization

2, Automated translating aids

3. Fault detection and recovery techniques

4. Dynamic software restructuring

5. Adaptive search and sort procedures

6. Natural communication methods

7. On-board image processing/pattern recognition

The technology requirement in each area is briefly explained below along with

an associated technology forecast. (Ref. 7-39).
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7.4.21.1 Software Standardization

This requirement may be further subdivided into three areas (a) standardizationm,
(b) requirements decomposition and structuring guidelines and (c) documentation
methodology. Standardization of language, operating systems, interfaces
between software modules and system management practices would help to eliminate
redundant development and improve long-term goftware reliability. Development
of proper guidelines for assisting in design (Case b) and documen tation would

lead to greater software efficiency and clearer and more concise documentation,

A technology forecast in the area of software standardization resul ted in four
specific conclusions:
o Although software standardization is only at the level of a generally-
approved good idea (level 1 of Table 7-1), an operational environ-
ment will exist in the 1988-89 time frame with operational application

of the principles in the 1990-92 time frame.

0 Standardization will occur by 1987 without investment by NASA
because of Air Force interest. However, if NASA does not participate

their requirements may not be best met.

o There 13 good reason to go ahead and attempt stardardization to

reduce redundant development.

o 1t appears that the decomposition and structuring guidelines for

general class software problems will be 99 percent of the solution.

. e
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7.4.21.2 Automated Translating Aids

Development of automated aids for translating well defined payload software
requirements into program code (in the desired language) is required.

In effect the translation aids may be looked upon as a set of master programs
which output specific program codes corresponding to a given input of software
requirements. One specific example of this requirement in the field of earth
resources is the requirement to write the required code automatically, given
a sensor configuration and a desired function (e.g. geometric correction to

Polar Stereographic projection).

The technology is currently at the experimental stage with ongoing research

in a number of areas, specifically automatic compiler construction. Application

of this technology in earth resources is not as well developed. Given the proper

investment by NASA, the general technology can be operational in the 1990 time
frame. Several approaches to higher order languages for earth resources
operational use may be pursued., In particular, if the hardware is to be close
to today's general purpose computers, architecture improved versions of

languages such as Signal Processing Language (SPL) will evolve.

A second approach is to extend the macro capability used in many of today's
asgsemblers. I. the macro concept is extended so that the syntax of the macro

is also subject to definition, then a library of macros paramaterized for
complex signal processing functions could be developed. A higher orier language
might then be developed to assemble and define syntax and parameters for the

required macro library modules to create very complex sigral processing programs.

303




o i@+

o W TEe N

N . P

v m v ama s av e unntn

Similar approaches may also be used with other than general purpose hardware
structures but there is always the risk of technology obsolescence through

advances in signal processing hardware techwology.

7.4.21.3 Fault Detection and Recovery Techniques .

Development of fault detection and recovery techniques in real time spece
activity will be necessary. In the past this has been compens;\ted for

by using sop*isticated redundant hardware systems. Such program organization
methods would maintain status in a way to allow backup and recovery with minimum
loss of data and control in real-time systems. This does not involve redundant

hardware but rather it is the coucept of a self-tealing machine through dynamic

reconfiguration.

The general current level of the technology is at the lab test laovei (level 5
of Table 7-1) based on a brassboard version of the Fault-Tolerant Spaceborre
Computer (FISC). The techaology could be fully developed by the 1987-89 time

frame, given the proper investment by NASA, Some key areas of reasearch are:

Error-detecting and correcting codes. Quad-redundant and triple module redundancy
(TMR) for critical components and functions. Double storage of critical
parameters. Use of multiple microprocessors for sensor processing with error

detection and replacement by central fault tolerant coumputer.

7.4.21.4 Dynamic Software Restructuring

Control structures are needed to adaptively deploy available software to meet
the requirements of the automated intelligence environments. This dynamic
restructuring of the software to adapt it to the environment will enable

NASA to plan and execute missions' involving satonomous capabilities. This
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would also include task control structures for distributed processor emviron-
ments, System partitioning and interconnection techniques need to be developed
for managing concurrent real time processing in space oriented distributed
systems. This area may be regarded as the technology of high level software
adaptively modifying a system's hardware and software configuration in response
to envi-onmental conditions. ''High Level"” software here refers to high in

the hierarchy of control, not high level programming languages.

This technology finds application in two general areas: First, it provides

a mechanism to "work around" failures, i.e., the system reconfigures gso that

failed elements are used less often (or never) to achieve fault-tolerance and
graceful degradation; second it provides the means whereby a computer system

can react to a wide dynamic range of operating conditioms.

In the latter case the technology is relatively mature. Multi-tasking and
multi-programming Operating Systems, their algorithms and implementations are
fairly well understood. The extension to multi-processor distributed systems/'

is progressing well, (i.e., TANDEM Non Stop T.M.)

In the former case, the technology to achieve system-level fault tolerance

is not as advanced but is moving well. The primary problems lie in fault
detection and isclation, rather than fault correction by system reconfiguration.
Most fault detection and isolaution schemes force a trade-off between "Speed

of Detection" and interprocessor communications overhead.

The objective guidelines are therefore judged with respect to the "Fault-

Tolerant" area of application rather than the '"wide dynamic load range" area,
Critical aspects of this technology have been demorstrated in the laboratory.
It is expected that a fully operational system will be available in the 1988-

1990 time frame, with or without investment by NASA., Other current activities
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in this area include the Raytheon Lorg-life spacecraft computer and the GE

Distributed Control Kernel.

7.4.21.5 Adaptive Search and Sort Procedures

Adaptive search and sort procedures are required to ensure that the
development of pattern recognition, image processing and related algorithms
will be efficient and enable processing the high volume data in near real

time.

In a similar vein, optimal large array partioning procedures offer a viable
solution to the problems of large array manipulations such as matrix trans-
positions under the constraints of the processing system configuration
expected onboard. Development of optimal procedures for large 2 and 3
dimensional arrays manipulations will meet the needs of data compression,
image processing scene analysis problems., These routines should be adaptive

to the data characteristics of the arrays being manipulated.

Current work in the fields of artificial intelligence and pattern recognition
have demonstrated the feasibility of adaptive search and sort algorithms.
Refinement and application of these principles to an earth resources environ-

ment will be an ongoing task through the year 2000.

7.4.21.6 Natural Communications Methods

It is essential for the efficient usage of available human resources onboard
that natural communication methods be used. Accordingly it is necessary to
evaluate their influence and potential impact on the supporting payload
software system to thereby ensure the success of the development of such

methods,
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Development of natural communication methods for specific experimental

tasks is required. The results of this development will be used to derive
an overall assessment of the impact of natural communication on NASA payload
software design. The key requirement for a voice recognition system 1s to

have an extensive recognizable vocabulary with minimum required "training'.

The forecast in this area assumes that a practical system will require the
recognition of a multiple word string to achieve a correct response some
percentage of the time in excess of 95 percent. The current siate=-of-the-art
is such that critical aspects of the required technology have been demonstrated.
Some examples are:
0 Devices are on the market - Threshold Technology, Inc. makes one.
It can be trained to recognize single words from about a 30 to 100
word vocabulary.
o GE Evendale .s presently assessing the use of this device on their
QC Line.
o GE Pittsfield is considering one for a Navy application,
o Other manufacturers are about to announce products,
o Success rate for trained systems and operators with carefully
considered vocabularies is about 90 percent.
o Emory University is doing FORTRAN programming with voice recognition.
o Carnegie-Mellon is doing work for ARPA in subject System is called
HARPY, |

With the proper investment by NASA an operational system with expanded vocabulary

and success rate much higher than 95 percent is possible in the 1988-1990

time frame.
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7.4.21.7 Onboard Image Prucessing/Pattern Recognition

Onboard image processing/pattern recognition can be enabled by restructuring
the key software functions to achieve maximum parallel processing. This

can be attained by identifying the parallelism in these functions not only

in terms of parallel or concurrent identical processing on different pixels
but alsc in terms of parallel execution of different computations on the same
data. Suitable computer architecture will be adapted to take full advantage
of the advancements in low cost hardware technology and parallel processing

concepts.

Coupling this requirement with the technology forecast in the area of on-
board processors, leads directly to the requirement becoming the efficient
use of heterogeneous arrays of processors., Current work on application of
these mechines to image processing is in its infancy. Key developments which

should be developed by NASA by the 1990 time frame are software aids to assist

a programmer/designer in the optimal partitioning of these arrays, or allocation

of a problem to hardware elements and in the challenging timing problems that

future users of these machines will have to deal with.

7.4.22 SOLID STATE SENSORS

Technology Requir ement

Future earth resources systems examined show the requirement for multi-element
solid state sensors, This technology requirement wi identify the need for
two such sensors (1) A multi-channel push broom array and (2) A multi-channel
solid state camera (2 dimensional array). The key to the technological
feasibility of each of these sensors is the availability of the solid-state
sensor devices, The approximate time requirement for these technologies

is 1993-1995.
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The push broom array will require approximately 18,500 cetectors in a linear
array. We envision 10 bands ranging from the visible through the thermal
infrared. Our initial design calls for element size of A/,01 mm, a focal

length of .8 meters, altitude = 800 km, IFOV = 10 m.

The 2-dimensional solid state camers would contain approximarely 2,7 million
elements (1650 x 1650 array). In order to have a reasonable focal length
the spacing requirements of these elements are tighter - 1-3 micrometer

geparation.

Various detectors which have been considered are silicon doped with Indium
or Titanium, Indium Antimonide, and Mercury Cadium Telluride. We would like

|
ol3 :

to see D* values up around 1 and need to know the cooling requirements

of the various systems,

Technology Forecast l

Silicon solid state detectors, operating over the visible range, have been
produced with a detector spacing of 25 microns (Ref .7-40). It is projected
that this figure could be lowered to 10 microns in the 1995 time frame,

A projection of this technology, based on the work of Gordon Moore (Ref. 7-41)
is presented in Figure 7-15, The current technology of photolitht;graphy will
be replaced by electron beam lithography to allow accuracies of 1 micron.
Device problems to be overcome. Defects in such multi-element chips are currently ;

running at about 5-15/cm?. Improvements in yield, however, are also expected.

It is questionable whether it will be possible to get an 8-bit reading out of a

1 micron spot without the use of a calibration wedge for each element.

It is possible that the spatial uniformity of the devices will be such that

radiometric correction calibraticu over regions may be practical. The density

projections also apply to the higher wavelengh materials discussed below.
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Germanium detectors which operate over a range of 0.8-2.0 microns have been used

in the construction of Charge Injection Devices (C,I.D.'s) with 50 micron

o
spacing. Indium Antimonide (1.5-5.0 FmD is also under development for operation

:
in the near infared. ;g
In the thermal infared, work is ongoing in the use of mercury cadmium telluride §

.
and in the use of extrinsic silicon. Cooling becomes a major problem at this

i
wavelength with temperatiwres of 20°-40° K being required, Dopants such as indium 3
and titanium are jeing investigated at the present time, v

i
NASA Development Required —

i
There are a number of external technology drivers which will assist in meeting {
the requirements in this area. The commercial push for a 1000 element by 1000 T

i

line solid state television camera is carrying the research in solid state elements
at the present., Even if the commercial push falls short because of an inability ;i
to mass produce a consistent product, the DOD may still sponsor development of the
1000 x 1000 camera. The commercial memory and microprocessor markets are also driving
research into higher chip densities, are attacking device problems such as geometries,
chip size, and defect levels, and are developing production aspects of electron

beam 1ithography.

PR —
.

The resultant development to be attacked by NASA fzlls into three areas:

L i {

(1) techniques for interconnecting large numbers of chips into a single array,

(2) some basic research in the area of sensor physics, specifically into the problem

[

v

of charge build~up on single elements, and (3). the use of processing "tricks"

.s’fda:-’l’
WPy

to assist in resolution. The third item could involve the use of dither, induced

by piezoelectric devices, to achieve subelement image resolution (after processing).

B-Fatas iy
SIS }

=

310

LR |
]

R e ———
H

e TR



o AF S

e S e

PR

APPSR TP iy

R T L VPR SRR R L

-

o

g gy e T g B RS e s W e

———

y ety

Y4 v ————

/
PALGE
%RFI%N R QALY
|
4096
<
Zz  1024.
g e
é 2904 -
~N i L
Y oesl }
a a ! L .
2 & 164 L
= >
] —
3
- t. i [} .- A e — ' I S
65 70 75 80 85 90 95
YEAR

Figure 715, Device Densitv Projection

7.4.23 FERRIS WHEEL CHIP

Sumnary

To achiee the small ground resolution desired for some PLACE missions at low
microwave frequencies (VHF to L-band, for example) giant antenna apertures are
required - hundreds to many thousands of meters in extent. For many missions

a phased array is more desirable than a parabolic reflector. Both passive and
active systems are proposed, with most active systems being pulsed, not continuous
wave. To form a tight coherent beam frow the very many elements involved in a

large array is a major problem, especially if the beam must be steerable., Mass
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A corollary problem is the generation and distribution of power to drive the output
RF amplifiers. (From the onset it was taken for granted that each radiating element
would have a dedicated solid state RF amplifier.) The sheet mass of conductor
alone to aistribute pulses of several hundreds of kilowatts overdistances of kilo-

meters would be a nearly prohibitive mass penalty.

The final part of the problem is the detection and characterization of the return
pulse with return of the data to a central processor over large distances with

the coherent phase information preserved.

Functional Requirements

In principle it is possible to perform all of the required functione in a single
slice of silicon, and this ic the way the proposed solution was conceived. In
practice, there may be good reasons to use several interconnected chips, mounted
on a light substrate; e.g. Mylar blanket. It should be noted that something like
a million array elements are involved. Figure 7.1 1s a schematic diagram of the

required functions as they have been conceived.

INPUT
DATA ] SLock

DATA RF
N lour : A0 I GENER. | °
N\ = ]‘ '
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: (outPut

| mcnomczs;on ‘—-] AMPLIFIER)

1 — *:_ \
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: (o PANT
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Figure 7-16. Ferris Wheel Radar IC Chip
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1" of system and RF losses in waveguides or stripline are major factors limiting

what can be done by present technology. A solution is proposed involving a single

* S

integrated microcircuit chip (presumably silicon) having solar cells, puotodiodes,

RF elements, and a microcomputer; and the requirements of this chip are defined.

Problem Statement

a—

This technology requirement was first considered for the ferris wheel radar

(See Section 6.,1.10 ). The mission of Ferriswheel is to use ground penetrating
microwave radar pulses to explore for sub-surface features (e.g. ore bodies).

Hence the wavelengths must be long, one to ten meters at least (30 MHz to 300

MHz), and to achieve useful ground spatial resolutions a large aperture is requifed -

sizes of twelve to thirty kilometers in diameter are being considered.

Because of the huge size, a slowly spinning structure of temsion threads was
considered to be the only structural approach that mass considerations would allow.
A very preliminary structure mass estimate, which arrived at a guesstimate that
such a scructure could be carried in about two shuttle loads (volume permitting),
was based upon tension members no larger then a quarter of a millimeter in diameter.

On this basis, the coax/waveguide needed to distribute RF energy to a million

ferrite phase shifters to feed the antenna array elements looms as an "impossible"

! wass problem., A lighter solution was clearly needed.

ﬂv The crucial problem faced is the low speed of light. At 300 MHz, pulse widths of

| about five micioseconds are wanted, but the time for light to travel from the center
f of a thirty kilometer wheel to the edge is fifty microseconda. Clearly, to form a
coherent beam, the RF pulses to be radiated from elements near the center of the
wneel need to be delayed (or stored) for up to several pulse lengths, or thousands

f ' of RF wavelengths,
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A substantial part of the silicon area is dedicated to a solar array. The total
power requirements could be met by a single small solar cell, but it is not clear
that the voltage output from a single junction will be adequate for all of the rest
of the circuitry. However, it should be possible to form a number of solar

cells, connected in series, on the same chip, just as other circuit elements are

formed in multiple units,

The major part of the circuitry on the chip is devoted to the process of timing

the RF output pulse. The concept is that a central control unit (CCU), conceptually

(but not necessarily) located at the center of the array, will notify each chip
well in advance of the time a pulse is required, about 150 times per second.

So there are several milliseconds to send a message to all chips that "we are

all going to pulse together at some future time T," Each chip would know -
stored in ROM ~ how far away from the CCU it was, so it could computc ihe number
of clock pulses until time T, count them, and puise in proper phase. The proposed
concept uses a laser at thc JCU to send clock pulses to a photo-receptor on

each chip. A separate laser/receptor link on a different wavelength sends data,

such as cime T,

The clock pulses can be counted down (divided) to produce an RF frequency source
at any convenient sub-multiple of the laser clock pulse rate. At the computed
time, an RF switch is closed and thousands of nanoseconds of either CW or modulated

RF are transmitted through an antenna element connected to the chip.

Several milliseconds after the RF wave front is launched, each microcomputer
closes the RF receive switch, and the receive element amplifies and demodulates
the return signal, and the phase and zmplitude information is A/D converted and
stored in RAM for later transmission to the CCU to be combined with the data

from other elements in order to extract the desired information. Subsequently,
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in the milliseconds left before time for the next pulse, each chip (upon command)
transmits the stored data about the return pulse to the CCU. It was visualized
that this could be done by a light emitting diode on the chip, viewed by one of

many optical receivers at the CCU,

In the initial visualization of this phased array concept, no provision was

made for power storage. Daylight operation only was assumed, and since the peak
RF power for each (of a million) elements was only several milliwatts, it was
simply assumed that enough solar array would be provided for each element

to supply the peak power, which is hundieds of times the average RF power.

(Duty cyele is less than 0.08 percent at 300 Miz less than 0.8 percent

at 30 MHZ).

Subsequent analysis has indicated a major advantage for night-time operation;

i.e. much reduced ionospheric attenuatiou at the most desirable {lower) frequencies
at night. Hence, if a low cost light weight storage device would be added it
would permit the desired night operation, and could probably be ﬁsed to reduce

the size of the solar array needed for each phased array radiator,

Because the ground penetrating radar will be operated at the lowest feasible
frequencies, Faraday rotation in the ionosphere dictates that the antenna polare-
ization be circular both on transmit and receive so that the desired measurements

do not depend upon polarization data.

Further, since the ground penetrating radar is spinning, thus fixed in inertial
space, half the time it is facing '"away" from the earth. Thus it would be
desirable for the antenna patterns to be the same in both directions along the
axis to avoid this lost time., It is recogi\ized that this will double the required

power, but for a vehicle of this magnitude that impact is trivial.
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Performance Requirements

Qualitative estimates have been made for some of the parameters of the IC
projected for this application. For the 30 MHz ground penetrating array,
preliminary calculation of the link parameters (see Figure 6-24) suggests
an average RF power output per element of about 1.0 watt. The pulse repetition

rate was 1500 pulses per second with each pulse of 0.3 microseconds durationm.

DC power required for the transmitter depends upon the DC/RF efficiency that
can be achisved on the chip, and upon whether peak power storage is available.
These transmit powers were predicated upon an orbit altitude of 1000 kilometers,
one million elements, and a receiver noise temperature of 4000°K - another tech-

nology requirement for a sensitive single chip receiver.

One crucial performance requirement is for a high speed clock. At 30 MHz, the
duwration of a cycle is 33 1/3 nanoseconds. If coherence to a tenth wavelength
is ceedad, clock pulses of 3 nanoseconds or less are needed. This should be

no serious problem for the laser clock pulse transmitter, but the photodiode
receiver on the individual chip may present a technology challenge. The use

of 300 MHz and/or greater coherence requirements will require even higher clock'

rates. By comparison, the data link speed requirements are modest.

The memory and processing speed requirements of the microcomputer have not yet

been estimated but are expected to be rather modest, Because of the several

. ; r*’

milliseconds between pulses, computation of the phase delay required for steering
does not appear to require very high speeds. Similarly, to chLaracterize a return

pulse microseconds long with range bins of 15 to 150 nanoseconds duratiun appears

L -

Biad-p o PPN

to require only kilobits of RAM memory,
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The mass of this integrated circuit chip is not a major factor compared to
the current estimate for structure mass, but should be kept reasonably small.
On the basis of chips of five square centimeter size, .2 mm thick (density of
silicon 2.42 g/cc), each chip would weigh less tham a quarter of a gram, and
a million of them would weigh 242 Kg. This number could increase an order of

magnitude, 1f necessary, and not significantly affect the feasibility of the

Ferriswheel system concept.

The primary technology requirements for energy storage relate to mass,

operating voltage, and pulse discharge capabilities. Assuming Ine storage
device (battery) per phased array element (2 convenience, not a requirement),

a mass of not more than a gram or so per battery is desired to kevp the total
system storage mass to a metric ton or so. The voltage requirement is not known
at present - it is probably set by the RF transmitter need. The average energy
per storage cell is 75 W (RF), increased by several times for DC-RF conversion
plus microcomputer power, divided by a million units; that is, a part of a
milliwatt for the minutes of night operation desired. At 200 watt-hours per
kilogram projected for 1990 era space batiiwries, the mass to store a milliwatt
hour would be only milligrams. Even after zllowing for large penalties associated
with very small scale, the mass requirement seems reasonable. A greater

challenge may be to achieve low cost for these units.

The principal requirement identified to date is that of a low mass. A one
mil copper plate on 38 gauge substrate (glass filaments) was used in the crude
mass guesstimate. For 30 MHz crossed dipoles this led to a total mass of the

order a metric ton; reasonable in comparison with other system elements.
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Technology Projection

The requirements and operating environment for the Ferris Wheel chip were
discussed with representative's of GE's electronics (LSI) Laboratory. It

was their collective opinion that (1) the described requirements could be
implemented on a single chip or wafer in the 1993-95 time frame and (2) that
production technology will have advanced sufficiently to enable mass production

of this chip.

NASA Development Required

The primary support required by NASA will be adaptation oif the multifunction
chip capability being developed by industry, to a space application., The
commercial market will have developed many of the functions of the above
requirements for commercial products such as wrist radio, microcomputer
applications and for a host of other uses. It is expected that DOD will
also jointly support this development in the area of compatibility with the

operating environment, e.g. radiation hardening, packaging, etc,

7.4.24 EXTRACTIVE PROCESSING

Technology Requirement

For each of the key set objectives discussed in Section 4.1.3, the technology
required to operationally transform remote sensing measurements into usable
information must be achieved. Extractive processing (also called information
extraction) includes the hardware, techniques and knowledge required to
transform preprocessed data (radiometrically and geor=trically corrected)
into management alternatives or information which a resource manager can

use. In this discussion, extractive processing assumes all collateral or
aucillary data required to be available externally, in a data base of some

kind, The organization and collection of that data is treated independently

(see Section 7.4.,20)., Since extractive processing is considered an enabling
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technology for so many of the PLACE system concepts (see Figure 7-2), it will
be shown to be (Section 8.0) one of the key technologies in the PLACE study.
A characterization of the extractive processing interrelationships 1is presented

in Figure 7-17.

ORIGINAL PAGE IS
OF POOR QUALITY

EXTRACTIVE PROCESSING USER MODELS
: i ) MANAGEMENT
REMOTELY P
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Figure 7-17. Extractive Processing Interrelationships
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For the purposes of this discussion, extractive processing is divided (Ref. 7-42)

into five areas, a science basis, basic signature research, ecozone mapping,
user models, and hardware mechanics, as shown in Table 7-10, Although each
of the five areas is discussed independently, they are all heavily interrelated

and interdependent.

Establishing a science basis for extractive processing is equivalent to a
basic understanding of the phenomena which are being observed and the
measurements which are being made. This may be divided into two parts:

(1) understanding the phenomena-based requirements; and (2) determining a
physical/biological basis for phenomena measurements, The first area involves
understanding the microprocesses of a phenomenon. The second is, for example,
establishing a relationship between remote sensing measurements and plant

physiology.

Basic signature research is a more emplrical approach to establishing the
"identifiability" of a phenomenon. Two tasks are envisioned in this area:
(1) the specification and development of a standard set of calibrated sensors
for use in field programs; and (2) construction and execution of a systematic
plan for acquisition of basic signature data. As discussed herein, the term
signature refers to measurements over time, over all sensible frequencies
(.4 microns - 10 meters, active and passive), for each homogeneous ground

region (ecozone) and for each identifiable species,

+

Ecozone mapping refers to establishment of those homogeneous ground regions
(homologues) over which a signature is valid. This will ther enable later

work in the area of signature extension.
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User models ‘is the very broad area of relating iatermediate parameters
derived from remotely sensed data to management need. In some cases, the
intermediate parameter, soil moisture or crop condition, for example, may
in fact be the end item. In other cases, they will serve as one of many
inputs in deriving a management alternative. Forecasts are treated as

a special case of models in this discussion, since a forecast is an extra-

polation of a condition over time.

The final area of hardware mechanics involves the required development of
many of the hardware tools required by the technology. Specific aspects

will be discussed below,

Technology Forecast

Establishment of a science basis for extractive processing and development
of user models is an area that has long been considered the realm of the
user. However,.in the operational systems being considered, they are
regarded as technology gaps to be closed, without ownership of the problem
being an issue., There has in the past been a great deal of work in
understanding the microprocesses of a phenomenon in a number of fields.
Where the research has consistently fallen short is in further relating
these microprocesses to what is actually measurable remotely., In the

area of models, there has been extensive work performed in hydrologic models.
There have been several crop models proposed and studied, and some work
in the area of key census cities has been performed. In both the areas

of establishment of the science basis and development of uur* models, it
is projected that development will continue through the PLACE era with a
continuing refinement and improvement of the understanding required. The

required research in these two areas constitute same of the most difficult

technology challenges in the PLACE study. As is indicated in Figure 3.3,
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then accomplishment may uctually go beyond the "semi-credible" to the incredible.

In the area of basic signature research, there are a number of independent and some- :
what disjointed fisld measurements programs ongoing, Oftentime, the data from different;
sites is not comparable or complementary, It is porjected that in the 1995 time frame, '
with the help of the work done in understanding the science basis and in ecozone ;
mapping (see below) ard with an appropriate investment by NASA, the empirical base M

for the establishment of a "signature bank" will have been established,

Little work is currently being done in ecozone mapping with the primary %
activity being centered at the Environmental Research Institute of Michigan
in the area of signature extension., It is projected that in the 1995 time
frame, a world ecozone map could be completed given the proper investment
by NASA. In addition, research into the validity of signature extension

will be continuing with uncertainties reduced.

Finally, in the establishment of the required hardware mechanics required
to support the other areas, contributions made from advancements in pro-
cessors and information dissemination systems will allow for sophisticated,

low cost research tools in the 1995 time frame.

NASA Development Required

It is perceived that NASA can expect some assistance from external sources .
in attacking this technology area., Whatever federal agency or combination of ,
agencies that operates the global data base (discussed in Section 6.3) and
other "discipline" oriented federal agencies such as the Department of
Agriculture and the Department of the Interior have a joint in*erest in ex-
tractive processing with NASA and should provide some support. In additionm, \

assistance in user modeling and field measurement programs can be expected from
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international organizations such as the Food and Agriculture Organization (FAO),

from private institutions such as the Rockefeller Foundation, and perhaps

from large discipline-oriented business groups such as agribusiness.

The NASA portion of the required research and development will be described

in each of the five mentioned areas. 1In the area of establishment of a
sr2nce basis, it is the sponsoring of bLasic research to understand those
aspects of the phenomens which should be measurable (observable) from remote
sensing. In order to support the establishment of a signatuve bank, standard,
calibrated sensors should be identified and developed and u systematic data
acquisition plan must be constructed and put into operation. This plan should
take into account the various climatic regions and ecozones, should identify
required collateral data and take advantage of what already exists, and should
identify and plan for acquisition of that "truth" or ground verification which
is required. A three part effort is envisioned to accomplish the desired
goals in ecozone mapping: (1) develop the criteria which will be used to
identify a zone in each region; (2) organize existing data into a usable
format; and (3) plan for acquisition of that data which is yet needed. Work
in the area of user models should focus on identifying the benefits of using
remote sensing in user models and in subsequently constructing/altering the

models to allow for the inclusion of remote sensing inputs.

A number of programs must be undertaken to provide the har&ware tools necessary
to perform these tasks. The first is the establishment of an integrated
laboratory for research in extractive processing., Within this environment,
different classifiers, models and machines could be compared and evaluated,

A key aspect of this concept would be the absence of short-ter. operational
achievement-oriented goals placed nn the laboratory. Rather, an environment

conducive to research should be fostered, The second area of development is
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the establishment of low cost tools, processors, displays, etn., which would

foster much more research in academia where there are a lot of hands and minds

but few resources. For example, instead of a graduate student testing one algorithm

in one area, he could perhaps test 100 algorithms in 10 areas. Thirdly, an
investigation into the value of cascaded techniques (classifiers and models)
which support the convergence of evidence theory should be made. This involves
the argument that even if any one method does not work, a combination of methods
over time will lead to the right answer. Finally, the use of more man machine
interaction is recommended. Experience has shown consistently that better
results are achieved in a supervised process, where a human's unique skills arve

taken advantage of.

7.4.25 LASER SYSTEMS

Technology Requirement

The PLACE laser technology requirements derive from two applications: a laser
calibration technique for remote sensing and a laser illuminator of the ground

scene (NITE-LITE), The required performance for these appli cations is as follows:

CALIBRATION ILLUMINATOR
ENERGY: 3 JOULES/PULSE ENERGY: 0,45 JOULE/PULSE
PULSE FREQUENCY: 1000 PPS LIFE: 10llpuLsEs
LIFE: 8000 HRS. PULSE FREQUENCY: 700 Hz

The demand for high radiometric measurement precision in post-1935 sensors for
Earth Resources will require adwances not only in detector and signal processing
technology, but also in techniques to factor-cut the temporal and spatial
variability in the atmospheric transmissibility., The subject technology require-
ment refers to obtaining atmospheric "calibration" data that would permit the

correction of radiometric data obtained through the satellite sensors according
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to the actual atmospheric conditions prevailing over each site where radi ometric
data is taken. The use of lasers is indicated here, since the return beam
undergoes attenuation in accordance with iis interaction with the same atmospheric

volume traversed by tne signals tc the passive senscr(s).

The laser calibration requirements fall in two major cate;ories: technique
development and laser system development, The basic calibration technique involves
sending laser pulses parallel to the line-of-sight of the sensor(s) of interest,
and measuring the gated sigral resulting from the light scattering within the

atmosphere,

The specific measurement techniques must consider the constraints imposed by
possible health hazard due to eye damage from light levels exceeding safe
limits, In addltjon, the signal strength must exceed the background radiation
due, principally, to solar radiation during the daylight portion of the orbit,
The laser signal must operate in a spectral region where the team can penetrate
the atmosphere down to the ground level, so that the effects of the entire
atmospheric volume is measured. The laser wavelength and bandwidth must be
selected to permit an accurate correlation between return signal energy level
and the "extinction coefficient', a parameter which is essential in the
determination of atmospheric transmissivity. Two principal groups of cechniques
are considered: (1) LIDAR and (2) Absorption. With LIDAR the concentration
profile along the laser pulse peth is measured by the signal intensity as a
function of arrival time at the receiver; thus, atmospheric '"soundings'" are
obtained at different altitudes. In absorption, the laser beam integrated

attenuation resulting from traversing the entire path is measured,

A possible technique to alleviate the problem of high background due to daytime
solar flux consists of selecting the laser wavelength in a narrow bandwidth

coincident with a Fraunhoffer absorption line., For example, the Co<K line at
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3933.682 & transmits only 5% of the continuum near the line center. Therefore,
significant improvements in signal-to-noise ratio can be attained for daylight
operation of the calibration system,

Regarding the laser system (hardware) de. lopment requirements, the type of laser
selected will depend on the power levels, the wavelength range, the bandwidth

and pulse width requirements., Gas lasers have the largest potential wavelength
span (commercially 0.33 micrometer to 10.6 micrometer can be obtained), Solid-
state lasers such as ruby and neodynium produce the most poweriful pulses, in

the realm of gigawatts, Liquid'lasers such as dye lasers are also capable of
high vower, and are tunable over a wide spectral region. Semi-conductor .njection

lasers are of interest since they can be sun-pumped in space.

The laser receiver must have a semsitivity compatible with laser operation at

energy level. that are safe from the point of view of eye damage.

The laser illuminator application consists of enhancing spatial and radiometric
resolution through pulsed laser illumination. This system is discussed in
Section 6.1.1. Special features of the laser apparatus for this application are

as follows:

1. Array or single laser source.

2, Tunable lasers over the visible spectrum,

3. Optical system designed specifically for linear arrays or pushbroom
scanners,

State-of~the-Art Assessment

The limiting parameter seems to be the laser 1life, in which the requirements
are much greater than the projected capabilities. Several developments appear
promisirg, among these are the Excimer and Dimer type lasers, CO, lasers will
not be suitable in the visible and near IR range; Nd: Yag lasers are energy
limited for this application, they cannot build energy sufficiently fast;

Nd-Glass lasers cannot dissipate heat at a sufficiently high rate,
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Technolozy Projection

The fovecast, reiative to the laser calibration application, is shown below

(Ref. 7-43),
Current Capability 1985
W-Length 0.53 Micron 0.53 Micron
Energy 1 Joule 3 Joules
Pulse Freq. 10 PPS 200 PPS
Bandwidth 1-5 8 18
Life <300 Hrs. <300 Hr

1995

0.53 Micron

3 Joules
1,000 PPS
18

1,000 Hrs

In the laser illuminator application, the forecast is as follows:

Curreat Capability 1985
Power 10 - 25 600 éLab)
Life 5 x 10"Pulses 10® Pulses

Required NASA Developments

1. Develop long-life high-powered lasers.

2. Improve techniques for laser heat removal.

3. Develop data interpretation techniques to factor in particle size distribution

in the calibration.
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8.0 PRIQRITY STRUCTURING AND DECISION SUPPORT

The overall problem addressed in the priority structuring and decision
support analysis was the understanding of the complex interrelationships and
interdependencies inherent in the set of mission objectives, system con-
cepts and technology gaps discussed in Sections 4, 6 and 7, respectively,
The specific problem addressed was to allocate scarce resjurces (dollars)

among the technologies in a way that will maximize the benefits produced,

Tne method of solution was the development of a decision support tool,
called PRISM, which would assist in the analysis of the priorities of the
various technologies, PRISM was developed to run in two modes, a Ballpark

mode and a Goodness Measure mode, as will be discussed below.

The results of the analysis are twofold: (1) a flexible decision support
tool (PRISM) has been developed and (2) a set of prioritized alternatives

for technology funding has been computed, based on a stated set of assumptions,

A discussion of the priority structuring problem and an establishment of
terminology will be presented in Section 8.1l. The two modes of operation

for PRISM, the Ballpark mode and the Goodness Measure mode, will be presented
and compared in Section 8,2. The application of PRISM to the PIACE objectives,
system concepts, and technologies and the resulting set of prioritized

technology funding alternatives will be illustrated in Section 8.3,

Detail concerning the operation of PRISM is presented in Appendix A,
Appendix A,1 reviews the methods of calculation., A detailed user's manual
including representative inputs and outputs is contained in Appendix A,2.
Finally, the complete listings and detailed flowcharts are presented in

A.3 and A4, respectively,
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8.1 BACKGROUND DISCUSSION

Presented in this section will be a discussion of the overall problem
scope, The terminology to be used and the assumptions inherently imposed
by the PLACE structured approach will be presented in Section 8.1. The
concept of relating technologies through systems or programs to benefits

is discussed in Section 8.,1.2, The special problems posed by the existence

of enabling technologies is exauined in Section 8.1.3.

8.1,1 TERMINOLOGY AND ASSUMPTIONS

The PIACE Study took a highly structured approach inherent in the PRISM
concept, to the priority analysis problem, as is illustrated in Figure 8-1,
The items labelled T; are technology gaps, identified in Section 7, which
must be closed, The programs are the future system concepts which were
discussed in Section 6, A technology may enable or enhance a program, An

enabling technology is necessary to permit the implementation of the program

MISSION
GOAL
CosT
SAVINGS
GOAL
PROGRAM
ENABLING
ENHANCING TECHNOLOGY
TECHNOLOGY

TECHNOLOGY

Figure 8-1, Structure of the Priority Analysis Probiem

333

# o e ke e e o o chm v o

e+
PN
LR S



B e Y Sy

-

e SRRl g

..

as conceived, An enhancing technology is desirable in that it will signi-
ficantly reduce the implementation cost of the program, It should be noted
in Figure 8-1, that enhancing technologies contribute to the cost savings
goal by enhancing programs ( ‘Ex portion of each program), By enabling
programs ( @ portion of each program), a technology contributes to the
mission goals, which are synonymous with the key set of mission objectives

discussed ir. Section 4.1,3.

The allowable relationsiiips or liaks are as follows, Technologies support
(enable or enhance) programs, A single technology may enable some programs
and enhance others, Technologies must be fully funded or not funded, there
is no partial funding, Partial funding may, in essence, be achieved by

dividing a single technolcgy gap into a number of gaps, each successively

more difficult (wide), The inclusion of technological risk, or a probability

of success of closing a technology gap vs, increased funding, was considered
early in the PLACE Study, This would then allow for the computation of the
probability of enablement of a program as the product of the probabilities
of success of the enabling technologies. A number of shapes for the
probability of success vs, funding curves was examined, including linear,
exponential and Rayleigh cumulative distribution function curves, in an
unsuccessful attempt to find a reproducing shape (which would simplify
calculations), Therefore, since the shape of the probability of success vs,

funding curve is highly conjectural, and since seemingly minor differences

in shape can ilead to major differences in results, it was decided to eliminate

technological risk from consideration,

In the assumed structure, all technologies that enable a given program

must be funded if the program is to succeed, That is, a program is
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"ccmpleted" only if all its enabling technologies are funded, Subse-
quently, completed programs contribute to goals, both the cost savings goal
and the mission goals. The technologies that enhance a program need not be

fundad, however, for the program to contribute to goals,

Goals or mission objectives may be fully or partially met since programs
independently contribute to their accomplishment, In the structure defined,

various benefit levels or weights may be assigned to each goal.

It should be noted that the analysis is evaluating the priorities for a

fixed set of future system concepts and projected technology gaps, as de-
scribed in Sections 6 and 7, For example, the relative benefit of the
Earthwatch system concept using 1-3 umeter spaced solid state detectors to the
Global Crop Production Forecasting mission objective is estimated., No

attempt is mad: co determine the incremental benefits which may be due to

finer detector spacing,

8.1,2 TECHNOLOGY DOLLAR BENEFITS

The key problem in the priority analysis problem as structured is the inter-
dependencies of enabling technologies, It is difficult to develop a single
priority rankine of the technologies because the amount of benefit derived
from a given technology depends on what other technologies have also been
funded., Instead, one can develop optimal groups of technologies which should
be funded at a given budget level, If the budget level is changed, the
composition of the group changes. An example of this interdependency may

be seen in Figure 8~1, Program 2 (P2) has enabling technolozies T2 and T4,
If neither technology is funded, one achieves no benefit (from program P2)

for funding either,
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A related problem is that of deciding the relative salues of enabling and
enhancing tectknologies, i.e,, if en additional dollar is to be spent, should
it be used to enable some new program or enhance (i.e., reduce the imple-
mentation cost of) some already enabled program A "right" answer could
only be found if there were accurate dollar benefit estimates available for
each program and each enhancement, But in general, such estimates either do
not exist oi are not very reliable, Thus, it is necessary for the decision
maker to select an appropriate tradeoff between enhancing and enabling
technologies, The two methods to be discussed implement these tradeoffs

in slightly different ways, but both require the decision maker to weigh

the relative importance of an implementation cost saving against the benefits
derived from satisfying a given goal. That is, relative units of goal

accomplishment (utils) are weighed against cost savings dollars,

8.1,3 THE VALJE OF ENABLING TECHNOLOGIES

It is important to consider carefully the value of enabling technologies,
Suppose that the value of a program is V dollars., This means that a user
would pay as much as V dollars to obtain the benefits of the program, but

he would pay no more, He might, for example, have an alternative program
that produces equivalent benefits but costs only V dollars, Thus, if the
cost of the program were less than V dollars it would be employed; if it
were greater than V dollars, it would not be, Now further suppnse that there
is a technology gap which, if closed, will reduce the cost of the program,
One would like to determine the value of closing this technology gap., There

are three possible (ases in arriving at this value, as shown in Figure 8-2,

In the first case, A;, the initial cost of the program is less than V, its

value, If the technology reduces the cost to A2, the value of closing the
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technology gap is just (Aj-Aj) dollars and the technology enhances the pro-
gram, One assumes that the cost of closing the technology gap must be less

than (Al'Az) or the required research would not be cost effective,

In the second case, B;, the initial cost of the program is greater than V,
The technology reduces the cost of the program to By, but this is also
greater than the value of the program., Since the cost of the program, even
with the advanced technology, is greater than its value, it will not be
performed. Since the program is not performed, the technology results in

no cost saving to the user, and its value is zero.

A hi 02

! benefit

-

Figure 8-2, The Value of an Enabling Technology
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In the third case, Cy, the initial cost of the program is greater than V,

arnd Cp, the cost of the program after the technology advancement is less

than V, While it is tempting to say that the value of the enhancing technology
is (Cl-Cz) dollars, as in the first case, this is incorrect, No matter

what the initial cost of the program, it would not have been implemented if
its final cost were greater than V. Thus, the value of closing the technology
gap to the user is only (V = Cp) dollars, Closing this technology gap, then,
financially enables the program, The key implication of this in the priority
analysis is that if one assumes the rewards of closing an enabling technology
gap in terms of increased relative benefits (utils = V), one must subtract

the cost of the program (in dollars) from the cost savings goal, The value

w - Cz) is then achieved,

The above discussion considers technologies which are financially enabling,
One normally is used to working with technologically enabling technologies.
For exauple, the Parasol Radismeter (a large passive microwave radiometer for
measuring soi;/péisture) mey not be implemented unless the technology gap
posed by the fequirements for construction of large structures is closed,

It may be argued, however, that all technologically enabling technologies

are really financially enabling ones, One could achieve the same performance
with very many ground soil moisture measures but it would be prohibitively
expensive, The large structure technology may be regarded then as reducing

the system cost to a point less than the system value,

8,2 PRISM: A PRIORITY STRUCTURING AND DECISION SUPPORT TOOL

PRISM was developed as a software decision support tool to help examine the

interrelationships among the goals, programs and technologies, It will be
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used in this study to allocate various budget levels to competing tech-

nologies in order to maximize the benefits produced,

PRISM was developed to operate in two modes: the Ballpark mode and the
Goodness Measure mode, The Ballpark mode, discussed in Section 8.2.1, is

a heuristic method that tentatively ranks each technology according to

benefit derived by assuming that all others are funded, then iterativel:-
revises the rankings as technologies with low benefit/cost ratios are
eliminated, The Goodness Measure mode, discussed in Section 8.2,2, treats

the problem by examining groups of technologies rather than single technologies,

The two methods of analysis are then compared in ‘ection 8,2,3,

8.,2,1 THE BALLPARK MODE
The operation of the Ballpark mode is summarized in Figure 8-3, The
diagram's terms were described in Section 8,1,1, ana the simpii-ied flow

chart will be traced in the following discussion.

The Bzlipark mode starts by calculating for each program a score that is a
weighted sum of the worth of each goal to which it contributes. It then
calculates for each technology a similar score that is a weighted sum of the

value of each completed program it enables and the value of eac. enhancement

it produces.

The method initially assumes that all technologies are funded and, con-
sequently, that all programs are enabled, If the total cost of the set of
funded technologies is not within the budget, the technology with the lowest
benefit/cost ratio (lowest benefit also used) is eliminated, If this
technology enables any program, all benefits that these programs assigned

to technologies are removed and the benefits produced by each technology
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are recomputed, The process of eliminating the technology with the lowest
benefit/cost ratio and recomputing the benefits of the remaining technologies

is continued until the budget is met,

Figure 8-3 illustrates how the Ballps -k mod= handles enalling and enhancing
techrologies: a technology gets credit for enhancing a given program only
if the program is completely enabled and the techmology is funded. All
benefits due to enablements are multiplied by a factor k; this factor, which
is varied over a wide range, establishes the relative merit of enhancing

and enahliag technologies.

Detail on the Balipark mode's methods of calculations, a user's guide
containing sample inputs and outputs, complete software listings, and more
detailed flowcharts are presented in Appendices A,1.1, A,2.1, A,3.1 and

A.4.1, respectively,

8.2,2 THE GOODNESS MEASURE MODE

The operation of the Goodness Measure mode is summarized in Figure 8-4,
This method caliculates a score that indicates the total benefit that each
goal derived fron every possible combination of funded and nonfunded

technnlogies, It then computes an overall sum or goodness measure as the

.weighted sum of the enhancements to enabled programs and contributions

of completed programs to goals for each combination,

Figure 8-4 indicates the way enhancing technologies are handled: enhancements
to a given program contribute not to the goals served by that program, but
rather to a separate cost enhancement goal, If the relative weight given

to the cost enhaucement goal is increased, sets of technologies that empha-
size cosé saving will receive a higher score than those that enable many new

technolog'es,
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The enhancements associated with a given program are, of course, only added
into the total if the progrsm is enabled, i.e,, if all technologies enabling

that program arc funded,

If there are not too many technologies, it may be possible to check every
combination of funded and non-funded technologies, But this is not really
necessary, If the total costs of many of the combinations of ten out of
twenty technologies are in the neighborhood of the desired budget, it would
probably be unnecessary to check combinations of fewer than five or more than
fifteen, Eliminating these combinations from further consideration reduces
the number of cases that must be considered - and consequently, computation

time - by nearly 25 per cent,

To take advantage of such reductions in computation time, the program that
performs these calculations first estimates the number of technologies that

can be funded from the given budget., Call this mumber m, It first examines
all combinations of m funded technologies, and compares the cost of each
combination to the budget, If every combination of m technologies can be
funded with enough money left over to fund the most expensive technology,

the program automatically removes from ~onsideration all combinations of

(n-1) or fewer technologies. Similarly, if no combination of m technologies
can be funded with enough money left over to fund the cheapest technology,

all combinations of (m + 1) or wore technologies are removed from consideration.

When all feasible combinations have been checked, the program stops.

Detail on the Goodness Measure Mode's methods of calculation, a user's guide
containing sample inputs and outputs, complete software listings, and more
detailed flowcharts are presented in Appendices A.1.2, A.2.2, A.3,2, and

A,4.2, respectively,
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8.2.3 COMPARISON OF METHODS

The major advantage of the Ballpark Mode is its speed - its execution time
is much less than that required for the Goodness Measure Mode, The major
disadvantage is the fact that the Ballpark Mode does not guarantee an
optimum solution, That is, the technique may find a local henefit maximum
which is not the global maximum, It also will present a single combination
of tecuniiclogies as an output and will not permit examination of combinations

of technologies which are almost as "good]"

It is possible, however, to use any of several algorithms for computing the
benefits of the technologies, If the results are different, the user can

select that result yielding the highest total benefit,

Moreover, it will probably happen that certain technologies are always
funded (or always eliminated) irrespective of the method of computatiosn,
The funding status of these can be fixed, yielding a reduced problem that
may be solvable by the Goodness Measure Mode., The Ballpark Mode was used
for this purpose in the PIACE Study, There were too many technologies
identified (25) to evaluate all possible combinations (225 cases), There~
fore, the Ballpark Mcde was employed to reduce the dimensionality of the

problem,

While the Goodness Measure Mode will definitely identify the single '"best"
(producing highest benefit) combination of technologies, this is not its
major advantage., Its major advantage .is the fact that it will also print
out all combinations of technologies that are nearly as good as the best one,
and the user can specify how nearly. Thus, the program sifts out many worth-
less combinations and allows a human decision maker to concentrate on a

relatively small number of worthwhile combinations.
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The major disadvantage is the long 1un time, If there are n diiferent
technologies, there are 2" different combinations of such technologies.

Thus, if there are 30 technologies, there are over a billion combinations

to investigate. Even if we restrict our attention to examining all possible
combinations of ten of the thirty, there will be over 30 million combinations
to investigate. Clearly, the Goodness Measure Mode is most useful if the
Ballpark Mode can be used to reduce the number of technologies whose funding

status is in doubt.

8.3 IFRISM RESULTS

The results of the PRISM decision support tool being exercised will be dis-

‘cussed in this section. The results of a Delphi analysis which was used to

establish the value of each program (system concept) to each goal (key set
of mission objectives) will be presented in Section 8.3.1, The remaining
required inputs including the costs of technologies will be presented in
Section 8.3.2, Finally, the output of the PRISM software, both the Ballpark

and Goodness Measure modes, will be discussed in Section 8,3.3.

8,3,1 DELPHI SURVEY DATA

The Delphi technique was utilized in PIACE as a systematic solicitation of
expert opinion, 1Its purpose was to attain a group consensus on the contri-
butions of the system councepts to PLACE's ket set objectives; a necessary
input for both PRISM modes, This opinion took the form of answers in a
written questionnaire, Included in the questionnaire was a brief description
of each of the key set objectives and system concepts, From the onset, all
the key set objectives were weighted equally, An important assumption made
was that each mission objective was assumed to be independent, and the contri-
butions of a system concept to a mission objective was independent of the

contributions of other system concepts.
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A sequence of three encounters was scheduled. To increase the reliability

of the group estimates, a self appraised competence rating was used, These
ratings were an attempt to evaluate the expertise of the group in each of

the key set objective areas, The ratings ranged from expert through familiar
in an area, An expert in any one of the objectives having worked more than
three years in that field, ranked that objective in the expert box. Those -
familiar with the varied objectives, however, having no true indepth

knowledge in a particular field, ranked this objective in the familiar box.

The Delphi technique was run as follows:

Round 1, Each group member initially ranked the systems in the order of im-
portance to fulfill a given key set objective, For each response, the median
and interquartile range (IQR) was determined, The IQR is the middle 50% of

responses,

Round 2. Round 1 IQR's and medians were fed back to the respondents, They
then reconsidered their previcus answers in the light of the other partici-
pants' responses and then revised their answers if they wished to, If this
response was outside the IQR, the respondent stated the reason his answer

differed,

Round 3. Respondents were given the new IQR's, medigns and a brief summary
of reasons presented in support of extreme positions, The participants
revised Round 2 responses if they so wished, If an answer was outside the
IQR, the respondent was requested to state why he was unpersuaded by opposing
arguments, The median of these final responses was taken as representing

the group consensus,
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The participants in the Delphi survey included eleven scientists and engineers
with over 98 years of combined earth resources experience, Also included
were six General Electric managers of earth resources programs, and thc

NASA PIACE Technical Officer,

Results of the Delphi analysis were observed to converge over the three
rounds. That ic, the interquartile range (a measure of the scatter) for
the value of each program to each goal generally decreased with each round;
The results of the Delphi analysis are presented in Table 8-1, the Goal

Program Matrix, The table lists the contribution of each PLACE system concept

Table 8-1, The Goal Program Matrix

o
&
e
&
&
qsgb
s
s*°$d

%, N 2
¢ k) @
LA S Y
2 © 5,
% 3 (s) '& %) Q
X . % % () %
k) £ 2 ) ?
% ¢ % » °* 9% 2
% % ? %,
Landsat H 0.4 0,13 0.13 0.12 0.13 0.13 0,13 0.1l1
GEO SAR 0.07 0.07 0.08 0.06 0.07 0.05 0.06 0.12
Parasol Radiometer 0.07 0,09 0.07 0.06 0,06 0.10 0.11 0.05
Radar Holographer 0.04 0.05 0,07 0.10 0.09 0,05 0.64 0.10
Earthwatch 0.14 0.13 0.13 0.11 0,13 0.13 0.14 0.15
Ferris Wheel Radar 0.02 0.03 0.04 0.14 0,05 0.07 0.046 0,04
Texturometer 0.08 0.08 0.09 0.08 0.07 0,06 0.05 0.04
Sweep Frequency Radar 0.08 0,07 0,07 0.05 0,08 0.06 0,08 0,07
. Microsat 0.05 0.05 0.04 0.03 0,04 0,07 0,08 0.04%
GEOS 0.12 0,11 0.11 .07 0,12 0.12 0,13 0.14
TIM 0.08 0.08 0,07 0.11 0.10 0.09 0,11 0.08
Radar Ellipsometer 0.1 0.11 0.10 0,08 0.06 0.09 0.06 0.05
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to each mission objective in the key set, The contributions to each mission

objective have been normalized (all columns sum to 1.0).

Assuming that all goals are of equal value (an assumption that was carried
throughout the PRISM analysis), that is, that crop production forecasting
is equally as important an objective as grazing potential determination,
the values may be summed horizontally to see a relative measure of the value
of each program, This is illustrated in the nomogram of Figure 8-5, On
this scale, the values have been normalized to a 0-100 rating., The
parentheses indicate the actual values from the sums of Table 8-1, For
example, if one sums the contributions of MICROSAT to each »>f the eight
objectives, you arrive at .4, which is the lowest score of all the system
concepts, In general, the multisensor system concepts, Landsat H and
Earthwatch, scored quite well, while special purpose systems such as the

Ferris Wheel Radar and the Texturometer were rated lower,

The data from the third round of the Delphi analysis is presented in Table
8-Z. For each combination of a system concept and a mission objective,

three values are presented:; the interquartile range (middle 507 of re-
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Figure 8-5, Relative Value of Programs
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sponses), the median, and the score, The IQR and median are in the original

ranking unite (0-15) while the score has been normalized,

8,3.2 PRISM INPUTS AND ASSUMPTIONS
A number of inputs were required to run PRISM, including:

(1) Program Goal Matrix

(2) Technology Enablement Matrix

(3) Technolcgy Enhancement Matrix

(4) Technoloy Costs

(5) Dollars/'tils Ratio

(6) Goal Weighting Vector

(7) Funding Levels
The Program Goal }atrix (1) was derived from the Delphi analysis as dis-
cussed in Section 8.3.1, and is presented in Table 8-2, The Technolngy
Enablement and Technology Enhancement Matrices (2,3) identified technologies
which were required by a program and those that reduced its implementation
cost, This matrix was discussed in Section 7 and is presented in Figure 7-2,
The Technology Costs (4) were estimates obtained from technology experts
through a Technolcgy Assessment Poll which is described in Section 7.1, The
costs, which are presented in Figure 8-6, are for technology research only
over a fifteen year period, They do not include any program development costs,
They are costs to NASA and they assume additional funding from external
sources such as private industry or the Department of Defense, The
"guesstimates" are for research through a prototype flight (e.,g., on Shuttle)
or other suitable t.echnology demonstration, A review of what is included
in each technology area (Section 7) is key to an understanding of these cost
estimates, The Dollars/Utils Ratio (5) was a factor that related dollar
savings to the utils in the Program Goal Matrix, By raising or lowering it,

one can make -nabling or enhancing technologies more valuable, This ratio

was varied over a wide range in the analysis, The Goal Weighting Vector (6)
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stipulates the relative values of each of the mission objectives in the

key set, As was mentioned earlier, all goals were assumed to bc of equal

value for this exercise,

the funding needed to support all technology areas.

constitute assumption set "A".

COST BINS
EXTRACTIVE PROCESSING
LARGE STRUCTURES
$300m -
375011
SOLAR ARRAYS D.BMS.
ADAPTIVE OPTICS SOFTWARE ADVANCES
$30m— oN.BOARD STORAGE SOLID STATE SENSORS
LASER SYSTEMS
BATTERIES LO-NOISE 4 WAVE RCVR.
CRYOGENICS IONOSHERE MODELING
RADIATION RESISTANCE GROUND STORAGE
$7.5m~| POINTING ON-BOARD PROCESSORS
EPHEMERIS FERRIS WHEEL CHIP
LARGE OPTICS 2.POL. N-FREQ. 3-ARRAY
$3.0m— RANGING SYSTEM GROUND PROCESSORS
STABLE OSCILLATORS
$.76m—| DISSEMINATION CONCEPTS

Figure 8-6. '"Guesstimated" Technology Costs
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8.3.3 OPTIMUM TECHNOLOGY RANKING/FUNDING FOR VARIOUS BUDGET LEVELS
With the inputs described in Section 8,3,2, PRISM was exercised in both

Goodness Measure and Ballpark modes., This section discusses the results,

Ballpark Mode Results

To understand fully how the results listed in Figure 8-7 were obtained, it
may be useful to follow the sample computer printout in the User's Guide of
Appendix A.2,1 describing this mode. As previously discussed, for a given
15 year research budget, certain technologies were funded and subsequently
programs were enabled, The benefit/cost algorithm was chosen to determine

the criterion for technology funding.

It is obvious that if one has the money to fund all the technologies, all
the programs are enabled, For the sample budget level of $900M, all
technologies were funded since only $898,5M was spent, For the next hudget
of $750M, the benefit criterion was chosen for determining technclogy funding,
That is, the teclinologies that produced the lowest benefit wer: iteratively
eliminated until the budget was met, The Ballpark mode did not enable the
Texturometer because the technology of adaptive optics produced low benefits,
On the other hand, with the same “udget level but using the benefit/cost
criterion, this mode did not enable any of the large structure systems, The
program could not justify spending $300M on large structures since its benefit/
cost was low, Since the Ballpark mode independently and successively removes
one technology at a time, until the budget level is met, a situation where
budgets of $750M, $600M and $500M funded the same technologies arose, The
program got to the point where the cost of the remaining technologies was
753M and had to get below $750M, Using the benefit/cost criterion, it

then decided to eliminate the large structure technoiogy which cost $300M,
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Thie reduced the cost of the remaining technologies to $453M, which was then
used for all three budget levels, As an aside, a budget of $300M was
allocated to see what technologies Ballpark mode would fund, Only extractive
processing (cost - $300M) was funded because it had the highest benefit/
cost ratio; however, none of the prograans was enabled because they required

other enabling technologies and the budget had all Leen spent in one place,

Goodness Measure Mode Results
To understand fully how the results listed in Figure 8-8 were obtained, it
may be useful to follow the sample computer printout in the User's Guide of

Appendix A,2,2 describing this mode,

The results from the Ballpark Mode provided several ulternative starting
points for the Goodness Measure Mode, These starting points took the form
of a group of technologies which were ;lways funded and a group which were
never funded, reducing the number of iterations to be evaluated, The corhin-
ation with the highest Goodness Measure was then selected as the optimal

funding allocation,

For 15 year research budget levels of $900M and $300M, results siullar to
those of the Ballpark mode were obtained, At the $300M funding level, the
unique importance of extractive processing was again pointed out, Two cases
were run at the $750M level, with different dollare/utils ratfos. In the
latter case, cost saving. were weighted heavier, slightly favoring enhancing
technologies, A reasonable limit was placed on this ratio by the assumption
that a program's total implementation cost savings should not exceed half
the program's cost, Funding allocations for the next two budget leveis
($600: and $500M) are those that maximized the Goodness Measure as defined

in Section 8.2,2,
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Appendix A - The Priority Structuring Methodology (PRISM)

Detail concerning the implementation and operation of the Priority Structuring
Methodology, PRISM, is presented in this Appendix. Section A.l contains more
detail on the methods of calculation in each operating mode. Section A.2
contains a user's manual for PRISM with sample inputs and outputs. Contained
in Sections A.3 and A.4 are complete listings for the program and detailed

flow charts.

A.1 METHODS OF CALCULATION

After reading in the input data, the program multiplies the goal-program
matrix by the vector containing the relative values of the goals, “ic

resultant vector contains the relative values of the programs.

After printing out the input data and reading in the amount of funding
available, the program calls the VERSUM subroutine, which counts the
number of 1's in each column of the matrix, The results the vector,
IPCRIT, records the number of enabling technologies required by each

program,

The main program then fills the X vector (technology vector) with ones
and calls the COMPRG subroutine, This subroutine multiplies the X-vector
by the transpose of the ¢ matrix and compares each element of the
resulting vector to the corresponding element of the IPCRIT vector.
Equality means that all the technologies that enable the corresponding
program are funded, and the corresponding element in the Y

vector is set equal to 1; otherwise it is set to zero,

The total cost of the X-vsctcr is calculated by multiplying the X-vector and the

transpose of the technology cost vector col., If the total cost is less than the
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amoung of funds availeble, the program calculater . - total benefit of the completed

programs, adds the benefits due to any enhancin:- t¢.%: . y and then quits.

Otherwise the program calculates the benefits due to each technology by summing
benefits of each complete program it enables and each complete program it enhances.

If OPTION 1 is equal to 2 the benefit score for techmology i is

=1

If option 1 = 1, the score is
RENEFIT,; = k Y.,C,,P + Y, B
i Z Z i

If OPTION 2 - 1,
Rho 4 = BENEFIT,/cost i;
if option 2 = 2,

The, = BENEFITy

The subroutine LEAST finds the minimum rho and produces a vector 'LOWEST'.,

LOWESTy = 1 1f Rhoi is within RHODEL percent of the minimum Rho and zero otherwise.

Another function, ISEL,, selects the one of these minitum benefit technologies that
represents the techmology ccucributiung to the fewest complete programs.

This techmology is defunded, and the resulting new X-vector is evaluated.

A.1.2 PRISM -~ GOODNESS MEASURE MODE ~ METHODS OF CAI:CULATION

This method requires three matrices: _Lhe G matrix gives the importan: t each
program to each goal; the Q matrix indicates which technologies enable each
program, and the B matrix indicates the cost saving in each program due to each

technology. The flow chart in Appendix C.4 indicates the sequeace of calculations.
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After reading in the input data, the program first allocates funds to
the technologies that must always be funded, If there is no money left

over, it stops,

If there is money left over, it assumes that the first m (where m is
either a user-supplied estimate or the computed average number of tech-
nologies that can be funded with the given budget) non- fixed technologies
in the technology vector are funded, and puts 1l's in corresponding
locations in the technology vector., If these m technologies are either
too expensive (the total cost greater than the amount of funds left) or
too cheap (total cost less than the budget less the cost of the most
expensive technology) the program discards this collection, picks a new

set of m technologies and continues the same process,

If the collection of funded technologies meets the budget constraints,
the program looks to see which programs are enabled by this collection
of technologies, It does this using the following metlbd: wherever
element qij of the IQ matrix equals zeio, the program substitutes the
value of tech;, the corresponding element in the technology vector, If
the sum of the elements in column j in this modified IQ matrix equals
the number of technologies, program j is enabled and the jth element of
the program vector is a one; otherwise the program is not enabled and

the element is zero,

Next the program looks at enhancing technologies, If techy equals one
and Bij:> 0, Byjy is added to element G (j,O) in the computer-supplied
zeroth column of the g matrix. The jth element of this column indicates

the dollar value of the total enhancements to the jth program, If there
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are any enabling technologies (Bij<:0) in the jth column of the B matrix,

the value COSPRG (j) is subtratacted from G j 0).
?

The program vector is then post multiplied by the G matrix to produce a
score vector, and the score vector is premultiplied by the transposed
ALPHA vector to produce a score, If the score exceeds a user-specified
thresholc, the technology vector, score vector, cost and score are printed,
The program then goes back and selects another combimation of funded

technologies,

When all combinations of M funded technologies have been examined, the

program examines the most expensive and the cheapest of all the combinations

of M funded technologies, If the cheapest of these was beyond the budget,
ro higher M's will be considered, From among the M's remaining to be
tried, the program selects the smallest one that is larger than the
current M. If there are no larger M's, it selects the largest remaining M,
The program once more starts examining combinations of M technologies,
When all M's have been tried or eliminated from consideration, the program

prints the best score and technology vector, then stops.

A.2 OPERATOR'S MANUAL

A.2.1 PRISM - BALLPARK MODE USER'S GUILE

Ballpark is an interactive program that uses a top down method to calculate a

"heuristic" solution to the funding allocation problem.

The user can choose either of two ways to calculate the benefit, and can success-

ively drop either the technology with the lowest benefit or the lowest benefit/

cost rate.
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Input Format:

The variable that the user must enter include:

NAME TYPE DESCRIPT ION
NUMGOL I Number of goals
NUMPRG I Number of programs
NUMTEC I Number of technologies
IDGOL I (numgol) Set of one or two digit numbers used to identify goals
IDPRG I (numprg) Set of one or two digit numbers used to identify programs
IDTEC I (numtec) Set of me or two digit numbers used to identify technologies
A R (numprg, numgol) | Goal-program matrix. A high number for A(i, j) means
that program i contributes a lot to goal j.
G R (numtec, numprg) | Program-technology enhancement matrix B (i, j)
indicates the amount by which technology 1 enhances
program j
Ic 3 (numtec, numprg) | Program-technology enablement matrix,
IC (i,j) = 1 means technology i enables program j
FUDGE R Enable-enhance fudge factor. Multiplies component
of benefits due to enablements when benefits are
summed
COSTEC R (numtec) costs of technologies
BENGOL R (numgol) relative benefits of goals
FUNDS R Amount of funds available, Funds = 0 brings end of run
0500 (VRN | I 1: benefit of enabling tech =/ benefit of progs it enables
2; " " " =Sbenefit of prog. it enables
of techs,
OPTION 2 I 1: look only at benefit/cost ratio

2: look only at benefit
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The program reprints all input data so the user can check it for correctness.

The values of each program are also calculated and printed, In the interaction

matrices, ze

ros are suppressed,

For a given amount of funds and set of options the program prints out the list

of funded technologies that will meet the budget the total cost, and the total

benefit, The user can either enter a new level of funding, exercise other options,

or quit,

SAMPLE PROBLEM BALLPARK MODE

INPUT:

ALLOCATION OF FUNDS AMONG INTFRDEPENDENT PROGRA!NS

CITER
FNTFR
ELTEP
IS B
FPTER
ENTER
FETER
ENTER
INTER
I'tTFR

OUTFUT :

HUPCGCL,LUMPRE  NUNTEC

THE GOAL INENTIFICATION VECTOR. = INGOL;
THY. PROGFA} IN VICTOR = INPRC;

TIE TECHNOLOCY ID VICTOR = IDTFC:

THIT PROCFAI‘~COAL NATRIY, INPUT=CI'ATPIY;
TEE R MATRIX,INPUT=RNATPIY;

THE C MATPIX,INPUT=CMATRIV;

THE ENARLF=FUVANCE FUNGE FACTCPR

TP TECENOLOGY COST VECTOR, INPUT=COSTEC;
THE GOAL TIENEFIT VECTOP

ORIGINAL PAGE IS

INPUT DATA: OF POOR QUALITY

COAL

# DLSCRIPTIULN PFLATIVI VALUE
L.o¢
1.00
1.00
.00

|

DD S PO —

1.00
l1.00
1.Cu

m\al

1.00
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£,12,25

idgol;

idpre;

idtec:

eratrix;

bratrix;

cratrix;

500

cost;
1,1,1,1,1,1,1,1
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PROG # DESCRIPTION

ORIGINAL PAGE IS
OF POOR QUALITY

RELATIVE VALUE

11 1.03
12 0.58
13 0.61
14 0.54
15 1.05
16 0.42
17 0.52
18 0.56
19 0.40
20 0.92
21 C.72
22 0.65

TCCH # DESCRIPTION COST

1 30.00
2 7,50
3 1.50
4_ 300.00
5 3.00
6 _ 7.50
7 7.50
8 7.50
9 7.50
10 3.00
11 30.00
12 7.50
13 0.75
14 3.00
15 0.75
16 30.00
17 7.50
18 7.50
19 3.00
20 —30.00
21 30.00
22 30.00
23 7.50
24 300.00
25 30.00
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INTERACTION MATRICES

GOALS AND PROGRAMS

GOALS
i 2 3 4 5 6 7 8
PROG
11 ! 0.14 0.13 0.13 0.12 0.13 0.13 0.13 G.ll1
12 ! 0.07 0.07 0.08 0.06 0.07 0.05 0.06 0.12
13 !t 0.07 0.09 C.07 0.06 0.06 O0.10 0.11 0.05
14 ! 0.04 0.05 0.07 0.10 0.09 0.05 0.04 Q.10
15 ! 0.14 0.13 0.13 0.11 0.13 0.13 0.4 0.15
16 ! 0.02 0.n3 0.04 0.14 0.05 0.07 0.0N4 0.04
17 ! 0.08 0.08 0.09 0.C8 0.07 0.04 0.05 0.04
18 ! 0.06 0.07 0.C7 0.05 0.0¢ 0.06 0.08 0.07
19 ! 0.05 0.05 0.04 0.C3 0.04 0.07 0.08 0.04
20 ! 0.12 0.11 ©.11 0.07 0.12 0.12 0.13 0.14
21 ! 0.08 0.08 0.07 0.11 0.10 0.09 O0.11 0.CF
22 ! ¢.11 0.11 0.10 0.08 0.06 €.09 0.06 0.05
PROGRAMS AND TECHNOLOCIES:B=!'ATRIX
PROGRAMS
11 12 13 14 15 16 17 18 19 20 21
TECH
1 ! 30.00 0.75 7.50 0.75 3.00 7.50 0.75 3.00 3.00 0.75 0.75
2 ! 0.75 0.30 3.00 0.30 0.30 3.00 0.3C 0.30 0.30 3.30 0.30
3 ! 3.00 3.00 0.75 3.00
4 ! 30.N0
5 ! 7.50 3.c0 7.50 7.50
6 ! 0.75 0.75 075
7 ! 0.30 0.30 0.30
8 ! 0.30 0.30 .30 n.30
9 ! 0.75
10 !
11 ! 30.00
12 ! 30.00 3.00
13 ! 0.30 .30 .30 .30
14 ! .00 3.00 3.00
15 ! 3.00 3.00 C¢.75 N.75 3.00 0.75 0.75 0.75
16 Yo7.50  7.50 3.00 7.50 3.00 3.00
17 ! 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
1¢ ! 7.50 7.50 3.0 7.5C 3.00 3.00
19 1 0.75 075 0475 0.75 €75 0475 0.75 0,75 0.75 0.7, 0.75
20 ! 7.50 7.50 3.00 3.00 7.50 3.00 3.00 3.00 3.00 7.50 3.00
21 {3.00 3.00 3G.00 3.00 3.00 30.00 7.50 3.00 7.50 7.50 3.C0
22 ! 0.30
23 H
24 ! 3.00
25 !

JRIGINAL PAGE IS
OF POOR QUALITY
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PROGRAMS AND ENABLING TECHNOLOGIES: C~MATRIX

PROGRAMS
N 12 13 14 15 16 17 18 19

TECH

20 21

s
oW =W N -
-

N
12
13
14
15
16
17
18
19
20
21
22
23
24
25

S Sum CUD U CUD AR SUD SUD SUD D G SUD SEP CuE OAE Sul GuD SER Suld SED SuD Smp D San SeB
—-—

ENTER THT AMOUMNT OF FUMDS AVAILARLF
=750

ENTER OPTION1: 1=-NON-ALLOCATFD COST;2-ALLOCATED
=]

ENTER OPTION2; 1-REMLFIT/COST;2-BENEFIT
=]
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THE TOTAL FUNDING AVAILABLE IS 750.00 DOLLARS

FUNDED TECHNOLOGIES:

PROGRAMS COMPLETED:
11
12
14
15
18
20
21

TOTAL FUNDS EXPENDED: 453.00 DOLLARS
total benefit from programs: 10855.60

ENTER THE AMOUNT OF FUNDS AVAILABLE
=750

ENTER OPTIONl: 1-NON-ALLOCATED COST;2-ALLOCATED

=]

ENTER OPTION2; 1-BENEFIT/COST;2-BENEFIT
=2

THE TOTAL FUNDING AVAILABLE IS 750.00 DOLLARS

FUNDED TECHNOLOGIES:
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PROGRAMS COMPLETED:
11
12
13
14
15
16
18
19
20
21
22

TOTAL FUNDS EXPENT'ED: 723.00 DOLLARS
total benefit from programs: 15105.60

ENTER THE AMOUNT OF FUNDS AVAILABLE
=600

ENTER OPTIONl: 1-NON=-ALLOCATED COST;2-ALLOCATED
=]

ENTER OPTION2; 1-BENEFIT/COST;2~BENEFIT
=2

THE TOTAL FUMDING AVAILABLE IS 600.00 DOLLARS
FUNDED TECUNOLOCIES:
22

24
25

PROGRAMS COMPLETED:

11

21
TOTAL FUNDS EXPENDED: 360.00 DOLLARS
total benefit from programs: 3496.30

ENTER THE AMOUNT OF FUNDS AVAILABLF.
-l

ENTER OPTION1: 1=NON~-ALLOCATED COST;2-ALLOCATED
=]

ENTER OPTION2; 1-BENEFIT/COST;2-BENEFIT
=]

THE TOTAL FUNDING AVAILABLE IS 1.00 DOLLARS

FUNDED TECHNOLOGIES:
15

PROGRAMS COMPLETED:
TOTAL FUNDS EXPENDED: 0.75 DOLLARS

total benefit from programs: 0.
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ENTER TIE AMCUNT OF FUNDS AVAILABLE
=600

ENTEFR OPTIOM1: 1=-NON-ALLOCATED COST;2-ALLOCATED
=1

TNTEP. OPTION2; 1-BLUEFIT/COST;2-BENEFLT
=
1

THE TOTAL FUNDING AVAILABLF IS 600.00 DOLLARS

FUNDED TECHNOLOGLES:

W~ YL

O

10
11
12
13
14
15
22
23
24
25

PROGRAI'S COMPLETED:
11
12
14
15
1°
20

21
TOTAL FUNDS FXPEiMFD: 453.00 NDOLLARS

total benefit from programs: 10655.60
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=500

ENTER OPTIONl: 1~NON-ALLOCATED COST;2-ALLOCATED
=]

ENTER OPTION2; 1-BENEFIT/COST;2-BENEFIT
=1

THE TOTAL FUNDING AVAILABLE IS 500.00 DOLLARS

FUNDED TECHNOLOGIES:

PROGRAMS COMPLETED:
11
12
14
15
18
20
21

TOTAL FUNDS EXPENDED: 453.C0 DOLLARS

total benefit from programs: 10855.60

ENTER THE AMOUNT OF FUNDS AVAILABLE
=500

ENTER OPTIONl: 1-NON-ALLOCATE .OST;2-ALLOCATED
=1

ENTER OPTION2; 1-JENE. ,COST;2-BENEFIT
=2

'

THE TOTAL FUNDING AVAILABLE IS 500.00 DOLLARS

FUNDED TECHNOLOGIES:
22
24
25

PROGRAMS COMPLETLD:
11
21
TOTAL FUNDS EXPENDL.': 360.00 DOLLARS

total benefit from programs: 3496.30

L et B MR ottt s
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A.2.2 PRISM - COODNESS MEASURE MODE USER'S GUIDE o

GM is an interactive program that uses the Goodness Measure Mode to calculate
value scores for every possible combination of furded and nonfunded technologies,
As it is currently constituted it will handle a tree with up to nine goals,

twelve programs, and twenty five technologies.

The program offers the following convenience features:

- 1f he wishes, the user can indicate that certain technologies are
always funded, o

- If the program stops before completion, the user can restart it where
it quit without repcdting combinations already checked,

- The user camn either decide explicitly how manv funded technologies
there should be in the collection investigated or he can let the
program decide. As calculations progress, the user can revise his
initial estimate.

- The program only prints out combinations whose value scores exceed a -
user-provided threhold., This threshold can be changed as calculations
progress.,

Input format:
ORIGINAL PAGE IS

The varjable that the user must enter include: OF POOR QUALITY

NAME TYPE * DESCRIPTION
NUMGOL. 1 Number of goals (exclusive of t he cost reducting goal)
NUMPR(: 1 Number of programs
NUMTEC I Number of technologies
NUMFIX 1 Number of technologies whose funding status the vusers

wishes to prespecify (must be less than numtec)

1DGOL I (numgol) Set of two-dipit numbers used to identify the goals
T DPRG I (numprg) Set of two digit numbers used to identify the programs
1 DTEC 1 (numtec) Set of two dipit numbers used to identifythe technology
¢ R (NUMPRG, NUMGOL) | Goal-program matrix. A high number for G (i,u) means that-

progrum i contributes a lot to woal j
1Q A (numtec, numpry) | Program-technology enabling matrix,
NOTE: IQ (ij) = 1: technology i does not enable
program j, IQ(i, j)=0: technology i enables prozram
B R tnumtec, numprg) | Program-technology enhancement matrix, -
B(i, j) > 0 technology i enhances program j
= 0 technology i is irrelevant to program j
£ 0 technology 1 enables program j
Alpha R {numgol + 1) Weiphts on the goals, The first element is the weight
on the cost-vnhancement goal,

[ = Integer # = Integer, zero or 1 only 170 "
R = Real (n) = vector (order)
1 = Logical (i,}) = Matrix ‘rows, columnms)
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NAME

TYPE

DESCRIPTION

COSTEC

COSPRG

*(Fixed tech)

BUDGET

IGUESS

* ITALLY

* JADD

THRESH

R(numtec)

R(numprg)

L (numfix)

L)numtec)

1 (M)

costs of the technologies

Costs of the programs - to be subtracted from enhanced
programs (see "“Technology Dollar Benefits", above).

Fixed portion of technology vector T: this program
is funded F: this program is not funded.

Amount of funds available to spend on technologies

An estimate of m, the number of technologies that

can be funded with the given budget, Entering O
causes the program to estimate IGUESS by taking the
integer part of the number obtained when that portion
cf budget not used up by fixed technologies is divided
by “he average cost of the non-fixed technologies

A vector that keeps track of which M values should or
shoul d not he tried. ITally (I) = .true. means

"don't bother to check M = I", The program automati-
cally makes ITALLY (M). = ,.true, after all combinations
of M funded technologies have been tested., 1t also
makes M true for values that can't possibly meet the
budget constraints.

A vector that indicates which M technologies are funded
in the initial collection, e.g. 4,2,1 indicates that
the first, second & fourth technologies are funded.
NOTE: the numbers must be entered in descending
numerical order,

A value threshold. The program will not print results
whose total valuve is less than THRESH. THRESH is
initially zero; atter 25 combinations have been printed
out, thc user enters a new value of thresh taking into
account the score values produced by the first 25
combinations, After the program has printed 25 scores
above this threshold, the user is once more asked to
enter a threshold value. By properly specifying the
threshold value, the user, can eliminate the time wasted
by printing out many noc-very productive combinations,
NOTE: It is better to make "thresh'" a little low

rather than too high, If "thresh" is too low, the
program prints out marginal combinations that can be
ignored; if it is too high, the program does not print
combinations which might be valuable, and there is no
way these unprinted values can be recovered without
rerunning the program,

* Entry of these variables optional
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Output

The GM program reprints all input data so the user may check its correctness. Matrices
are printed with the correct orientation (rows horizontal). In the interaction matrices,
zeros are suppre:ssed, The matrix relating programs to emabling technologies inserts

the appropriate element of the technology vector in place of zeros in the original inmput
data, In the enhancement matrix, asterisks indicate technologies enabling programs,

real numbers indicate technologies emhancing programs, and blanks indicate technologies

that are irrelevant to progrars,

For each combination of techmologies whose total score exceeds the threshold value and
whose cost is neither too great nor too small, the program prints the score, cost, and a
record of the techaoiogy vector. In this record, T's indicate funded technologies,

F's indicate non-funded technologies'.

SAMPLE PROGRAM GOODNESS MEASURE MODE

INPUT:

*frunfeasy4"41"

enter the number .f goals,programs,technologies and cthe number of fixed techs.
enter the goal identification vector

enter the program id vector = idprg;

ENTER TECH ID S. REMEMBER THE FIRST ‘q ARE FIXED

enter the goal-program matrix , input=gmatrix;

enter the qmatrix, input=gmatrix;

enter the b matrix, inputsmatrixbh;

enter thc alpha vector

enter the technolcyy cost vector = costec;

enter the program cost vector = cosprg;

ENTER FIXED PORTION OF TECH VECTOR. T = FUNDED, F = NOT FUNDED

8,12,25,19

idgol;

1dpl";

idtec;

gmatrix;

iqmatrix;

matriah;

l-e-S.l. 10,1-.10,1-,10,10,10
costec;

cosprg;
t,f,f,t.f,t,f.f,t.t,t,t,t,t,t.t.t.t,t

bed  end e e ] -
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OUTPUT :

INPUT DATA:

ORIGINAL PAGE IS
OF POOR QUALITY

GOAL # DESCPIPTION ALPRA
1 9.00
2 1.00
3 1.00
4 1.00
5 1.00
6 1.00
7 1.00
8 1.00

PPOC # DESCRIPTION PROG COST

11 300.00
12 300.00
13 10000.0C
14 300.00
15 . _ 300.G0
16 10000.00
17 _ _ 2600.00
18 300.00
19 2000.60
20 2000.00
21 300.00
22 2000.00

TRCH # LLSCRIPTION COST
1 300.00
2 7.50
3 7.50
4 300.00
5 7.50
A 3.00
7 3.00
R 7.50
Q 30.00

10 0.75
11 . 0.75
12 L 30.00
13 _ 30.00
14 3.00
15 ) 7.50
l6___ 3.00
17 ~ . 7.50
16 __ 7.50
19 7.50
20 7.50
21 7.50
22 30.00
23 30.00
24 30.00
25 30.00
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INTERACTION LATRICES

G-MATRIX: GOALS AND PROGRAMS

PROG

TECH

GOALS
1 2 3 4 5 6 7 8
11 ! 0.135 0.134 0.134 0.120 0.131 0.134 0.129 0.114
12 ! 0.070 0.065 0.076 0.059 0.073 0.053 0.056 0.124
13 ! 0.074 0.086 0.067 0.055 0.064 0.103 0.105 0.054
14 ! 0.043 0.947 0.072 0.099 0.093 0.051 0.035 0.100
15 ! 0.136 0.133 0.128 0.112 0.128 0.128 0.142 0.146
16 ! 0.024 0.030 0.038 0.136 0.047 0.073 0.035 0.041
17 ! 0.082 0.08 (.087 0.077 0.067 0.039 0.047 0.036
18 { 0.075 0.072 0.074 0.052 0.079 0.057 0.077 0.074
19 ! 0.048 0.050 0.044 C.034 0.040 0.065 0.080 0.041
20 { 0.121 0.112 0.113 0.072 0.121 0.118 0.125 0.137
21 ! 0.080 0.082 0.067 0.108 0.097 0.088 0.113 0.082
22 ! 0.112 0.106 0.100 0.076 0.060 0.091 0.056 0.051
PROGRANS AND ~ECHNOLOGIES: Q-MATRIX
PROGRALS
1 2 3 4 5 6 7 8 9 10 11 12
1 ! Y1 Yl Yl Yl Yl 1 Yl Yl Yl Yl Yl Yl
2 ! 1 1 1 1 1 1 1 1 1 1 1 1
3 ! 1 1 Y3 1 1 1 1 1 Y3 1 1 1
4 ! 1 1 Y4 1 1 Y4 Y4 1 Y4 1 1 Y4
5 ! 1 1 ¥Ss 1 1 1 l 1 Y5 1 1 Y5
6 ! 1 1 1 1 1 1 Yo 1 1 1 1 1
7 ! 1 1 i 1 1 1 1 1 1 1 1 1
8 ! 1 1 Y8 1 1 Y8 1 1 1 1 1 1
9 ! 1 1 1 1 1 1 YS 1 1 1 1 1
10 ! 1 YIlO 1 1 1 1 1 1 1 1 1 1
11 ! 1 1 1 1 1 1 1 1 1 Yll 1 1
12 !oYl2 1 1 1 Yl2 1 1 1 1 S 4 ¥ 1
13 !oY13 1 1 1 Y13 1 Y13 1 1 Yl3 1 1
14 ! 1 1 1 1 1 1 1 Yl4 1 1 1 1
15 ! 1 1 1 YIS 1 1 1 1 l 1 1 1
16 ! 1 \ 1 1 1 1 Y16 1 1 Ylé 1 Yl6
17 ! 1 1 1 1l Y17 1 1 1 1 Y17 1 1
18 ! 1 1 1 1 YIS8 1 1 1 1 Y18 1 1
19 ! 1 1 1 1 Y19 1 1 1 1 1 ! 1
20 ! 1 1 1 1 1 1 1 1 1 1 1 1
21 ! 1 1 1 1 1 1 l 1 1 1 1 1
22 H 1 1 1 1 1 1 1 1 1 1 1 1
23 ! 1 1 1 1 1 1 1 1l 1 l 1 1
24 ! 1 l 1 1 1 1 1 1 1 l 1 1
25 ! 1 1 1 1 1 1 1 1 1 l 1 )
374
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PROGRAMS AND JECHNOLOGIES: B-MATRIX
) OF POOR QUALITY

PROGRAMS

TECH 1 2 3 4 5 7 8 9 10 11
1 ] * * * * * 3.00 * * * * *
2 ! 0.75 0.30 3.00 0.30 0.30 3.00 0.30 0.30 0.30 0.30 0.30
3 ! 3.00 * 3.00 0.75 * 3.00
4 ! * * * * 30.00
5 ! * 0.75 *
6 ! 3.00 3.00 * 3.00
7 ! 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75
8 ] * *
9 H * 30.00
10 ! 0.30 * 0.20 0.30 0.30
11 ! 3.00 3.00 6.75 0.75 3.00 0.75 0.75 * 0.75
i 12 ! * * *
! 13 ! * * * * 0.30
14 ! 7.50 3.00 7.50 * 7.50
15 ! * 30.00 30.00
16 ! * *
) 17 H 0.30 0.30 0.30 * * 0.30
18 ! 0.30 0.30 * * 0.30
19 ! 0.75 0.75 * 0.75
’ 20 ! 7.50 7.50 .00 7.50 3.00 3.00
21 ! 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
22 ! 3.00 3.00 30.00 3.00 3.00 3.00 7.50 3.00 7.50 7.50 3.00
23 ! 7.50 7.50 3.00 3.00 7.50 3.00 3.00 3.00 3.0C 7.50 3.00
24 ! 7.50 7.50 3.00 7.50 3.00 3.00
25 ! 30.00 0.75 7.50 0.75 3.00 7.50 0.75 3.00 3.00 0.75 0.75

ENTER THE AMOUNT OF FUNDS AVAILABLE
=850

THE TOTAL FUNDING AVAILABLE IS 850.00 DOLLARS

Enter an estimate of the no of techs that will be needed in
i addition to the fixed techs. If you dont wish to guess enter O

{ =()

THE FOLLOWING TEC...0LOGIES ARE ALWAYS FUNDED:
1
4
6
9
i0

1
12

13
14
15
16
17

18
19 . 375
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DO YOU VISH TO ENTER AN ITALLY VECTOR? T:YES;F:NO
uf

score cost 20 21 22 23 24 25
GOAL VALUES
M= 4 DO YOU WISH TO ENTER A STARTING Y VECTOP. ? T:YES;F:NO
=f
5.86 828.00 T F T T F
=5747.95 0.74 0.73 0.7% 0.70 0.79
5.86 828.00 T F T T F T
=5747.95 0.74 0.73 0.75 0.70 0.79
5.86 828.00 T F T F T T
=5747.95 0.74 0.73 0.75 0.70 0.79
5.86 828.00 T F F T T T
=5747.95 0.74 0.73 0.75 0.70 0.79
5.86 828.00 F T T T T F
=5747.95 0.74 0.73 0.75 0.70 0.79
5.86 828.0U F T T T F T
=5747.95 0.74 0.73 0.75 0.70 0.79
5.86 828.00 F T T F T T
-5747.95 0.74 0.73 0.75 0.70 0.79
5.86 828.00 F T F T T T
-5747.95 0.74 0.73 0.75 0.70 0.79
BEFORE GOING TO A NEW M, DO YOU WANT TO CHANGE ITALLY? T:YES,F:NO
af
score cost 20 21 22 23 24 25
GOAL VALUES
M= 5 DO YOU WISH TO ENTER A STARTING Y VECTOR ? T:YES;F:NO
=f
5.86 835.50 T T T T F
-5747.95 0.74 0.73 0.75 0.70 0.79
5.86 835.50 T T T T F T
-5747.95 0.74 0.73 0.75 0.70 0.79
5.86 835.50 T T T F T T
=5747.95 0.74 0.73 0.75 0.70 0.79
5.86 835.50 T T T T T
=5747.95 0.74 0.73 0.75 0.70 0.79
BEFORE GOING TO A NEW M, DO YOU WANT TO CHANGE ITALLY? T:YES,F:NO
=f
score cost 20 21 22 23 24 25
GOAL VALUES
M= 6 DO YOU WISH TO ENTER A STARTING Y VECTOR ? T:YES;F:NO
=f
BETORE GOING TO A NEW M, DO YOU WANT TO CHANCE ITALLY? T:YES,F:NO
-f ‘
score cost 20 21 22 23 24 25
GOAL VALUES
M= 3 DO YOU WISH TO ENTER A STARTING Y VECTOR ? T:YES;F:NO
=f
5.86 820,50 F F T T F
-5747.95 0.74 0.73 0.75 0.70 0.79
5.86 820.50 F F T F T
"57“7095 0-7‘0 °w73 0-75 0-70 0079
5.86 820.50 F F F T T
-5747.95 0.74 0.73 0.75 0.70 0.79
5.86 820.5n F F T T T
=5747.95 4 0.73 0'75376 0.70 0.79

0.67 0.72
0.67 0.72
0.67 0.72
0.67 0.72
0.67 0.72
0.67 0.72
0.67 0.72
0.67 0.72
0.67 0.72
0.67 0.72
0.67 0.72
0.67 0.72
0.67 0.72
0.67 0.72
0.67 0.72
0.67 0.72
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0.81
0.81
0.81
0.81
0.81
0.81
0.81

0.81

0.81
0.81
0.81

0.81

0.81

0.81

0.8

0.81
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BEFORE GOING TO A NEW M, DO YOU WANT TO CHANGE ITALLY? T:YES,F:NO
=f

score cost 20 21 22 23 24 25

GOAL VALUES

Me 2 DO YOU WISH TO ENTER A STARTING Y VECTOR ? T:YES;F:NO

=f

BEFCRE GOING TO A NEW M, DO YOU WANT TO CHANCE ITALLY? T:YES,F:NO
=f

score cost 26 21 22 23 24 25

GOAL VALUES

M~ 1 DO YOU WISH TO ENTER A STARTING Y VECTOR ? T:YES;F:NO

=f

BEFORE GOING TO A NEW M, DO YOU WANT TO CHANGE ITALLY? T:YES,F:NO
nf

THE BEST SCORE WAS  5.86 USING TECENOLOGIES

377
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A.3.1. PRISM - LISTINGS
£6” dimenoion aORE AR, M 0y, ic(25,12) sbengol (20) scostec (30) »
IDGOL (20) » IDPRG(20) » IDTEC(30) sPI(20) » IX(30) s IY(20) yRHO(20) »

208
J0g
35
40
S50

60C

70C ALLOCATION OF FUNDS AMONG INTERDEPENDENT TECHNOLOGIES--QD METHOD

80C
90C

100C

110C
120C
130C
140C
150C
160C
170C
i8ocC
190C
200C
210C
220C
230C
240C
250C
260C
270C
280C
290
300C

LOWEST(30)sBENFIT(30)»IPCRIT(20)
dimension sr(12)
COMMON Ry IC
CHARACTER FILNMEX12

IDENTIFICATION OF SUBSCRIPTED VARIABLES
ARRAYS @
A ¢ GUAL-PROGRAM MATRIX
B ¢! PROGRAM-TECHNOLOGY ENHANCEMENT MATRIX
Ic | ! PROGPAM TECHNOLOGY ENABLEMENT MATRIX
VECTORS ¢
BENGOL : REL. TIVE BENEFITTS OF GOALS
COSTEC ¢ COSTS OF TECHNOLOGIES
IDGOL ¢ ID NUMBER OF GOALS
IDPRG ¢ * . * PROGRAMS
IDTEC ¢ ¢ . * TECHNOLOGIES
IPCRIT ¢! SCORE VECTOR--TELLS # OF ENABLING TECHS PER FROG
IX ¢  TECHNOLOGY VECTORX 1=FUNDED,O=NOT FUNDED
Iy ! PROGRAM VECTORX 1=COMFLETEs, O=NOT COMFLETE
RHO ¢ BENEFIT/COST RATIO FOR EACH TECH
BENFIT ¢ CURRENT HBENEFIT MEASURE FOR EACH TECH
FI ! RELATIVE BENEFIT OF EACH PROGRAM
LOWEST ¢ MINIMUM RHO(S)X1=MINIMUM(S)» 0=NONMINIMA

DATA RHODEL/3./

310C FIRST FPRINT THE HEADERS

320
330
3408
350
360%
370C

WRITZ (p10)
10 formaf(1h »2u¢
49HALLOCATION OF FUNDS AMONG INTERDEFENDENT FROGRAMS )
WRITE (&220)
20 FORMAT (1HO)

380C READ IN THE NO. OF GOALS» FROGRAMS» & TECHNOLOGIES

400
410
420C

FRINT, "ENTER MUMGOL » NUMPRG»NUMTEC®
READs NUMGOL » NUMFRG» NUMTEC

430C INITIALIZE THE <D VECTORS

440
4504
460
470%
480
490%
§00C

no 30 I=1,20
30 IDGOL(I) = O

DO 40 I=1,20 ORIGINAL PAGE IS

40 IDPRG(I) =

DO S0 I=1:30 OF POOR QUALITY

50 IDTEC(I) =0

510C READ IN THE ID NUMBERS

530
540
541
542
540
570
571
572
573
590
600
601
602
603

PRINT» "ENTER THE GOAL IDENTIFICATION VECTOR = IDGOLS$"®
READ»FILNME

CALL ATTACH(10,FILNME»150sISTATy)

CALL DUMYS(IDGOL » NUMGOL)

FRINT,*ENTER THE PROGRAM ID VECTOR = IDFRGS -
READsFILNME

CALL DETACH(10,ISTATy)

CALL ATTACH(10,FILNME,»1509ISTATy)

CALL DUMY&(IDPRG s NUMFRG)

FRINTy "ENTER THE TECHNOLUGY ID VECTOR = IDTEC:®
READFILNME

CALL DETACH(10,ISTATs)

CALL ATTACH(10,FILNME»1+0,ISTAT:) 378

CALL DUMYZC(IDTECs»NUMTED)
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610C READ IN THE ARRAYS A COLUMN AT A TINME
630 FRINT, "ENTER THE PROGRAM-GOAL MATRIXs INPUT=GMATRIX:®

640 READyF ILNME

641 CALL DETACH(10,ISTAT»)

660 CALL ATTACH(10yFILNME»1+0yISTATy)

670 CALL DUMY1(A»NUMFRGr»NUMGOL)

690 PRINTs *ENTER THE B MATRIX»INPUT=BMATRIX:"®
7¢0 READ»F ILNME

705 CALL DPETACH(10sISTAT»)

710 CALL ATTACH(10sFILNME»1,0sISTATy)

711 IF(ISTAT.NE.O) PRINT 101, ISTAT

712 101 FORMAT(014)

720 CALL DUMY2(EsyNUMTEC,NUMFRG)

740 PRINT, "ENTER THE C MATF LX» INFUT=CMATRIX?®
750 READ»F ILNME

7355 CalL DETACH(10»ISTAT,)

760 CALL ATTACH(10sFILNAME»1»0yISTATy)

770 CALL DUMY3(IC,NUMIEC»NUMPRG)

780C

790C READ THE FUDGE FACTOR THAT RELATES ENARLING TECHS TO ENHANCING
810 PRINT» "ENTER THE ENABLE-ENHANCE FUDRGE FACTOR®
830 READr FUDGE :

840C

850C

860C READ COSTS OF TECHS & RELATIVE VALUES OF GOALS
880 FRINT» "ENTER THE TECHNOLOGY COST VECTOR:INPUT=COSTEC}"
890 READsFILMME

895 CALL DETACH(10yISTAT»)

?10 CALL ATTACH(10»FILNME»1+05ISTATs)

?20 CALL DUMYA(COSTEC»NUMTEC)

50 FRINT» "ENTER THE GOAL. BENEFIT VECTOR®

?60 READ'y (BENGOL(I)s I=1,NUMGOL)

?70C

?80C CALCULATE THE VALUE OF EACH PROGRAM
990 CALL HORTOT (A» RENGOL » NUMFRG» NUMGOL »FI)

1000C

1010C FRINT OUT THE INFUT DATA WITH AFFROFRIATE HEADERS
1015 d0 to 333

1020 WRITE (6,150)

10304150 FORMAT (1HO»12HINFPUT DATA? )]

1040 WRITE (62160)

1050#160 FORMAT(1HO»S6HGOAL #92X»11HDESCRIPTION,?X»14HRELATIVE VALUE)
1060 N0 180 I=1,NUMGOL

1070 WRITE (6+170)INGOLCI)»BENGOL(I)

1080#170 FORMAT (1h »s1X+I4924(1H.)»F6.2)

1090#180 CONTINUE

1100 WRITE (4+190)

1110%#190 FORMAT (1HOs&4HPROG #»2X»11HDESCRIPTION,?X»14HRELATIVE VALUE)
1120 DO 210 I=1,NUMFRG

1130 WRITE (6170)IDFRG(I)»PI(I)

1140%510 CONTINUE

1150 WRITE (&6»220)

1i60#220 FORMAT (1HO»6HTECH #52X» 11HDESCRIFTION» 2X»4HCOST)

1170 DO 240 T-=1,NUMTEC

1180 WRITE ¢6.170)IDTEC(I)COSTEC(I)
1190%#240 CONTINUE
1200C

1210C WRITE OUT THE MATRICES
1220 WRITE (65250)

12304250 FORMAT(1HOy 20HINTERACTION MATRICES )
1240 WRTTE(69260)

12508260 FORMAT(1HO»18HGOALS AND PROGRAMS )
1260 WRITE (4¢270)

12708270 FORMAT(1HO»10X s SHGDALS)

1280 WRITE (4,280) 379
12904280 FORMAT (1HO)
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1300 CALL TOFPLIN(NUMGOL.IDGOL)

1310 WRITE (6,290)

1320#270 FORMAT (1H sSHPROG r70(1H-))
1330 CALL ARRFRT (A»NUMFRGsNUMGOL » IDFRG)
1340 WRITE (6,280)

1350 WRITE (6,300)

13604300 FORMAT(1HO» 34HFROGRAMS AND TECHNOLOGIES:!B-MATRIX)
1370 WRITE (6,305)

13804305 FORMAT (1HO,»10Xs8HPROGRAMS )
1390 CALL TOPLIN(NUMFRGyIDFRG)

1400 WRITE (4,310)

14104310 FORMAT (1H »SHTECH »70(1H-))
1420 CALL ARRPRT (ByNUMTEC s NUMFRG» IDTFC)
1430 WRITE (6,280)

1440 WRITE (6+320)

14504320 FORMAT(1HO»44HPROGRAMS AND ENABLING TECHNOLOGIES! C-MATRIX )
1460 WRITE (6,280)

1470 WRITE (6,305)

1480 CALL TOPLIN(NUMPRG»IDFRG)

1490 WRITE (6,310)

1500 CALL MAPRT (ICsyNUMTECs»NUMPRGy IDTEC)

1510C

1520C

1525 333 continue

1529 call detach(4lsistaty)

1530C READ IN THE AMOUNT OF FUNDS AVAILABLE

15404325 WRITE (6,323)

15504323 FORMAT (1HO» ‘ENTER THE AMOUNT OF FUNDS AVAILABRLE')

1560 READs DOLLAR

1570 IF(DOLLAR.LE,1.0E-6)GOTO 999

1580 WRITE(65324)

1590#324 FORMAT(1HOs ‘ENTER OPTION1?! 1-NON-ALLOCATEDR COST3#2-ALLOCATEDR’)
1600 READy IOFT1

1610 WRITE(6+328)

1620%#328 FORMAT (1HO» 'ENTER OPTION27 1-BENEFIT/COST#2-BENEFIT’)
1630 READy IOPT2

1640 WRITE (65330)DOLLAR

1650#330 FORMAT(1HO»J1HTHE TOTAL FUNDING AVAILABLE IS sF7.251X»
16608 8HDOLLARS

1670C

14680C CALCUL ATF #’S THAT TELL WHEN PROG IS COMFLETE

1690 CALL VERSUM(ICsNUMTEC,»NUMPRG,IFCRIT)

i710C INITIALIZE THE X VECTOR WITH 1’S»I.E. EVERYTHING FUNDED
1720 DO 500 I =1sNUMTEC

1730#500 IX(I)=1

1740C

1750C CALCULATFE WHICH FROGS ARE COMPLETE

1760#510 CALL CCMPRG(IC»IXsNUMTEC)NUMPRGs IPCRIT 1Y)

1770C

1780C

1790C CALCULATE THE TOTAL COST

1800 TOTBUR = TOT(COSTEC»IX»NUMTEC)
1810 IF(TOTRUK.LE.DOLLAR)GGTO 700
1820C

1830C IF YOU'RE HERE» THE CURRENT CONSTELLATON OF TECNOLOGIES IS
1840C TOO EXFENSIVE., YODU’RE GOING TO HAVE TO START ELIMINATING
1850C THE TECHNOLOGIES ViTH THE LEAST BENEFIT,

1860C

1870C CAl CULATE THE BENEFIT OF EACH TECH IN LIGHT OF CURREMTLY
1880C COMPLEE FPROGRAMS

1890C

1900 CALL BEMTOT(PI»1Y»FUDGE»NUMTEC,NUMPRG» IPCRIT»IOFPT1,BENFIT)
1910C

1920 IFC(IOFT2.NE-1)G0T0 S40

1930C CALCULATE THE BENEFIT/COST RATIOS 38C

1240 DO 530 I=1,NUMTEC
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19504530 RHO(I)=BENFIT(I)/COSTEC(I) ,
1940C OF POOR QUALITY
1970C  FIND THE SMALLEST RHOS
1980  CALL LEAST(RHOsIXsNUMTECLOWESTsRHODEL)

1990C

2000%540 IF(IOPT2.NE.2)G0OTO 550

2010 CALL LEAST(RENFIT»IXsNUMTEC,LOWEST»RHODEL)
20204550 CONTINUE

2030C

2040C SELECT ONE OF THE SMALLEST RHOS

2050 K = ISEL2(LOWEST»NUMTEC NUMPRGsIY »IC)

2060 IX(KY = O

2070 GOTO 510

2080C

2090C FRINT OUT THE LIST OF TECHNOLOGIES USED
21004700 WRITE (6+600)
21104600 FORMAT(1HO»21HFUNDED TECHNOLOGIES: )

o

2120 CALL PRLST(IDTEC, IX»NUMTEC)

2130C

2140C PRINT OUT THE LIST OF COMPLETED FROGRAMS
2150 WRITE (60,610)
21608610 FORMAT(1HOs 20HFROGRAMS COMPLETEDS )

2170 CALL PRLSTC(IDFRG»IY yNUMPRG)

21800

2190C FRINT OQUT THE TOTAL COST

2200 WRITE (6+620)TOTRUK

n210%620 FORMAT(1HOy22HTOTAL. FUNDS EXPENDED? »F6.2,8H DOLLARS )
2220C

2230C CALCULATE AND PRINT OUT THE TOTAL RENEFIT

2240 TOTREN = TOT(PIyIY»NUMFRG)

2250 TOTREN = FUDGEXTOTREN

2260 EMHANC = 0.0

2270 PO 624 J=1yNUMFRG

2280 DO 622 I=1sNUMTEC

2290 ENHANC = ENHANC + IY(DDRIXC(IIRBR(I»))

2300%#622 CONT INUE

23102624 CONTINUE

2320 TOTBEN = TOTBEN + ENHANC

2330 WRITE (6y630)TOTREN

2340 430 format (1h0»30htotal benefit from frodrams? 1£10.2)
2350 GOTO 325

2360#999 WRITE (6,635)

2370#635 FORMAT (1HO»’END OF RUN’)

2380 STOF

2390 END

2400 FUNCTION TOT(COSTsKEYsNUM)

2410C THIS FUNCTION RETURNS THE TOTAL OF THOSE ELEMENTS IN THE VECTOR
2420C *COST" THAT CORRESFOND TO THE 1 ELEMENTS OF THE 0-1 VECTOR °*KEY®
2430C

2440C INPUTS?

2450C COST! A REAL VECTOR OF RANK NUM
2460C KEY ¢ A 0-1 VECTOR OF RANK NUM
2470C NUM { AN INTEGER

2480C

2490 DIMENSION COST(30),KEY(30)
2500 TOT = O

2510 DD 10 I=1,N |

2520 TOT=TOT+COST(I)XKEY (1)

2530810 CONTINUE

2540 RETURN

255C  END

2560C

2570C

2580  SUNROUTINE DUMY1(AsIvd)

2590 DIMENSION ACIr.J) 381
2600 READ(10+200) (CA(LsM) sL=1,1) M=l d)



2605 200
2610
2620
2621C
2622C
30
2640
2650
2655 200
2660
2670
25,30C
2690C
2700
2710
2720
2722 200
2730
2740
2741C
2742C

v e i v o o=

FORMAT (V)
RETURN
END

SUBROUTINE DUMY3(IC»I».J)

DIMENSION IC(I»J)

READ(10,200) ((IC(LsM)sl=1pI)sM=1s.)
FORMAT(V)

RETURN

END

SUBROUTINE DUMYA(COSTEC,I)
DIMENSION COSTEC(I)

READ(10,200) (COSTEC(L)sL=1,I)

FORMAT (V)

RETURN

END

2750 SUBROUTINE PRLST(IDVECSKEYsNL °
2760C THIS SUBROUTINE FRINTS OUT THE VALUES OF EACH OF THE ELEMENTS
*IDVEC® CORRESFONDING TO 1 ELEMENTS IN THE

2770C OF

2780C

2790C INFPUTS!

2800C IDVEC! AN INTEGER VECTOR JF RANK MNUM
2810C KEY ¢ A 0-1 VECTOR OF RANK NUM
2820C NUM ¢ AN INTEGER

7830 DIMENSION IDVEC(30)yKEY(30)

2840 DO 20 T=1,NUM

2850 IF(hRY(D) LEC.O0)GOTO 20

2860 WRITE(S6y10)IDVECYT)

2870#10 FORMAT(1H »2X»I4)

2880#20 CONTINUE
2890 RETURN

2900 END

2%.0C

29200

020 SUEBROUTINE DUMY2(E.:-J)

2940 DIMENSION B(IyJ)

2950 READRC10»200) ((BR(LsM)sL=1s1)sM=1r.0)
2955 200 FORMAT(W)

2960 RETURN

2970 END

2921C

2972C

2973 SUBRROUTINE DUMYS(IDGOL»I)
2974 DIMENSION IDGOLCI)

2975 READ(10,200) (IDGOLCL)sL=151)
2976 200 FORMAT(V)

2977 RETURN

2978 END

2980C

2981C

2082 SUBRROUTINE DNUMYA(IDPRGYI)
2963 DIMENSION IDFRGC(I)

2984 READ(10,200) (IDFRG(L)y: =1,1)
2985 200 FORMAT (V)

2986 RETURN

2987 END

1990C

2991C

S99 SURROUTINE DUMY?7C(IDTEC»I)
2993 DIMENSION IDTEC(I)

2994

READC10,200) (IDTEC(L)sL=1,1)

382

KEY VECTCR
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2995 200 FORMAT (V) UALITY e
2994 RETURN OF POOR Q

2997 END

3000C

3910C

30220 FUNCTION ISEL1(IVEC»IRANK)

3030C THIS FUNCTION RETURNS THE INDEX OF THE FIRST 1 ELEMENT IN THE
3040C VECTOR °“IVEC*®

3050C

3060C INFUTS?

3c7oC IVEC ¢ A 0-1 VECTOR OF RANK IRANK

3080C IRANK: AN INTEGER

3090 DIMENSION IVEC(30)

3100 DO 10 I=1,IRANK

3110 IF(IVEC(I).EQ.1)G0TD 20

3120C JUMP OUT OF THE LOOF AS SOON AS YOU HIT A 1

~3130#10 CONTINUE

-140C IF YOU GO ALL THE %AY THROUGH AND DON‘T HIT A 1, OUTPUT O
3150 ISELY1 = O

3160 GOTO 30

3170420 ISEL1=I

3180430 CONTINUE

3190 RETULAN

3200 END

3210C

3220€C

3230 SUBRDUTINE COMPRG(MATRIX»IVECsIROW,ICOLy ISTNDD;ISCOR)

3240 DNIMENSION MATRIX(IROW,ICOL)»IVEC(30),ISTNDD(20),»ISCOR(20)
3250C THIS SUBROUTINE LOOKRS AT THE INTERACTION MATRIX °*MATRIX®" AND
3260C THE TECHNOLOGY VECTOR *IVEC®. IF A PROGRAM J GETS AS MANY
3270C ENARLING TECHS AS THE VECTOR ISTNND SAYS IT SHOULD HAVE.
3280C THAT FROGRAM IS COMFLETE AND ISCOR(J) IS 1. OTHERWISE ISCOR
3290C (J) IS ZERO

3300C

3310C INPUTHSS

3320C MATRIX: AN IROW X ICOL O-1 INTERACTION MATRIX

3330C IVEC ¢ A 0-1 VECTOR OF RANK IROW (THE TECH VECTOR)

3340C ISTNIN: AN INTEGER VECTOF OF RANK ICOL SPECIFYING THE
3350C NUMBER OF EivaBLING TECHS FOR EACH FROG

3360C IROW AN INTEGER

3370C ICOL ¢ *
3380C OUTFUTS:
3390C ISCOR ¢ A 0-1 VECTOR OF RANK C (THE FROG. VECTOR)

e oo

3400C

3410C :

3420 DO 30 J=1,ICOL

3430 ISCOR(J) = O

3440C INITIALIZE THE SCORE

3450 MO 10 I=1»IROW

3460 ISCORCS) = ISCOR(HHMATRIX(I»JIXIVEC(I)
3470%10 CONTINUE

3480 IF(ISCORCY) JLT.ISTNDDC(J))GOTO 20

3490C IF SUM OF INPUTSFRODUCTS EQUAL STV ..
3500 ISCOR(J)=1

3510 GOTO 30

3520C IF SuM OF INPUT FRODUCTS LESS THAN STD...
3530320 ISCOR¢J)Y = O

3540830 CONTINUE

3550 RETURN

3540 END

35700

3580C

3570 SUBROUTINE HORTOT(ARRAY»VECTORs IROW, ICOL»OUT? 383

3600 DIMENSION ARRAY(IROW,ICOL),VECTOR(20)»0UT(30)

3610C THIS SURRODUTINE MULTIFLIES THE REAL MATRIX ®"ARRAY® RY THE

T420C REAL UFCTOR °*VECTOR® AND RETURNS THE RESULTANT REAL VECTOR *OUT®



-

3630C

3640C INFUT 1 .
3650C ARRAY ! A REAL IROW X ICOL MATRIX
3660C VECTOR: A REAL VECTOR OF RANX IROW
36700 IROW ¢ AN INTEGER

3480C ICOL * "

3690C OUTFUTS!

3700C ouT ! A REAL VECTOR OF RANK ICOL
3710 DO 20 I =1sIROW

3720 ouT(I) =0
3730 RQ 10 J=1,I1ICOL
3740 QUT(I) = DUTC(I) + ARRAY(I»J)XVECTOR(J)

3750%#10 CONTINUE

3760820 CONTINUE

3770 RETURN

3780 END

37%0C

3800C

3810 SUBROUTINE VERSUM(M»IROMWyICOL»ISUM)
3820 DIMENSION M(TROWsICOL)»ISUM(20)

3830C

3840C THIS SUBROUTINE SUMS THE COLUMNS IN AN INTEGER MATRIX
3850C

38460C INFUTS?

3870C M ¢ AN IROW X ICOL INTEGER ARRAY

3880C IROW ¢ AN INTEGER

3870C ICOL ‘ *

3200C OQUTFUTS:
3?10C Isum ¢ AN INTEGER VECTOR OF RANK ICOL

3920C

3230 DO 20 J =1,sICOL

3940 ISUM(D) = 0O

3950 no 10 I=1,IR0UW

3960 ISUMGSY = ISUMGD) t M(I»D)

3970410 CONTINUE

32680420 CONTINUE

3970 RETURN

4000 END

4010C

4020C

4030 SUBRROUTINE LEAST(VECTORYKEY»NUMsLOWEST »FERCHT)

404C DIMENSION VLCCTOR(30)yKEY(30) yLOWEST(30)

4050C

40460C

4070C THIS SURROUTINE EIAMINLCS THE SURSET OF "VECTOR® IDENTIFILCD RY
4080C 1S IN THE KEY VECTOR “"KEY" AND LOOKS FOR THE MINIMUM. IT RETURNS
4090C A -1 VECTOR °LOWEST" WHERE ONLCS INDICATE ALL CLEMONTS OF THOE
4100C SUBRSET THAT ARE CQUAL TO THE MINIMUM OR WITHIN *FERCNT* FERCENT
4110C OF IT.

4120C

4130C INFYT?

43140C VECTORS? A REAL VECTOR OF RANK NUM

4150C KEY ! A ZERO ONE VECTOR OF RANK NUM

4160C NUM t AN INTECER

4170C FERCNT: A REAL NUMBER DICTATING FERCENT TOLERANCE

4180C OUTPUTS!

4190C LOWEST? A 0-1 VECTOR OF RANK NUM

4200C

42100

4220  AMIN = 1,0E30

4230C

4240C THIS LOOF FINDS THE VALUE OF THE MINIMUM

4250C 4 384
4260 D[O 10 I=1,NUNM

4270 IF(KEY(I),NE.1>60T0 10

4280C IF YOU HAVE A 1 IN THE KEY...

LR N L
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ORIGINAL pagy I

4290 IF (VECTOR(I) .GE.AMIN)GOTO 10  OF POOR QUALITY
4300C IF THIS ELT IS SMALLER THAN THE OLD MIN...
4310 AMIN=VECTOR(I)

4320410 CONTINUE
4330 AMIN = AMINX(1.,00 + (FERCNT/100.) )

4340C

4350C THIS LOOF MARKS ALL ELEMENTS EQUAL TO THE MINIMUM
43460C

4370 DO 30 I=1,NUM

4380 IF(KEY(I).NE.1)GOTO 20

4390 IF(VECTOR(I) .GT.AMIN GOTO 2¢

4400 LOWEST(I)=1

4410 GOTO 30

4420820 LOWEST(I)=0

4430430 CONTINUE

4440 RETURN

4450 END

44460C

4470C

4480 SUBROUTINE TOFLINCICOL » ICOLAR)

44920 DIMENSION ICOLARC(20)FORM(22)yICARRY(20)

4500 REAL LEFT1

4510 DATA LEFTLYRIGHTALFHADIGITI «BLANK/AH(10Xr 1) y3HrAS»3H 165 4H S
4520C

4530C

4T740C THIS SURROUTINE FRIMTS THE LABELS 'OR THE COLUMNS OF A MATRTX.
4550C IT IS NORMALLY FOLLOWEL RBRY EITHER MAFRRT OR AKKFIT.

4560C

4570C  INFUTSS

45000 ICOLAR? AN INTEGER VECTOR OF RANK ICOL COMIATHING COLUMA LoUELYS
4590C IcoL  : AN INTEGER

44600C

4610C

44620C FIRST INITIALIZE THE FORMAY STATEMENS

4630 FORM(1)= LEFT1

4640 FORM(22)- RIGHT

4650C

4660C INSURE THAT NO GAREAGE IG INCLUDLD IN THE FORMST STATEMENT
4470 DO 10 I=2,21

44500 FORM(IY = RI.ANK
4670#10 CONTINUE
1700C

4710C SET THE FORMAT STATEMENT TO PRINT THE COLUMN LARELS
4720 DO 20 I=1.1ICOL

4730 T1=I+1

4740 FORMCIL) = DIGITT
4750 ICARRY (1= TCOLARCI)
4760#20 CONTINUE

4770C

47600 PUT BLANKS ON THE RIGHT HAND SIDF AND ADJUST THL FORMAT STATEMEONT
4790 ICOL1-=ICOL t 1
4800 DO 30 I -ICOL1»20

4810 I1 = I+
4820 FORM{T1) = ALFHA
4830 ICARRY (1) : RLANK

4840830 CONTINUE

4850 WRITE (&6yFORM) ICARYY

4860 RETURN

4870 END

4880C

4820C

4900 SURROUTINE MAFRT (MATRIX» IROW, ICCL - TDROW

4910 DIMENGSTION MATRIXC(IROWs ICOL) » IDROWCIOYyFORM(OA) o (VAL (20)
4920 REAL LEFT2,LEFT3,10F74 385
4930C

4940C THIS SUBROUTINE PRINTSG AM INTEGER MATRITY WHOSE TIMLNSTONS ARE RO



4950C KNOWN UNTIL RUN TIME. IT INSERTS BLANKS FOR ZCRO ELEMENNTS IN THE
4960C MATRIX AND PRINTS ONLY THE NLMBER OF COLUMNS NLCESGARY

4970C

4980C INFUTS?

4970C MATRIX: AN IROW X ICOL INTEGER MATRIX

5000C IDROW ¢ AN INTEGER VECTOR OF FANK IROW CONTAINING IDENTIFYING

5010C NUMBERS FOR THF. ROWS OF THE MATRIX
So200 IROW ¢ AN INTEGER
5030C co. . *

5040C

5050 INTEGER BLANK

5060 DATA LEFT2,LEFT3,LEFTA>RIGHTyALPHA,DIGITI»BLANK/AH( 14,
50708 AHsSXr»IHIH! r1H) +» 3 AL 3HY 169 4H /

S080C

5090C INITIALIZE THE FORMAT STATEMENY

5100 FORM(1) = LEFT2
5110 FORM(2) = LEFT3
9120 FORM(2) = LEFTA4

5130 FORM(24)= RIGHT

51140C
5150C  INSURE AGAINST GARERAGE IN THE FORMAT STATEMENT

51460 Do 10 14,23

5170 FORM(I) = BLANK

5180%10 CONTINUE

S190C

S200C FUT ALFHAS AND ELANKS IN TO ' .o OUT THE RIGHT-HAND SIDE
S210C (YOU ONLY HAVE TO DO IT ONCE)

5220 ICoLl = ICOL+1
G230 no 29 I=I1COL1,20

5240 I3 =143

5250 FORM(IZ)> = ALFHA
5260 IVAL (1) = BLANK
S270420 CONTINUE

S280C

S2900C SET UF THE FORMAT ZTATEMENT FOR EACH ROW A ROW AT A TIMEC
5300 D0 50 I =1y1TROW

9310 o 40 J=t,100L

5320 JIH3

5330 IFMATRIX(I»J).NE.O)GDTO 30

5340C THSERT A BLANK FOR [MRLDDED ZEROS. .
5350 IvaL. (.J) = RLANK

53460

G370 FOR M(J3) = ALFPHA

5380 GOTO 40

5390430 IVAL{J) = MATRIX(Is.))

5400 FORMCJ3) - DIGITI

5410440 CONTINUE

5420 WRITE (&6,FORM) IDROW(TI) » IVAL

5430450 CONTIMUL

5440 RETURN

5450 END

460C

54700

5480 SURROUTINE. ARRFRT(ARRAY» IROW, TCUL » IDROW)

5490 REAL LEFT2,LEFT3SLEFTA

H500 DIMENSTON ARRAY (IROWy TCOL) » IDROW(30) P FORMC24) +VAL (20)
5510C  THIS SUBROUTINE FRINTS A REAL MATRIX WHOGE LIMOCNGIONS ARE NOT

S520C KNOWN UNTIL RUN TIME. IT INSERTS RLANKG FOR SERO ELEMENTS IN MTHL

GH30L  MATRIX ANIY FRINTS ONLY THE NUMRER OF COLUMNS NUCESSARY

G%540C

GUS0C  INFUTS?

5560€ ARRAY ! AN IROW X ICOL REAL MATRI1X

S570C IDROW ! AN INTEGER VECTOR OF RANK IROW CONTAINING IDENTIFYING
ueeoc NUMEBERS FOIR THE ROWS OF THE MATRTIX 386

BEP00C IROW ! AN INTEGER

L6000 coL 3 . .
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5610C
5620 DATA LETT2yLEFT3sLEFT4sRIGHTyALFHAsDIGT TR «COMMAY ILANK/4HC T4

56308  AH»5Xs 2 S3HIH! » LH) » 2HAG < AHT 6. 29 1M v 4H /

u640C

L650C  INITIALIZE THE FORMAT STATEMENT  ORIGINAL PAGE IS
5460 FORM(1) - LIFI2

5670 FORM(2) - LEFT3 OF POOR QUALITY
5680 FORM(3) . FT4

5690 FOKM(44) = RIGHT

5700C

57100 INSURE AGAINST GAKENSE IN THL FORMAT STATUMONT
5720 DO 10 I =4+4!

5730 FORM(T) = DLANA

5740410 CONTINUE

5750C

57460C  PUT ALFHAS AMLY [LANKS TO FILL OUT 1HC RIGHT HOANDE STOE,
5770C (YOUU ONLY HAVE TO [0 IT ONCE)

5780 ICOLY = ICOL ¢+ 1
5790 DO 20 T1=ICOL1,20

5800 VAL (I) = RLANK
5810 1Z = 4112

3820 FORM(IZ) - COMMA
o830 FORM(IZH1) = ALIMHA
5840420 CONTINUE

3850C

5860C SET THE FORMAT FOR EACH NEW ROWy A ROW AT A TIMF
5870 IO 50 I=1yIROW

880 no 40 J=1,ICOL

5890 JX = P42

3900 JY = JX i1

5°10 IF(ARS (ARRAY ([».0)) .GE.1,0E-7)GOTO 30
$920C INSFRT A ELANK I'OR EMBEDDED ZEROC
5930 VAL (. El ANK

5940 FORM(JY) =COMMA

U250 FORM(JY) ~ALFHA

5960 GDTO 40

5970#30 VAL (J)= ARRAY(I»J)

5980 FORMCIX)Y = COMMA

5?90 FORMCJIY - DIGITR

465000840 CONTINUE

L0100 WRITE (é&»FORMTOIROWCT )Y v A

6020450 CONTINUE

4030 RETURN

6040 ENIN

H050C

0401

H070  FUNCTION TSEL2(LOWESTsNUMTEC o NUMPREGTY < T

4080 Adimension lowest (A0 y g (20)sic 241

40900

S1000 THIS FUNCTTON RCTURNS THE INDEX OF THAT ‘1 ELI'MENT IN THr
6110C VECTOR °LOWEST® WHICH CONTRTEBUTES TO I'TWEST COMILETED FROGRAMS.
H120C

6130 ISCMIN = 10000

6140 nn 20 I+1yNUNTEC

5150 TF ALOWESTCIY WNCL, 1)60OTO 20
A15085 CONTINUE

6170 1SCORE : O

%180 DO 10 J= 1y NUXPRG

1920%10 TSCORE ~ [SCORE 1 IV DXIU(TI,
46200 IF(ISCORE JE  TGCMINYGOTO 20
6210 IGELD =T

6220 IGCMIN= [TOUORE

46730820 CONTINUF

6240 RETURN

4250 END 387
62600



627¢C
$2€0 SUBROUTINE RENTOT(FI»IYsFUDGEs»NUMTEC»NUMPRGy IFCRIT»IOFT1sBENFIT)

6290 dimension b(25,12),ic(25,12)5ri(20)yiu(20Ysircr1t(20)sbenfit(30)
6310 COMMON B, IC

4330C

63400

6350 DO 40 I=1,NUMTEC

6360 IFCIOFT1.NE.1)GOTO 20

6370 no 10 J=1.NUMFRG

6380#%10 RENFIT(I)=FLOAT(IY())X(FUDGEXFLOATC(IC(Ly DIXFPI(D)
63908 tBCIy D)) FBENFIT(IDY

6400320 IFCIOFT1.NE.2)GOTO 40

6410 O 30 K=1,NUMFRG

6420 IFC(IPCRIT(K) .EQ.0)GOTOD 25

6430 RENFIT(D)=FLOAT(IY(K))¥/(FUDGEX¥FLOAT(IC(I,K)?
64408 ¥PI(RI/IPCRIT(K) +RCIEDDIARENFIT(I)
6450825 IF(IFCRIT(K).NE.O0)GOTO 30

6460 BRENFIT(I)= BENFIT(I)+FLOATC(IY(K)XEB(T+K))
6470430 CONTINUE

6480440 CONTINUE
6490 RETURN
46500 END

' 388
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URIGINAL PAGE ic
. OF POOR QUALITY
A.3.2. PRISM - GOOINESS MEASURE MDDE LisTiNgsl/ -

10 lodical xry9ritallyrdorsbestysfladrifixrsansirans2rans3

20 dimension 94(129?)»iq(25912)b(25912)r31Fha(12)

JOo: COSTEC(30),COSFRG(20)»ILGOL(20) 9y IDPRG(3I0) s IDTEC(30)»ITALLY(30) .
408 X(30) s Y(IO)YRFSTY(30)y IALD(30) »GOONI(20)

S0 CHARACTER FILNMEX12

&60C ALLOCATION OF FUNDS AMONG INTERDEPENDENT TECHNOLOGIES--SC METHON
70C

80C

20C IDENTIFICATION OF CUBSCRIFTED VARIABLES

100C ARRAYS ¢

110C G ¢ GOAL -PROGRAM MATRIX

120C 1Q ! FROGRAM--TECHNOLOGY ENABLEMENT MATRIX. O!ROW ENABLES (COL
130C 4] ! FPROGRAM--TECHNOLOGY ENHANCEMENT MATRIX. NEGATIVE ENTRIES
140C INDICATE ENABLING TECHS

150C VECTORS :
160C ALPHA ¢ RELATIVE WEIGHTS OF GOALS

170C BESTY ¢ Y-VECTOR GIVING BEST SCORE SO FAR

180C COSFRG ¢ COST OF ENABLED FROGRAM

190C COSTEC ¢ COST OF TECHNOLOGIES

2000 Iapn ¢ ADDRESSES OF TS IN Y-VECTOR

210C IDGOL ¢ ID NUMBRERS OF GOALS

220C IDFRG ¢ * . * FROGRAMS

230C IDTEC ¢ . . * TECHNOLOGIES

240C ITALLY ¢ M-VALUES NOT WORTH CHECKING., T!: DON‘T CHECK THIS VALUE
250C X ¢ FROGRAM VECTOR. T! ENABLED

260C Y ¢ TECHNOLOGY VECTOR. T: FUNDED

261C GOooD ¢ VALUES OF A SET OF TECHS TO EACH GOAL

270C

260C READ THE INFPUTS

300 prints*enter the number of doalssyrrodramsrtechnolodies and the number

310 READ» NUMGOL r NUMFRG » NUMTEC s NUMF IX

320 NUMVAR=NUMTEC - NUMFIX

330 NUMF1 = NUMFIX ¢+ 1 -
340  NUMGL1 = NUMGOL + 1

350 thresh= 10.e10
340 ICOUNT = 0
370C

380C INITIALIZE THE ID VECTORS
30 DO 20 I=1,20

400420 IDGOL(I) = O

110 N0 30 I=14+30

420 IDFRGC(I)=0

430430 IDTEC(I) = O

440C

450C READ IN THE TIWECTORS

470 rrints*enter the do0al identification vector®
480 readsfilnme

481 call attach(10sfilnmesrl1sOristaty)

482 call dumubdiiddol rnumaol) ’

500 erints *enter the rrodram id verntor = iderds®
510 readyPilnme

511 call detach(10ristaty)

%512 call attach(10sfilnmerlsOristaty)

513 call dumw?(idrrdrnumerd)

520 WRITE (46y80)NUMFIX
B30480 FORMAT (1H »'ENTER TECH ID S. REMEMBER THE FIRST ‘»73,° ARE

$5408% FIXEDR’ )

%0 readr»filnme

551 call detach(10rastaty)

532 call attach(10vfilrmerlsOriataty)
8553 call dumw8(idtecrnumtec)

540C 3189

B70C REAL IN THE MATRICES
shoc



400 erintyenter the doal~rrosram matrix » inFutz=dmatrixs®
602 READ ¢ FILNME

4603 call detach(10sistaty)

604 CALL ATTACH(10+FILNME,1+0sISTATy)

506 CALL DUMY1(GsNUMFPRG: NUMGL 1)

&30 rrints*enter the amstriyy input=amatrixi®
64?2 READ s TL.NME

644 CALL DETACH(10+,ISTATy)

6446 CALL ATTACH(10FILNME»1,0,ISTATy)

4640 call dumy’licrnumtecrniumerd)

670 rrintyen’er the b matriy input=matrixbi®
480 READyFILNME

682 CALL DETACH(10,sISTATy)

4684 CALL ATTACH(10+FILNME»1,0+ISTAT,)
A CALL DUMY3(BsNUMTEC » NUMPRG)

4690C

700C READI IN THE ALPHA VECTOR AND COST VECTLRS
710C

730 rrints*enter the alrha vector®

740 READy (ALFHA(I)y I=1,NUMGL1)

770 Frintyr*enter the technolodu cost vector = costeci®
771 ready filnme

770 ca3ll detach(10sistaty)

773 call attach(10,filnmerl1,0ristaty)

774 call dumsd{costecrnumtec)

780 Frint:*enter the rrodrams cost vector = cosrrdi®
7?20 ready filnme

800 call detach(10sistats)

801 call attach(10sfi.nmer1,0sistaty)

802 call dumusS(cosprdsrnumrrd)

810 IF(NUMFIX.EQ.,0) GOTO 1465

320C READ THE FIXED TECHNOLOGY VEC/ICR

230 WRITE (4+160)

840#1460 FORMAT (1H , ENTER FJiXED PORTION OF TECH VECTOR. T = FUNDED,
a504% F = NOT FUNDED’)

840 READly (Y(I)y I=1»NUMFIX)

870C

3800

390C PFRINT OUT THE INFUT DATA

210#165 WRITE (65170)

?20#170 FORMAT (1HO»’ INFUT DATA: ‘)

230 WRITE (6-180)

F10#100 FORMAT (1HGsSHGOAL #»2Xs11HLESCRIFTION 13X»SHALPHA)
50 DO 200 I=1,NUMGOL

260 WRITE (5,120)IDGOL (1) rALPHAC(I)

?70%170 FORMAT (1H »1X»I4,24(1H.)»F?.2)

2804200 CONTINUL

?90 WRITE (4y210)

10004210 FORMAT (1HOy6HFROG #92X» 1IHDESCRIFPTION, 13X, 9HFROG COST)
1010 DO 230 I=1,NUMFRG

1020 WRITE (46»190)IDPRG(I) »COSFRG(I)
10304230 CONTINUE
1040 WRITE (46,240)

10504240 FORMAT (1HOy»ASHTECH #,2X»11HDRESCRIPTIDN, 13X 4HCOST)
1060 DO 260 I=1yNUMTEC

1070 WRITE (6+190)IDTEC(I)»COSTEC(I)
10804260 CONTINUE
1.090C

1100C FRINT OUT THE MATRICES
1120 WRITE (6+270)

113084270 FORMAT (1HO,’ INTERACTION MATRICES’)

1140 WRITE (6+280)

11504280 FORMAT (1HO»’G-MATRIX: GDALS AND FROGRAMS‘)
1160 WRITE (69290)

11704290 FORMAT (1HO»10XsSHGOALS) 390

1180C
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1190 CALL TOPLIN(NUMGOL,IDGOL)

1200C

1210 WRITE (46,300)

12204300 FORMAT (1H »S5HPROG »70(1H-))

1230C

1240 CALL GPRT(GsNUMPRG » NUMGOL » IDPRG)

1250 WRITE (6»310)

1260%310 FORMAT (1HO)

1270 WRITE (69320)

12808320 FORMAT (1HO» ' PROGRAMS AND TECHNOLOGIES: Q-MATRIX’)
1290 WRITE (6,330)

13004330 FORMAT (1HO»s10XyB8HFROGRAMS)

1310C

1320 CALL TOPLIN(NUMFRGsIDPRG)

1330C

1340 WRITE (65340)

13504340 FORMAT (1H ,SHTECH »100{1H-))

1360C

1370 CALL QPRT(IQsNUMTEC »NUMPRG!IDTEC)

1380C

1390 WRITE (46+310)

1400 WRITE (6+350)

14108350 FORMAT (1HO,’PROGRAMS AND TECHNOLOGIES: B-MATRIX')
1420 WRITE (46»330)

1430C

1440 CALL TOPLIN(NUMPRGs IDPRG)

1450C

14460 WRITE (6,340)

1480 CALL BPRT(DyNUMTEC » NUMPRG» IDTEC)

1490C

1500C READ IN THE AMOUNT OF FUNDS AVAILABLE

1520 WRITE (69360)

153043460 FORMAT (1HO» ‘ENTER THE AMOUNT OF FUNDS AVAILABLE’?
153% call detach(4lyistats)

1540 READys BRUDGET

1550 WRITE (65310)

1540 WRITE (6y380)BUNGET

15704380 FORMAT (1h »’THE TOTAL FUNDING AVAILABLE IS ’‘sFé6.2,’ DOLLARS’)

1610 rrints*Enter an estimate of the no of techs that will be needed in
16208 to the fixed techs:. If wou dont wish to suess enter 0.°

1640C

14650 READ,» IGUESS

1640 BASEUX = 0.0

1670C

1600C PRINT OUT THE LIST OF FIXED TECHS. IF THERE ARE NONE»JUMP TO
1690C LINE 405

1700C

i710 IF(NUMFIX.EQ.0)GOTD 405

1720 WRITE (6+310)

1730 WRITE (69392)

1740%392 FORMAT (1HO»s‘THE FOLLOWING TECHNOLOGIES ARE ALWAYS FUNDED:’)
1750 00 397 I=1,NUMFIX

1740 IF(.NOT.Y(I))GOTO 397

1770 WRITE (4,395) IDTEC(I)

17804395 FORMAT (1H »2X»I4)

179084397 CONTINUE

1800C

1810C CALCULATE THE AMOUNT OF MONEY LEFT TO PLAY WITH
1820C

1830 DO 400 I=1,NUMFIX

1840 IF(.NOT.Y(I))GOTO 400

1850 RASBUX = BASBUX ¢ COSTgﬁﬁI)

18404400 CONTINUE
1870C
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1880C SUBTRACT THE COST OF THE FIXED TECHNOLOGIES FROM THE INITIAL
1890C BUDGET TO GET THE AMOUNT LEFT FOR THE VARIABLE TECHS

1900C

12104405 BUDGL=KRUDGET - BASBUX

1920C

1930C 1IF YOU DON'T HAVE ANY MONEY TO FLAY WITH, QUIT,
1940 IF (BULiG1 .6T,0.0)G0OTD 420

1950C YOU'RE HEKE IF YOU DAN‘T HAVE ANY MONEY LEFT
1960 WRITE (6+410) BASRUX

19704410 FORMAT (1HO» "FIXED TECHNOLOGIES COST ‘sFé6.2y
19808 ‘NOLLARS., NONE LEFT FOR OFTIONAL TECHS.’)
1990 GOTO 999

2000C

2010C CHEUN THE CSTIMATE OF THE NUMBER OF OFPTIONAL TECHS YOU CAN FUND
2020C
203084420 IF((IGUESS+NJAFIX) .GT NUMTEC) IGUECS=0

2040 IF(IGUESS,GT.0)GOTO 440

2050C YOU’'RE HERE IF YOU HAVE TD SUPFLY YDUR OWN GUESS
2060 3t = 0.0

2070 IF {NUMF1.LT . NUMTEC)GOTO 425
2080 TGUESS= O

2090 GOTO 440

21004425 DO 430 I=NUMF1,NUMTEC
211084430 SM = SUM + COSTEC(I)

2120 AVGCST = SUM/ (NUMTEC-NUMF1)
2130 RGUESS = RUDG1/AVGCST

2140 IGUESS = INT(RGUESS)

21504440 M=IGUESS

2140C

2170C FPREFARE TN FIND THE BEST OF ALL THE COMBINATIONS TO COME
2140 REST = 0.0

2190C

2200C FIND THE CHEAFLST AND MOST EXFENSIVE TECHNOI OGIES.

2210 CTMIN = 1.0E36

2220 CTMAX = -~ 1,0E34

2230 DU 450 I=NUMF1.,NUMTEC

2240 CTMIN = AMINI(CTMIN,COSTEC(i))

2250 CTMAX= AMAX1(CTHMAXCOSTECLIDY)

2260%#450 CONTINUE

2265 BUDGMN = BUDGET - CTMAX

2270¢€

2310C

2320C THE VECTOR ‘ITALLY’ KEEPS TRACK OF THE M VALUES ALREADY
2330C CHECKED, ITALLY(I)=FALSE MEANS THAT M=I MUST STILL BE CHECKED
2340C NOTE: WE ARE ONLY WORKING WITH THE VARIABLE PORTION OF THE
2350C Y-VECTOR.

2360C

2370 L0 470 I = 1sNUMVAR

23808470 ITALLY(I)=.FALSE.

2390 WRITE(6,471)

24004471 TORMAT(1H »’DD YOU WISH TO ENTER AN ITALLY VECTOR? TI!YESHF:NO
24108 )

2420 READ» ANSH

2430 J7 (.NOT,ANS1)GOTO 480

2440 WRITE (46+472)

QAN5FLT2 FORMAT (1H »'ENTER NEW ITALLY. T=DONT CHECK THIS MsFIELSE’)
24450 READy (ITALLY(I) »1I:=21»NUMVAR)

2470C

2480C SET UF SOME PARAMETERS THAT MUST BE RESET FOR EACH NEW VALUE
2490C OF M

25%00C

25108480 MRIGHT = NUMVAR - M + 1

2582 G0 = .TRULE, :

2530 ITALLY(M) = ,TRUE., 392
2540 CXMIN = 1,0E36

2050 CXMAX = 0.0

- —
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2551C

2552C PRITN THE HEADERS FOR THE COMBINATIONS TO COME

2553 write(é6+481)(1dtec(i)ri=numflsnumtec)

2534 481 format(lh s»8hscore 1 3::98hcost 939 30i4)

2555 WRITE(6,4P2)(IDGOL(I)» I=1,NUMGOL )

29564482 FORMAT(1HOy 'GOAL VALUES’y’ GO ‘910112

2557C

2560C

2570C SET UF THE INITIAL Y-VECTOR. ‘IADD’ IS A VECTOR THAT RECY'DS THE
2580C FOSITION OF THE 1'S.IADD(1) IS THE POSITION OF THE

2590C RIGHTMOST 1y IADD(2) THE NEXT RIGHTMOST 1, ETC.

2600C

2610 . FIRST FILL THIS ADDRESS POINTER WITH ZEROS
2620 DO 483 I=1,NUMVAR

26308483 IADD(I) = O

2440C

R650C NOW PUT 1°S IN THE FIRST M PLACES.

26460 DO 485 I=1,M

26704485 IADD(I) =M ~ I + 12

2680 UWRITE (46,486 M

26208486 FORMAT(1IH »’'M= ‘»I3y’ DO YOU WISH TO ENTER A STARTING Y VECTOR
27008 ? TIYESIFINO')

2710 READrANS2

2720 IF(.NOT.ANS2)GOTO 49¢C o

2730 WRITE (6,487)M

27408487 FORMAT(1H ‘ENTER THE FOSITION OF THE’»I3s 'FUNDED TECHSs RIGHT
2750&% MOST FIRST)

2760 WRITE (6,488)

27708488 FORMAT/(1H »'E.G., 4,2,1 MEANS! THERE ARE 1S IN THE LeFTMOST»
2780% 2ND,24TH FLACES’)

2790 REALy (IADD(I)»I=1sM)

200uL

2010C

2020C CHECK TO SEE IF YOU STILL HAVE UNTRIED PERMUTATICNS USING THIS M
2p3o0cC

2B840C

0504490 IF(GO)GOTO 492

28460C ovoIF YOU DON‘Ty CALL THE ROUTINE THAT WillL GIVE YOU A NEW M
2870 WRITE (69491)

208084491 FORMAT(1H »'BEFORE GOING TO A NEW M» DO YOU WANT TO CHANGE
28708 ITALLY? TIYES,FINO’)

2900 READ, ANS3

2910 IF(.NOT.ANS3)GOTO 4919

27220 WRITE (694912)

193084912 FORMAT(1H » 'ENTER NEW ITALLY., T!DONT CHECK THIS MIFIEL..E’)
2940 READs (ITALLY(I)»I=1,NUMVAR)

2950844919 CONTINUE

2955C

2940 CALL MSEL (BUDG1sMyCTMINs CTMAX» CXMIN» CXMAX s JUMP » HUMVAR »
%708 NUMTEC, ITALLY)

2980 GOTO(?00,480) » JUMP

2990C

3000C TRANSLATE IADLD INTO A USEABLE Y-VECTOR
30108492 DD 493 L=NUMF1sNUMTEC

30204493 Y(L) = .FALSE.

3030C o+ NOW FUT 1°S IN THE PROPER FOSITION
3040 IF(M.EQ.0)BOTO 500

3050 DO 495 L=1,M

3060 K = TADD(L)+NUMFIX

30708495 YK, = .TRUE.
JOBO#500 CONTINU-

3090C
3100C DETERMINE THE COST OF THE Y-VZzCTOR JUST SELECTED
3110C 193

3120 COST = BASBUX

. B
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3130 DG 505 1I=t.M

314008505 COST = COSY + COSTEC(IADD(I))

3141 JP1v=numfi:. t1add(i)

3144 S05 cost=costicostec(ifi::)

3160C COMPARE THTS COST WITH OTHER VECTORS HAVING THE SAME M
J170C

3100 CXMIN = AMINI(COSTsCXMIN)

1190 CXMAX = AMAX1((OST»CXMAX)

3200C

3210 IF THIS Y-VECTOR CDSTS TOO MUCH OF. 700 LITTLE, DNON‘'T BOTHER TO
32200 DO ANYTHING MORE WITH IT. JUST FICK A NEW Y,

3230C

3240 IF(COST.LE.BRUDGETY .AND,COST,.GE . BUDGMN)GOTO 509
3270 GOTO 625

3280C

3200C IF YOU ARE HEKE, THE Y-VECTOR MEETS THE BUDGET CINSTRAINTS
3300C NOW DETERMINE THE X VECTOK ENABLED BY THIS Y-VECYOR.

3310C

33208509 D7 S40 J=1,NUMFRG

3130 ICHECK = ©

3340 DO 520 I =1,NUMIEC

3350 IFCIQ(15,5).£Q.0)GOTO 510
3340 ICHECK = ICHECK+1
3370 GOT0 S2

33808510 TF(,NOT.Y(I))GOTO 520
3390 ICHECK = ICHECK + 1
340084520 IZONTINUE

3410 IF (ICHECK .EQ,NUMTEC)GOTO 530
3420 X(J)=.TALSE.

3430 Guiu S40

34409530 Xt J) =.TRUE.

3445

34508540 CONT1NUE

3440C

347NnC CALCULATE THE VALL)'S FOR THE FIRST COLUMN OF TH G-MATRIX.

3480C
24904550 DO 580 J=1sNUMFRG

3500 6¢Js1) = O
3510C FLAG WILL GO TRUE IF YOU SEE A STAR IN THIS COLUMN
3520 FLAG - .FALSE.
3530 [0 570 I=1,NUMTEC
3540C WATCH FOR STARS
550 IF(B(I,J).6E.0.0)GDTO 560
3S566C IF YOU GET A STAR» SET THE FLAG
3570 FLAG = .TRUE.
3580 GOTO 570
1590C SUM THE B’S FOR PROGRAMS THAT ARRE COMFLETE
36008560 IF(,NOT.X(I))GOTO S70
3610C ADD THE NON- STARRED B’S
3620 G(Jr1) = G(Jrl) + B(IoD)
3625
35308570 CONTINUE
3640C
34%0C IF YOU HAVE ENCOUNTERED A STAR» SUPTRACT COSPRG FORM THE RESULT
34450 IF ( .NOT.FLAG)GOTO 580
34670 G(Js1) = G(Jr1) - COSPRG(.))
260N$580 CONTINUE
Jsr0C
37¢5¢  CALCULATE THE TOTAL BENEFIT DERIVED FROM THIS Y VECTOR
3710C

31720 SCORE = 0.0
3730 DO 600 J=1,NUMGL1

%740 G00L(J)=0.0
3750 PO 590 I = (+»NUMPRG
3760C SUM THE BENEFITS OF COMPLETE FROGRAMS 396

3770 IFC.NOT.X(1))GOTOD 590
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3780 GO0OD(JY = GOOD(J) + G(Iy )

37208590 CONTINUE

3300 SCORE = SCORE + ALPHA(J)Y%GOODC(.))

2810%#600 CONTINUE

3820C ORIGINAL PAGE 8

3830C FRINT THE RESULTS OF THIS Y-VECTOR OF
3840 IF(SCORE.LT.THRESH)GOTO 615 POOR QuALITY
3850  ICOUNT = ICOUNT + 1

3060 WRITE(6s610)SCOREsCOSTs (Y(I)s =NUMFY>NUHTEC)

3870 610 Tormat(1h sf7¢2r35sf7.253:0,3014)

3872 WRITE(6+612) (GOOR(J) s =1, NUMGL1)

3873 612 format(1h si1:r11£10.2)

38809615 IFC(ICOUNT.LT.25)G0TO 619

3820 WRITE (4+618)

392008618 FORMAT(1H » ENTER NEW THRESHOLD’)
3910 RFAN, THRESH

3920 ACOUNS = O

37304619 CONTINJUE
3940C SEE IF IT’S BETTER THAN PRECEDING COMBINATIONS

3950C

3¢60 1F «SCORE.LE.BEST)GOTO 625

3970C IF THIS IS THE BL3T SCORE SO FAR» SAVE Y
3780 BEST = SCORE

3990 DO 620 I=1,NUMTEC

40004620 BESTY(I) = Y{(I)

4040C

4020C NOW PICK THE NEXT Y VECTOR

4030C

4040C IF THE LEFTMOST 1 1S AS FAR RIGHT AS IT CAN GO,QUIT (I.E. RETURN
4050C A GO = .FALSE.)

O e et

4060C

40704625 IF(IADD(M).LT.MRIGHT)GOTD 630

4080 GO0 = .FALSE.

4090 GOTO 490

4100

4110C IF THE RIGHTMOST 1 IS NOT IN THE RIGHTMOST SPACEs, LMOVE IT ONE SPACE

4120C TO THE RISHT AND QUIT
41308430 IF(IADG(1) GE.NUMVAR)GOTO 640

4140 1IADD(1) = TIADD(1) + 1
4150 GOTO 470
4140C

4170C +eoIF IT ISy LOOK AT THE KEXT 1

41808640 JPLACE = 2
41708650 IF(IADD(JIPLACE) .LT. (NUMVAR~JPLACE+1))B0TO 640

4200C

4210C IF THIS 1 IS AS FAR RIGHT AS IT CAN GO, LOOK ATH THE NEXT 1
4220 JPLACE = JPLACE 4 1

4230 GOTO 450

4240C

4250C MOVE THE FIRST 1 YOU FIND THAT HAS A ZERO TO THE RIGHT OF IT .
4260C PUT ALL 1‘'S THAT LIE TO THE RIGHT OF IT IN AUJACENT SPACES
42708660  IDUMMY = JIADD(JPLACE)

4280 DO 670 K~1yJPLACE

42908670 TADD(JPLACE-I41) = IDJMMY +K

4300 GOTO 490

4310C

4320C

4330C SELECT THE BEST OF ALL THE Y-VECTURS EXAMINED

4340C

4350C

43500900 WRITE (46,910)BEST

43708710 FORMAT (1HO»'THE BEST SCORE WAS ‘rFé6.2y’ USING TECHNOLUGIES')

4380 DO 930 I=1,NUMTEC
4390 IF(.NOT.BESTY(I))GOTC 930 395
4400 WRITE (49920) IDTEC(I)
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44104920 FORMAT (1Hd »2X,13)
4420%930 CONTINUE
4430%9799 STOF

4440
4441C
1442
4443
4444
4445
4444
4447
4448C
4449C
4450
4451
4452

ENI

SUBROUTINE DUMY1(G,Ty.D)
DIMENSION G(I»J)
READ(10,201) ((G(LyM)rL=1,1)sM=2»))

201 FORMAT (V) -

RETURN
ENL

SUBROUTINE DUMY2(IQsIyJ)
DIMENSION IQ(IL0
READC10,201) ((IQ(LsM)sL=1,1)s¥=1+0)

4453 201 FORMAT(V)

4454

4455

4456C
4457C
4458
4459
4450
4461

4442
4363
4444
4445
4466

RETURN
END

SURROUTINE DUMY3(BsIsJ)
DIMENSGION RC(IsD)
READ(10+,201) ((B(LsM)sL=1,1)sM=1+3) -

201 FORMAT ()

RETURN

END

subroutine dumy4{costecri)
dimension costec(i)
read(10y201) (costec(l)s1=191)

4447 201 format(v)

44648
44469
4470
44808
4490C
4500
4510
4511C
4512C
4513C
4514C
4515C
45160
4517C
47180
4519C
4520C
4521C
435220
523C
4524C
45250
4526C
a527C
4528C
4529C
45300
4531C
45320
4540
4543
4546
45500

return

end
SUBROUTINE MSEL(BUDGETsM,COSMINyCOSMAXyCMINsCMAX s JUMP
NUMVAR » NUMTEC» ITALLY)

LOGICAL ITALLY
DIMENSIUN ITALLY(30)

THIS SUBKROUTINE SELECTS A NEW M VALUE WHEN THE MAIN PROGRAM SIGNALS
THAT IT HAS LOOKED AT ALL PERMUTATIONS OF M COMFLETE TECHS. THE
SUBROUTINE LOOKS AT THE ITALLY VECTOR AND CHOOSES AN M FROM AMONG
THOSE I FOR WHICH ITALLY(I) IS FALSE. IT KILLS ALL HIGHER M‘S IF
THE CURRENT M COSTS TOO MUCH, AND' IT KILLS ALL LOWER M‘S IF THE
CURRENT M COSTS TOO LITTLE.

INFUTS
RUDGET § THE TOTAL AMOUNT OF FUNDS AVAILARLE
M ¢t THE CURRENT (I.E. GLD) M VALUE
COSMIN ¢ THE MINIMUM COST RFHIEUED UITH THE CURRENT H ..
COSMAX ¢ ' MAXIMUM *
CMIN : COST DF THE CHEAPEST TECHNOLOGY
CMAX : * MOST EXPENSIVE TECHNOLOGY
NUMVAR ¢ NUMBER OF VARIABLE TECHNOLOGIES
NUMTEC ¢ TOTAL NUMBER OF TECHNOLOGIES
ITALLY ¢ VECTOR INDICATING STATUS OF M‘S, T! DON‘T CHECK IT
DUTPUTE
M t THE NEW M VALUE -
ITALLY ¢ THE NEW ITALLY VECTOR
JUNF ¢ CONTROL FOINTER: 1=ENL OF RUN#2=CONTINUE W/NEW M
IF(MJLE.O)GOTO &5
M2 = M
M1 = Mtl 396
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3560C CHECK TO SEE IF M IS TOO HIGH OF POOR QUALITY
4570C

4580 IF ((RUDGL 1 -COSMIN) . GE . CMIN)GOTO020

4590C IF YOU’RE HEREsM IS TOO HIGH; ELIM. ALL LARGER M‘S

4600 DO 10 L = M,NUMVAR

4610810 ITALLY(1) = .TRUE.

4620C

4630C CHECK TO SEE IF M 1S TOO LW
4540420 IF ((RUDGET-COSHMAX) .LE.CMAX) 30T0 40

4650C HERE M IS TOO LOW# FLIM, SALL SMALLER M‘S
4560 RO 30 I=1,M

4470430 ITALLY(I) = ,TRUE.

4680C

4690 HERE M IS5 IN THE RIGHT RANGE. UNFUORTUNATELY, THIS IS THE OLD
4700C M AND WE WANT A NEW ONE...

4710C «++FIRST LOOK FOR OME A LITTLE LARGER.

4720#40 IF(M.GE.NUMVAR)GOTO 55

4730 PO 50 M =M1,NUMVAR

4740C LOOK FOR A FIASIALE M LARGER THAN THE CURRENT ONE
4750 IF(.NOT.7ALLY(M))LOTO 70

47608450 CONTINUE

4770C

4780C +eoIF YOU NON‘T FIND A LARGER M» LDOK FOR A SMALLER ONE
47920455 DO 60 MINV = §.:M2

4800 M=M2 - MINV 1

4810 IFC.NOT.ITALLY(M))GOTO 70
4820860 CONTINUE

4830C

4840C IF YOU ARE HERE: NO FEASIBLE M’S ARE LEFT. TELL THE MAIN PROGRAM
4850C 10 PRINY THE BRESVT RESULT AND STOF.

4840C
1870465 JUMF = 1
4880 GOT0 100

48908470 JUMF = 2
49004100 CONTINUE

4910 RETURN

4920 END

4930¢

4931 subroutine dumuS(cosrrdril)
4R 3D armension cosprd(i)

4933 read{10,201) (cosprd(1)sl=1s1)
4934 201 format ()

4935 return

4934 ohid

4937¢

4930 subroutine dumué(idgolri)
4939 dimension iddol (i)

41940 read(10+201)(1dg901(1)r1=1y1)
4941 201 format(v)

4942 return

4943 end

4944c

4945 subroutine dums7(iderd,i)
4944 dimension idersa(i)

4947 read(10:201)(idrrd(l)»l=1,1)
49480 201 format(v)

1950 return

4951 end

4952 subroutine dumuwB(idtecri)
4953 dimension idtec (i)

4954 read(10,201) (idtec(1)sl=1,i)
4955 201 format(v)

4954 return

4957 end 397
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4959 subroutine torlin(icolricolab)

4960 DIMENSION ICOLAR(20),FORM(22)yICARRY(20)

4970 REAL LEFT1

4980 DATA LFFT1,RIGHT»ALFHAYDIGITI»ELANK/4H(10Xs1H) s3HrA6r3HrI674H /
4990C

S000C THIS SURROUTINE PRINTS THE LABELS FOR THE COLUMNS OF A MATRIX.
S010C IT IS NORMALLY FOLLOWED EY A MATRIX FRINTING SUEBROUTINE.

S020C

S030C INPUTS:

5040C ICOLAE: AN INTEGER VEC19fK OF RANN ICOL CONTAINING COLUMN LABELS
$5050C ICOL ¢ AN INTEGER ¢ 'r.° NUMBER OF COLUMNS)

5060C

SO70C FIRST INITIALIZE THE FORMAT STATEMENT

5080 FORM(1) = LEFT1

5090 FORM(22)= RIGHT

51000

$110C INSURE THAT NO GAREBAGE IS INCLUDED IN THE FORMAT STATEMNY

=120 Do 10 1=2,21

5130 FORM(I) = BLANK
5140#10 CONTINUE
51500

5150C SET THE FORMAT STATEMNT TO FRINT THE COLUMN LABELS
5170 no 20 r1=1,I1COL

5180 I1 =1 + 1

5150 FORM(I1) = DIGITI
5200 ICARRY(I) = ICOLAR(I)
S5210#20 CONTINUE

5220C

53220C FUT BLANKS ON THE RIGHT-HAND SIDE AND ADJUST THE FORMAT STATEMENT
35240 ICoL: = ICOL+1
5150 no 30 1 =1COL1,20

5260 I1 = It1
527 FORM(I1) = ALFHA
5280 ICARRY(I) = BLANK

S290#30 CONTINUE

53300 WRITC (&6 FORM) (ICARRY(J)»J=1,1ICO0L)

5310 RETURN

PR Y END

53300

5340C

5350 SUBROUTINE GFRT(ARRAY»IROW,ICOL»IDROW)

5360 REAL LEFT1,LEFT2,LEFT3

5370 DIMENSTON ARRAY(12,9)» IDROW(30) yFORM(30) » VAL (20)

»380C

53°90C THIS SUBROUTINE FRINTS ALL EXCEPT THE FIRST COLUMN OF THE G-MATRIX.
5400C IT INSERTS BLANKS FOR ZERO ELEMENTS IN THE MATRIX AND FRINTS

S410C ONLY THE NUMBER OF COLUMNS NECESSARY.

5420C

5430C INFUTS!E

54400 ARRAY:! AN IROW X (ICOLt1) REAL MATRIX

HA50C IDROW:? AN INTEGER VECTOR OF RANK IROW CONTAINING NUMBERS THAT
5440C0 IDENTIFY THE ROWS OF THE MATRIX

5470C IROW AN INTEGER

5480C ICOL ‘ .

e vo

54900

G500 DATA LEFT1,LEFT2sLEFT3sRIGHTsALFHANIGITR»COMMA» RLANK/4AH( 18,
55103 AHy 5Xr v IHIH! 9 1H) » 2HAL P 4HFB . 39 1H» + 4H /

5520C

5530C INITIALIZE THE FORMAT STATEMENT
5540 FORM(1) = LEFTI

5550 FORM(2) = LEFT2

5560 FORM(3) = LEFT3

5570 FORM(24)= RIGMT

5500 ICOL1 = ICOL +1 398

G95900C

.
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5600C INSURE AGAINST GARBAGE IN THE FORMAT STATEMENT

$610 DO 10 1=4,23 URIG: | ki |
S5620%10  FORM(I) = BLANK OF ‘s S
S630C PUUR QuaLTY

S5640C SET THE FORMAT FOR EACH NEW ROWs A ROW AT A TIME
5650 DO SO0 I=1,IR0OW

5660 DO 40 J=2,IC0L1

9670 JX=J+J

680 JY=JxX+1

5690 IF (ABS (ARRAY(Iy.!)).GE.1.0E-7)G0OTO 30
5700C INSERT A ELANN FOR EMBEDDED ZEROQS
5710 VAL (J-1) = HLANK

5720 FORM(JX) = COMMA

5730 FORM(JY) = ALPHA

5740 GOTO 40

5750430 VAL(J-1) = ARRAY(I,J))

5760 FORM(JX) = COMMA

5770 FORM(JY) = DIGITR

5780440 CONTINUE

5790 WRITE (4¢+FORM) IDROW(I)» (VAL(J)y J=1,ICOL)

5800#50 CONTINUE

5810 RETURN

5020 END

5820C

58340C

5850 SUBROUTINE QFRT(MATRIX,IROW,ICOL s IDROW)

3860 DIMENSION MATRIX(25,12) s IDROW(2S) »VAL(30) »WYE(30)

3870C

5a80C THIS SUBROUTINE FRINTS THE Q-MATRIX. IT WILL FRINT THE AFPFRO
38%90C PRIATE Y VARIABLE WHERE THE INPUT DATA HAS A ZERO

5900C

5910C INFUTS: SIMILAR TO GFPRT

5920C

S930#10 FORMAT (1H »1I8,SXs1H!y204A8)

57240 DATA ONE,BLANK/AH 1v4H /

SP50 DATA (WYE(I)>»I=1,3C)/4H Y1,4H Y2,4H Y3y4H Y4,4H YS5s4H Yé.
59608 4H Y754H VY8,4H YPr,4H Y10,4H Y11,4H Y12,4H Y13,4H Y14,
39708 4H Y15s4H Y16+,4H Y175,4H Y18s4H Y19+s4H Y20,4H Y21,4H Y22»
39808 4H Y23y4H Y24y4H Y2S5,4H Y2654H Y27,4H Y28,4H Y29+,4H Y30/
Se?0C

6000C FILL OUT THE VALUE STATEMENT WITH BLANKS

6010 IcoLl = I1ICOL+1

4020 o 20 I=ICOL1,20

4030320 VAL (1) =RILANK

6040C

L050C  ESTARLIGH THE OUTFUT STRING FOR EACH ROW OF THE MATRIX
5060 no SO I=1,IROW

6070 no 40 J=1,ICOL

6080 IF(MATRIX(I»J) EQ.1)VAL(J)=0ONE
50?0 IF(MATRIX(Iy ) NEL1IVALID=WYE(I)
4$100%#40 CONTINUE

4110 WRITE (465,10)IDROWCI)» (VAL (J)rJ=1,ICOL)

6120450 CONTINUE
6130 RETURN

4140  END

51500

S1600

5170  SUBROUTINE BPRT(ARRAY»IROW,ICOL»IDROW)

6180 REAL LEFT1,LEFT2,LEFT3

6190  DIMENSION ARRAY(P%.12), IDROW(30),FORM(44) » VAL (20)
6200C

6210C THIS SURROUTINE FRINTS OUT THE B-MATRIX. IT PRINTS A STAR WHERE
6220C  IT ENCOUNTERS A NEGATIVE VALUE IN THE INFUT DATA
42300

6240C INFUTS: SIMILAR TO GFRT 399

42500



6250 DATA 'EFT1,LEFT2.LEFT3,RIGHT yALFHAy DIGITR » COMMA » STAR » BLANK/
42708 AH( I8y 4HTXr yIHIH! y1H) » 2HAB» 4AHF 8. 25 1Hy » 1HX » 4H /

6280C

4290C INITIALIZE THE FORMAT STATEMENT

6300 FORM(1) = LEFT1
4631¢ FORM(2) = LEFT2
6320 FORM(3) = LEFT3
4330 FORM(44)= RIGHT

6H$340C

G3S0C  INSURE AGAINST GARBAGE

“340 DO 10 1=4,43

$370%#10 FORM(I) = BLANK

H380cC

6390C SET THE FORMAT FOR EACH ROWs A ROW AT A TIME
5400 no 60 I =1,IROW

$410 no 50 J =1,ICOL

6420 JX=dtI42

4430 JY=UX+1

4440 IF (ARS (ARKAY(T154)).6T.1.0E--7)6G0OTO 30
44500 INSERT A BLANK FOR EMBREDDEL ZERDS
6440 VAL (J) =RBLANK

$470 FORM (JX) =COMMA

VEH FORMCJY)=ALFHA

G470 GoTa S50

HGO0#30 IF(ARRAY(I+J).GT.0,0)GOTOD 40

45100 INSCRT A STAR FOR NEGATIVE NUMBRERS
4520 VAL(JY = STAR

4530 FORM(JX)= COMMA

6540 FORM(JY)= ALFHA

$550 GOTD SO

A560#40 VAL (J) = ARRAY(I»J)

6570 FORM(JX}? = COMMA

45580 FORM(JY) = DIGITR

HG590%50 CONTINUL

b LOu WRITE (4 FORM)IDROWCI) » (VAL (J)» J=1»ICOL)

4010860 CONTINUE
H620 RETURN
\1_\\‘,)30 END

400
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Appendix A.4.2 Detailed Flowchart, Goodness Measure Mode
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